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Abstract

Tungsten carbide-Nickel (WC-Ni) metal matrix coating with fixed powder
composition was deposited using low pressure cold gas dynamic spraying
(LPCGDS) and High velocity oxy-fuel (HVOF) spraying. These coatings were
subsequently treated with friction stir processing (FSP) as post-deposition heat
treatment. The non-FSP and FSP-treated cold-sprayed and HVOF-sprayed WC-Ni
MMC coatings were wear test using the standard ASTM G65 dry abrasion test.
The aim of this thesis was to investigate the effect of FSP treatment on
improvement in wear performance of WC-Ni MMC coating. The results
displayed that FSP treatment showed homogeneity and uniformity in
microstructure which ensued to improved wear resistance, hardness and toughness
of the coating. Scanning electron microscope (SEM) analysis was conducted on
the wear-tested samples showed change in wear mechanism from delaminated

sheet wear to indentation and scratching due to improved coating toughness.
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Chapter 1: Introduction

1.1 Background
1.1.1 Abrasive Wear

For bodies in surface contact and under relative motion, wear is imminent.
Tribology is the field that deals with the study of interactions among bodies in
surface contact and under relative motion. This interaction may either involve two
or more solids or solids and fluids in motion. In fluids, usually, the wear is
performed by liquids or gases entrained with small particles that impact the
surface of the material and eventually contribute to its loss [1, 2]. Interaction
among bodies involves friction and eventual wear, hence understanding the
correlation among factors responsible for wear is essential to resolve this problem
successfully. Wear is a broad term and is defined as the loss of material due to the
interaction among different solids or solids and fluids. Usually, wear is a function
of the surrounding environment, the contact pressure, the relative motion between
two or more bodies in contact and the material properties like hardness and

toughness, to name a few [1 - 5].

Wear is classified into four basic types depending on the mechanism they exhibit
for material removal [1 - 4]. The types of wear are:

a) Surface fatigue,

b) Adhesive wear,

c) Abrasive wear, and

d) Tribochemical reactions

Figure 1.1 presents the schematic representation of different types of wear.

In surface fatigue, the continuous and repeated impacts of one material (usually
harder than the other) on the other material’s surface result in cracking and
delamination of the material [1 - 4].

In adhesion wear, the two materials under the action of pressure come into

surface contact. The ensuing pressure results in deformation and subsequent



fusion of two materials at the asperities. The fused zone is usually harder
compared to the parent material. If the two materials are set in relative motion,
cracking is generated usually in the softer parent material which results in
detachment of the fused zone or its clinging to the hard parent material. Thus,
wear will occur in the form of loss of materials due to cracking in the fused zone
[1-4].

In abrasive wear, the wear happens due to the difference in hardness between two
materials in relative motion. The material’s surface shows asperities projecting
from it. The asperities of the harder material will result in wearing away of the
softer material. In two body abrasion, the worn out debris exits after abrasion
while in three body abrasion, the worn out debris may remain in spaces between
two abrading surfaces which eventually contributes to the wear of the softer
parent material along with wear done by the hard parent material [1 - 3].

In tribochemical wear, the wear happens due to the reaction of either or both
materials’ surfaces. The reacted surface is hard and often brittle, which during

wear, may chip-off under the action of stress during interaction [1 - 4].

Fx=Normal force, N F'= Tangential force, N

Types of wear

%\

Ex F Fx Fx
' Fi
Fi 5 Ft Fi
. Surface fatigue. . ‘_q‘br“i'}fl Adhesion Tribochemical reactions due
(Fatigue cracks, delamination) (Microcutting) to reactions at comtact surface

Figure 1.1.Different types of wear [1].



Wear of material seldom acts alone as per the types mentioned above. Usually, it
is combined effect of different types mentioned above acting in tandem to result
in cumulative destruction of any material. Some prominent examples are: failure
of pump impellers in hydro power plants which is combination of abrasive and
tribochemical wear; failure of ball and needle bearing between shaft and rotor,
which is combination of adhesive, surface fatigue and abrasive wear; failure of
drill tool which is combination of abrasive and tribochemical wear (here it
appears as erosion-corrosion of drill tool material); cracking of rails of railroad
which is combined action of surface fatigue, abrasive and tribochemical wear and
so on[1-5].

Of all the types of wear mentioned above, abrasive wear is a common type of
wear found in materials under surface contact. The wear mechanism defining
destructive action of abrasive wear is complex combination of many sub-
mechanisms. In abrasive wear, the cutting action of sharp grits or asperities
protruding from the material’s surface also accompanies other wear mechanisms
like micro-cutting, ploughing or digging in the material, micro-fracture (in the
form of slicing or cracking of hard phases in the material), pullout of hard
reinforcing particles or the phases of the materials, accelerated fatigue (in the
form of cracking or micro-pit formation on the surface), which can act as a crack
initiation site too. The micro-pits generated due to the pullout or removal of
particular phases act as solution reservoir, which will eventually contribute to
galvanic, crevice or pitting corrosion. The micro-pits or cavities on the surface are
also generated due to the cavitation corrosion, especially seen in pipes, impellers,
pumps, and turbine parts like turbine blades and draft tubes. [3].

Abrasive wear is classified into two sub-types depending on the wear mechanism
they exhibit [1 - 4]:

a) Two body abrasive wear

In two body abrasive wear, the asperities from hard parent material wear out soft
parent material. The worn out debris leave the spaces between two materials.

Common examples of this wear are found in grinding, machining, drilling.



b) Three body abrasive wear

In this type of wear, the asperities of the hard parent material as well as the debris
generated during wear contribute to the wearing of soft parent material. Here,
third body is debris However in few cases, it can be any other material like
abrasives, sand, which will entrain the space between two parent materials and be
responsible for wear. The debris generated during wear may or may not have high
hardness, However usually it contributes to the wear of softer parent material
under the action of load. Common examples of this type of wear are found in
polishing operation, bearings, [4, 5].

Compared to two body abrasive wear, three body abrasive wear is common in
many industrial applications. In most industrial applications, the third body is
abrasives like sand, grit, which accelerate the wearing of softer parent material [1
- 3].

To measure abrasive wear performance of materials, rubber wheel abrasion test
(RWAT) or ASTM G-65 abrasive wear test [6] is commonly used. This is a
common test to rank material as per their abrasive resistance for numerous
applications like mining and excavation equipment, construction equipment. In
this test, the material to be wear tested is loaded against the rotating rubber wheel
while sand as abrasives fall from the hopper in the spaces between wheel and the
specimen under test. The working principle of this test is discussed in
experimental section of thesis. The application of constant force ensures
continuous contact between specimen material and the wheel during test.
Numerous attempts to modify this test set-up has resulted in widespread
acceptance of test results and are deciding factor for validation of any material for
test field conditions [7 - 11].

1.1.2 Different techniques to tackle abrasive wear

The successful way to tackle wear is to understand the root cause of it. Wear is in

fact material property dependent; hence effective solution for this lies in
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determining the factors responsible for it. The factors responsible for wear of any

material are:

a) Abrasive size and hardness,

b) Abrasive shape,

c) Material hardness,

d) Material fracture toughness,

e) Material’s resilience,

f) Surface roughness of the material,

g) Sliding speed and sliding force.
Abrasive size and hardness is known to have pronounced effect on the wear of the
material. It is found that higher hardness of the abrasives show high wear rate of
the material. The reason for this is weak and friable abrasives on striking
material’s surface cannot maintain their integrity. They fracture easily to small
particles on impact and lose their effectiveness. The shattered pieces do not have
required weight to transfer the destructive force needed for wear. The hard
abrasives have ability to maintain their shape and contribute to the wear. Hence, it
is found that wear rate is a strong function of the abrasive hardness [12]. Also, the
shape of the abrasive is known to play crucial role in wear of the material. The
angular and sharp edge abrasives are able to provide more concentrated force
needed for the wear. Thus, bigger abrasive with high hardness and angular shape
are known to cause more damage to the material during wear [12, 13].
Also, abrasive size is important factor in wear. For particle size less than 100 um,
the wear efficiency is reduced drastically [13]. Abrasive velocity is also important
factor in wear. Higher abrasive velocity results in more kinetic energy to be
transferred to the impacting material which results in higher wear rate [13]. The
wear rate is higher at acute angle of attack and decreases as this impingement
attack moves close to 90° [13 - 16].
The hardness of the material is important factor when deciding the intensity of the
damage generated due to abrasive. The wear intensity is determined using ratio of
hardness of abrasive (H,) to hardness of the material (Hs).



If Ha/ Hs > 1.2, plastic indents are produced on the surface by abrasives. This
means that abrasives are successful to create damage to the surface of material in
form of indents. These indents result in material removal and contribute to wear.
If Ha/ Hs < 1.2, no plastic indents are produced in the material.

Thus, it means that more the hardness of the parent material in comparison with
the hardness of the abrasive, less will be its wear rate [17].

Fracture toughness is another property of material which affects its wear rate.
Usually, crack propagation happens due to action of tensile stress on the material
ahead of crack. Hence, material weaker in tensile strength will easily fracture
resulting in easy crack propagation in the material. Fracture toughness indicates
the resistance offered by the material to crack propagation, and crack propagation
is easier if weak phases (phases with low tensile strength) or cavities are present
ahead of crack front. Thus, fracture toughness of the material will be improved by
increasing phases, which has high tensile strength [22 - 24].

Material’s resilience indicates the resistance offered by the material to plastic
deformation. Resilience depends on yield strength of the material. Lower yield
strength, lower is the resilience. Material with low resilience will easily deform
and result in plastic deformation. Hence, higher resilience indicates material can
absorb high energy before deforming plastically. Thus, presence of highly
resilient phases or material with higher yield strength improves overall resistance
to plastic deformation [22 - 25].

Wear is surface phenomenon. Hence, rough surface will have lot of surface
undulation, which will be easily vulnerable to the attack of the abrasives. Thus,
smooth surface will offer less debris during wear due to fewer asperities on it [22
- 25].

Sliding speed and sliding force both influence wear phenomena. Hence, higher
the sliding speed and force more will be the wear. Also, higher sliding force will
result in more sub-surface effect in form of increased cracking and delamination
of the material. Thus, lower sliding speed and force, lower will be the wear of any
material [22].



Some of the prominent ways to inhibit or restrict the destructive effects of the
wear are [2, 17]:

a) Change in design,

b) Material replacement,

c) Surface engineering, which includes surface modification techniques,

A change in design or material replacement is not feasible in many industrial
installations. For example, if the wear in the form of cavitation is happening to
pipe bends or in pump impellers, it cannot be tackled by replacement of pipe
bends.

Wear of any material is material property dependent; so, better material should be
used as per the service conditions or the surrounding environment. Hence, use of
materials designed to withstand wear conditions is the easiest and the most
effective way to deal with wear. However material replacement is also the least
popular option, considering the high cost and limited availability in market as the
biggest constraint acting in its acceptance. For example, replacing low carbon
steel with special grade stainless steel for marine application is not only the most
costly option However raises questions on its availability in the market during
times of replacement. Also, cost of products is vulnerable to fluctuating market
prices, which makes them unreliable option. Other factors like weight, processing
as per the application requirements, also rule out the applicability of this method
to tackle wear [17].

The last technique of surface engineering is not only easy However has proved to
be an effective technique to tackle the ensuing wear problem. Surface properties
and features of any material have a major role to play in the wear of any material.
The ostensibly smooth looking surface of any material involves lot of complex
features which play active role in wear. The surface of any material under
microscope shows lot of asperities and valleys protruding from the surface. These
surface undulations contribute to the wear of the material under the action of
pressure and relative motion between different materials in surface contact. These
surface undulations are defined as surface roughness and play collective role in

wear along with material properties like hardness, toughness, to name a few. The



destructive effect of wear always start from the surface of any material, so to
improve wear resistance, the material properties like hardness, toughness and
wear resistance, of the surface has to be improved. Hence, if surface undulations
are corrected and surface properties improved by using suitable surface
modification techniques, then wear resistance is also improved. Surface
modification techniques include surface deposition of wear resistant materials and
surface processing techniques [21 - 23]. The improvement of wear resistance of
any material’s surface is achieved either by deposition of wear resistant material
or by induction of elements into the surface making it hard and tough, and
ultimately resulting in improved wear resistance of the surface. Deposition of
wear resistant materials is achieved by using conventional deposition techniques
like thermal spraying, vapor deposition techniques, electrodepositon, and so on.
The induction of hard elements like carbon or nitrogen is achieved by using
surface treatment techniques like carburizing, nitriding, carbonitriding, and
parkerizing The deposition techniques offer lot of advantages compared to
induction techniques, some of them are [18 — 21]:
e Easy application with little or negligible modification of the core material
properties,
e Easy replacement with wide choice of materials to be deposited and
e Less dependency on factors like surrounding environment, composition
and crystal structure of the base material, chemical affinity between base
material and diffusing constituents, and so on
e Also, the material deposited as coating introduces negligible change in
fluid dynamic properties since small coating thickness does not affect the
flow of fluids over material even after surface treatment.
Thus, among all the techniques, the most easy, effective and popular technique is
surface deposition of wear resistant materials.
There are different surface deposition techniques, some of which are mentioned
below [18 - 21]:
a) Electrodeposition technique,
b) Chemical and physical vapor deposition,



c) Weld overlays and laser cladding,

d) Surface hardening techniques and,

e) Thermal spraying

The electrodeposition techniques include electroplating and electroless plating;
and vapor deposition techniques include physical and chemical vapor deposition
techniques. The electrodeposition and vapor deposition techniques deposit
materials with thickness in tens of micrometer. The process is not only time
consuming and expensive, However also involves dependency on the chemical
environment. Also, depositions of hard and wear resistant materials are difficult
by these techniques [18].

The techniques like weld overlay and laser cladding although successful in terms
of the coating thickness and versatility in terms of the materials to be deposited,
however it involves lot of deposition problems. Some of them are generation of
weld spatter, slow deposition rate and high process cost (especially for laser
cladding), generation of toxic fumes, high heat and chances of electric shock (for
weld overlay). The excess heat generated during deposition may result in work
piece distortion and the generation of the residual stresses in the substrate. Also,
diffusion of coating constituents into the substrate and metallurgical changes in
the substrate due to the high heating temperature, are other unfavorable aspects of
these techniques. These issues restrict their applicability and limit its acceptance
rate [18 - 21].

Surface hardening techniques include carburizing and nitriding, which involves
induction of hard elements like carbon, nitrogen, into surface of material which
results in increase in surface hardness and toughness. It also includes techniques
like flame and induction hardening, high power lamp hardening, wherein material
is heated to above austenitizing temperature (for steels), held for some time for
homogenization and then quickly quenched in suitable coolant. Depending on
cooling rate, surface hardness improvement will be decided. This method is
successful mostly for small size, simple shape, steel and its alloys only. Also,

work piece distortion and heat cracks can affect substrate life span [18].



Compared to the above techniques, thermal spraying is cheap, easy to apply,
portable, offers good adaptability in terms of the material(s) to be deposited, less
distortion and less metallurgical changes in the substrate and can be easily
automated for mass production. Hence, this technique of surface deposition is the

most suitable technique for surface modification of any material [18, 20, 21].

1.1.3 Wear resistant materials

As discussed earlier, the easy and assured way to deal with wear problem is
through the deposition of wear resistant materials [18]. The common wear
resistant materials used are alumina (Al,O3), tungsten carbide (WC), silica (SiOy)
and nickel-chromium based alloys (NiCr-)[25 - 36]. Among all these materials
mentioned above, the material which has high hardness and wear resistance (after
diamond) with satisfactory mechanical properties like corrosion resistance, ability
to blend with soft binder to generate coating with required toughness, and easy to
thermal spray, is tungsten carbide (WC) [25 - 36, 38, 39].

Usually, the coating materials are applied as metal matrix composites. In metal
matrix composites (MMCs), the hard particles are mixed with soft binder in
proper proportion [29, 30, 36, 38, 39]. Among the different types of MMC, the
common type used as coating for wear and corrosion applications is particle
reinforced metal matrix composite. Here, hard reinforcing particles are distributed
in soft binder. The hard reinforcing particles withstand the compressive stress and
provide compactness needed to withstand fluctuating stresses in cyclic loading.
The presence of soft and ductile binder results in improved toughness, wear and
corrosion resistance along with improved binding tendency of the coating with the
substrate. The binder helps in distribution of the compressive stress by plastically
deforming under stress. Also, its effective wetting of hard reinforcement provides
necessary cushioning effect against the impact of abrasives and protection against
aqueous corrosion [29 - 32, 36, 37]. Usually, fine distribution of reinforcing
particles in binder results in better mechanical properties like hardness, toughness,
in composite [33, 35, 37, 39].
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Many metal matrix composite (MMC) coatings with hard reinforcing particles are
successfully used in rigorous wear and corrosion conditions [25 - 36]. The
common reinforcing material used in MMCs for wear applications is tungsten
carbide (WC) [25 - 27, 32, 34 - 36]. The tungsten carbide alone in powder or wire
form are difficult to deposit using normally available high temperature thermal
spraying with less microstructural changes. This is because of its high reactivity
with surrounding atmosphere under high spraying temperature conditions and
extremely low plastic deformation ability even at high temperature [40, 41, 43].
The tungsten carbide in powder form is usually sintered with relatively soft and
ductile binder element like cobalt or nickel. Cobalt is more popular element used
in sintering since it dissolves some amount of carbide during high temperature
sintering, resulting in a complex bonded structure which improves its
adhesiveness with surrounding carbide grains. The improvement in corrosion
resistance is provided by inclusion of nickel. Also, carbide as binder offers good

combination of hardness and toughness to whole mixture [30, 32 - 36].

1.1.4 Thermal spraying

Thermal spraying is a material deposition technique wherein feed stock material
in wire, rod or powder form are heated or partially melted by the energy source
during its transit through the spraying system. The heat for spraying is either
electrical or through combustion flame. The heated or partially melted material is
then expelled through system at high velocity by the process gases, to deposit on
the material’s surface as a coating [20, 21]. Thermal spraying is considered to

offer lot of advantages over other deposition techniques [21]:

e Virtually, any material can be heated or partially melted to deposit as
coating,

e Deposition of material with relatively insignificant effect on the substrate
is possible,

e Material depositon can be controlled, resulting in coating thickness

varying from 20 micrometer to several hundred micrometers depending on
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the parameters like material(s) to be deposited, heat supplied to the

feedstock, material feed rate and torch travel velocity over the substrate.
Some of the prominent and popular thermal spraying variants are [21]:
a) Flame spraying,
b) Plasma spraying,
c) Detonation spraying,
d) Wire arc spraying,
e) High velocity oxy-fuel spraying,
f) Cold spraying.
In all the above spraying techniques except wire arc spraying, powder as
feedstock material is used. Plasma spraying can also be operated using coating
material in powder as well as wire form.
The thermal spraying techniques like flame, plasma, detonation and high velocity
oxy-fuel spraying techniques use high temperature (usually > 2700°C) sources to
heat and partially melt the feedstock material to deposit as a coating. In the wire
arc spraying, there is an electric arc struck between anode and cathode resulting in
melting of the feedstock wire, which is then propelled by high velocity gases to
deposit as a coating. The cold spraying uses relatively low temperature (less than
900°C) and high pressure (0.5 - 5.0 MPa) to expel feedstock at high velocity (300
to 600 m/s) to coat on the substrate [21].

1.1.5 High velocity Oxy-fuel (HVOF) spraying

Compared to high temperature thermal spraying variants like plasma, flame and
detonation spraying, high velocity oxy-fuel spraying is successful and popular due
to the properties of the coatings that it produces. The high spraying temperature in
flame and plasma spraying, results in melting and fusion of the powder particles
which increases its chemical reactivity with the surrounding atmospheric gases
and substrate along with other phases in the powder. The high spraying
temperature introduces porosity and results in distortion of the substrate and

generation of the residual stresses [21].
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In order to control or reduce the disastrous effects mentioned above during
spraying, high velocity oxy-fuel spraying is sometimes used. In high velocity oxy-
fuel spraying, the mixture of gaseous or liquid fuels like kerosene, propane, or
other ignitable fluid fuel, enters the combustion chamber along with oxygen,
which is ignited to undergo combustion (Fig. 1.2). The heat of combustion results
in high temperature during spraying, which heats and propels incoming powder
particles through a converging-diverging (de-Laval) nozzle at high velocity
(usually >1000 m/s) to deposit as a coating on the surface. The high spraying
velocity results in plastic deformation of the softened and partially melted powder
particles, resulting in a tight bonding of different phases, which provides good
cohesive toughness in the coating and good adhesion of the coating to the
substrate. Various composite coating fabricated using this spraying technique
showed good mechanical properties in terms of hardness, wear resistance and
high density [20, 21, 36, 38, 39]. Also, lower residual stresses and good retention
of chemical properties of the feedstock powder can be obtained by optimizing the

parameters assisted by low in-flight time during spraying [40, 41, 44].
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Figure 1.2. Schematic of High Velocity Oxy-Fuel (HVOF) spraying process [40]
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1.1.6 Cold gas dynamic spraying (CGDS)

Although high velocity oxy-fuel spraying boasts of many advantages compared to
other thermal spraying techniques, there still exist several issues which are
peculiar for any high temperature thermal spraying techniques. Some of these are
[40 - 53]:

e Oxidation, decarburization, formation of intermetallic compounds and
amorphous phases,

e Diffusion of constituents along powder diameters resulting in chemical
heterogeneity,

e Entrapment of gases and volatile constituents between different layers
generating pores and voids; also, lowering of the cohesive strength of the
coating due to the formation of pores,

e Reaction of the coating constituents with the substrate; distortion of
substrate and generation of residual stresses in the coating and the
substrate,

e The formation of complex carbides, oxides and other compounds during
spraying results in increased brittleness.

e The entrapped gases may expand and result in embrittlement cracking if
the coating is to be used for high temperature applications. Such brittle
structure is more prone to corrosion fatigue and stress corrosion cracking
which will be assisted by the pores present in the coating. The formation
of different and unexpected chemical constituents may initiate and
accelerate galvanic corrosion in agueous solution.

e Substrate heating and warping are common problem for high temperature
processes.

Hence, a coating deposition process needs to be used, which can produce coatings
devoid of all the defects. To mitigate the issues raised due to the high spraying
temperature, a relatively new variant of thermal spraying is being introduced
called as cold gas dynamic spraying or cold spraying (CS) [21]. In this thermal

spraying process, the MMC mixture particles are heated close to 900°C
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(maximum) while non-combustible carrier gas like helium, nitrogen or even air is
used during spraying [54 — 71, 82]. The velocity during spraying is usually above
critical velocity value which is material dependent and is closely associated with
the supply pressure [54 - 58]. In this spraying technique, the powder particles
intercept high pressure hot gases (maximum temperature = 900 °C) which are
directed towards converging-diverging (de-Laval) nozzle. The maximum supply
pressure is around 4 MPa [55, 56]. The pressure energy of the gas mixture is
converted into kinetic energy to propel them at high velocity to deposit as coating
on the substrate. The gases used are helium, nitrogen, air or a combination of
these, which act as a carrier medium and transfer heat to powder to assist in
deposition. Due to the low spraying temperature and high spraying velocity (300
— 1000 m/s), the powder particles are devoid of all the high temperature issues
raised in coatings deposited by other high temperature thermal spraying
techniques. This spraying technique has shown beneficial features generally
absent in HVOF-sprayed coating like lower porosity, no oxidation,
decarburization and degradation of in-flight powder particles [55 - 57]. The
coating obtained is also dense with less cracking due to less residual tensile
stresses in the coating [55, 56, 71]. All this ultimately contributes to the improved
mechanical properties of MMC like hardness, improved toughness (due to
lowered porosity) and brittleness, as shown by numerous authors [66 - 71]. The
shortcoming of particle softening due to high temperature is overcome by
deformation of powder due to the high spraying velocity which also provides
good cohesive and adhesive strength to the coating [56, 57]. The porosity is
essentially reduced, which improves wear resistance, and limited thermal stresses
are generated in the substrate [56, 71].

The cold spraying process is classified into two variants depending on the
spraying pressure [55]:

a) High pressure cold gas dynamic spraying (HPCGDS) or high pressure cold
spraying and

b) Low pressure cold gas dynamic spraying (LPCGDS) or low pressure cold

spraying
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In high pressure cold gas dynamic spraying (HPCGDS), the spraying pressure
varies in the range of 1.5 to 5 MPa and the spraying temperature is close to
900°C. The carrier gas(es) used are helium, nitrogen or a mixture of both. The use
of high spraying temperature and pressure provides high deposition efficiency
compared to low pressure cold spraying which makes it suitable to deposit hard
reinforcing composites. However, high spraying pressure demands costly

equipment and control devices which add to the overall process cost [55, 67, 71].
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Figure 1.3. Schematic of low pressure cold spraying process [67]

In low pressure cold gas dynamic spraying (LPCGDS), the spraying pressure is
less than 1 MPa while spraying temperature is less than 550°C. The carrier gas is
low cost, easily available medium: air. Figure 1.3 shows schematic of low
pressure cold spraying process. Although it has low deposition efficiency,
coatings deposited using this technique can show mechanical properties like
hardness, toughness, comparable to those obtained using HPCGDS. The use of
relatively simple and low cost equipment, accessories, and low cost gas(es) results
in lowering of the overall coating cost. Also, the process can be made in modular
form which makes it portable [54, 55, 67 - 71, 82].
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1.1.7 Limitations of thermal spraying

Although thermal spraying claims of providing so many benefits to coating in
terms of hardness, wear and corrosion resistance, none of the above mentioned
techniques can guarantee a coating devoid of detrimental issues generated after
spraying along with its visible side effects on substrate: residual stresses, warping
and distortion [40 - 52]. Apart from the high temperature defects discussed in
above paragraph which are common in many high temperature thermal spraying
techniques, many other issues exist even in low temperature spraying technique
like cold spraying [54 — 71, 79]:

e Non-uniform and non-homogenous microstructure,

e Loss of reinforcement during spraying results in different coating
composition compared with powder while affects coating proerties,

e Low hardness and toughness (due to lower content of hard phases in
coating),

e Low melting temperature with no reactivity among different phases results
in improper packing of powder during spraying resulting in porosity and

e Comparatively low mechanical properties like hardness, wear resistance,
in comparison with high temeprature thermal-sprayed coating.

1.1.8 Post-deposition treatment techniques

Considering the limitations of thermal spraying mentioned above, there exist
many post-deposition treatment techniques to overcome these issues. Different
post-deposition techniques are used depending on the requirements of the final
coating. Removal of residual stresses along with homogenization of the
microstructure is the primary purpose behind many techniques. In fact, these
characteristics results in improvement in other mechanical properties like
toughness, corrosion and wear resistance along with reduction in porosity and

induction of uniformity in the microstructure. Diffusion of chemical species also
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results

in reduction of chemical heterogeneity, which adds to uniformity in

microstructure [72 — 75].

There are number of post-deposition techniques, some of which are mentioned

below:

a) Laser heating,

b) Furnace heating in air or inert atmosphere,

¢) Induction heating,

d) Friction stir processing,

1.

Laser heating as post-deposition technique is a costly and slow process.
The heat used during heating is a function of many parameters like work
piece-torch gap and voltage, apart from coating thermal parameters like
thermal conductivity, [14].

Furnace and induction heating although popular post-deposition
techniques, However long heating and cooling cycle time restrict its
applicability for mass production only. The furnace heating of the coated
substrate restricts the size of the sample to be treated using this technique.
Also, heating effect of the substrate is unavoidable which further adds to
the complexity of these techniques [16].

Friction stir processing is relatively new and emerging post-deposition
technique. In this, the thermal and mechanical stresses generated during
treatment results in the fragmentation of hard reinforcement particles.
Also, mechanical stirring results in homogenization and uniform
distribution of reinforcement in the coating. The thermal stresses also
assist in chemical diffusion of constituent species which further aids in
chemical homogeneity. The advantage of this technique over others is its
low cost, reliable, effective technique with fast application rate and less
thermal effects on the substrate [79, 80].

1.1.9 Friction stir processing
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Friction stir processing is a variant of friction stir welding and friction stir spot
welding [76 - 85]. In friction stir processing, a non-consumable rotating tool
under the action of the vertical axial force, travels over the material’s surface with
fixed linear velocity (Fig. 1.4). The friction between the tool and material’s
surface results in generation of the excessive heat, while the action of tool rotation
results in generation of the mechanical stresses in the material [79, 80]. The tool
used must withstand the heat generated during processing. Hence, it should have
the high softening temperature and the ability to retain mechanical properties like
hardness, toughness, wear resistance, even at high temperature. Tool material
depends on the material to be processed, hence usually hard, wear resistant and
high temperature resistant materials like martensitic steel, tungsten carbide, nickel
based alloys, are choices [79, 80, 83 - 85].

Axial force on tool

Rotating tool

Tool

Retreating side
of FSP zone

Advancing side
of FSP zone

Friction stir processed
(FSP) zone

Figure 1.4. Schematic of friction stir processing [76].

Friction stir processing produces uniform and homogenous microstructures,
resulting in improved mechanical properties like decreased dislocation density,
reduction of porosity and inter-lamellar cracking, reduction of chemical
inhomogeneity (due to the diffusion of chemical species and reactions triggered

by high temperature). The reason for decreased dislocation density is the
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annealing effect generated due to high friction heat which relieves the material of
augmented dislocation density due to mechanical stressing during processing [76].
Improvements in toughness, wear and corrosion resistance, reduction of hardness
are some of the possible attriHoweveres of this post-deposition process. The
reduction of intermetallic phases along with the inducement of homogeneous
composition with uniform thermal properties assisted by controlled heating and
cooling cycle ultimately results in reduction or removal of residual stresses in the
coating. The heat generated during friction stir processing can be easily controlled
by the use of suitable coolant. Also, thermal stirring results in proper wetting of
reinforcement with a binder and compressive stresses of the tool ultimately

improve adhesive and cohesive strength of the coating [79, 80].

The friction stir processing of any material is a function of many process
parameters like [80]:

a) Tool travel velocity, m/s

b) Axial force on the tool, kN

c) Tool rotational speed, RPM

d) Number of passes of the tool on the substrate.

It was found that the increasing the value of parameters like axial force on the
tool, tool rotation speed, number of passes of the tool on the substrate, and
decreasing tool travel velocity leads to generation of more heat which is being
transferred onto the substrate. Lower tool travel velocity assisted by the high tool
rotational speed and number of passes results in more incidence time of heat at
any location (localized heating); while, more axial force results in more
penetration of this heat and induction of more mechanical stresses in the
microstructure. Higher axial force results in increased material density due to
closing of pores and promote bonding between binder and the substrate,
ultimately contributing to improved adhesive and cohesive strength. The higher
axial force along with high tool rotational speed assists in fragmentation of the
reinforcement and wider and deeper friction stir zone, due to more reach of

thermal and mechanical stresses in the material [76 - 81].

20



The application of FSP to various thermal-sprayed coating showed that there is
wide scope for improvement in mechanical properties like hardness, lowering of
porosity, lowering of mean free path, fragmentation of carbides with subsequent
improvement in toughness [79, 82 — 85]. To date, no studies have been conducted
to quantify mechanical properties such as wear resistance of friction stir processed

thermal-sprayed coatings.

1.1.10 Superplastic deformation

Friction stir processing belongs to a category of deformation technique called
superplastic deformation. This method of deformation process differs from
normal plastic deformation processes. In this, the material is progressively
deformed with subsequent application of heat. The heat is either frictional heat
generated during the process or it is externally supplied. The heat results in
continuous softening and dissolution of the dislocation, due to which the material
receives less resistance during deformation. Hence, materials can undergo
appreciable deformation at high temperature compared to their deformation at
room temperature under same stress conditions. There are various theories to
support this claim. One of such theory says that this feature in any material is
exhibited due to dynamic recrystallization phenomena. The arrangements of
grains take place in such a way that they offer less resistance to the motion of
dislocations. Also, the existing dislocations get annihilated during process, due to
which continuous application of mechanical stress is possible with fewer efforts
[86, 87].

Superplastic deformation is a common characteristic of microstructures exhibited
by the following processes [86 - 93]:

a) Friction stir processing,

b) Equal channel Angle processing,

¢) Superplastic forming,

d) Annealing and hot tensile straining
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1.1.11 Dynamic recrystallization

In dynamic recrystallization, the material undergoes crystallization during
application of the mechanical stress. The recrystallization happens due to the
application of sufficient heat either externally or due to friction during processes.
The heat generated results in softening and heating of the material to temperature
beyond recrystallization temperature which results in the annihilation of
dislocations and formation of equiaxed, strain free grain. The new grain formed
has a low dislocation density which offers less resistance to the plastic
deformation. Although the grains undergo refinement during plastic deformation,
However the defects like grain boundary, dislocations, does not offer resistance to
the motion of dislocation. Hence, the material as such has a favorable
microstructure for deformation. Such structure has a fine grain structure with
uniform distribution of grains and phases and more homogeneity. The
homogenous nature of microstructure is due to accelerated diffusion of chemical
species during dynamic recrystallization. The dynamic recrystallization is thus
function of heat and mechanical stresses generated during or applied during the
process [76 - 93].

1.2 Previous Studies

The tungsten-carbide-cobalt-nickel (WC-Co-Ni) coating fabricated using HVOF
spraying process showed numerous reactions with surrounding atmosphere as
well as with other constituents in the powder at high temperature. Some of these
reactions confirm the phenomena of decarburization, oxidation and formation of
intermetallic phases during spraying. The formation of various unexpected and
undesirable phases hamper mechanical properties like ductility, wear resistance,
toughness, by inducing residual stresses, increased porosity content, reaction with

substrate, warping and cracking of substrate and coating [40, 41, 43, 44, 50 - 53].

Reaction of contents (WC-Co-Ni) with oxygen [40]:
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AWC + 05 (g) — 2W,C + 2CO (g)
2WC + O, (g) — 2W + 2CO (g)
WC + O3 (g) — W+ CO2(g)

%WC+OZ(g)—> %WOz"‘ %CO (9)

2 1 1
EWc +0;2(g) — ZWzOe (9)+ ECO (9)

2 1 1
EWC +02(g) — EW309 (9) + 5 CO(9)

2W,C + O, (g) — 4W+ 2CO (g)
W,C + 0, (g) — 2W+ CO2(0)

2W + O, (g) — 2WO (g)
2 2
EW +0,(g) — EWO:-s (9)

2C + 0y(g) — 2CO (g)
Reactions with H,O and CO; [39]

C + H,0 —CO (g) + H2(Q)

2WC + CO, (g) — W2C (g) +2CO (9)
W,C + CO3 (g) — 2W +2CO (g)

2Co + 0, (g) — 2C00

2WC + CoO — W,C + Co + CO (g)

A,Gpy4 = -362kJ/mol

0 —
ArC51273( -

-378kJ/mol

A,G1y4 = -360kJ/mol

A,Glyrac =

0 -
ArGlZ7Z-K -

A,Glyrac =

A Gl°273<
Ar(31027:«1}< =

A Gy =

A Gy =

A Gy =

A, Gl
A Gl =
A, Goorx =
AGlyra =

A Grorx =

-366kJ/mol

-306kJ/mol

-327kJ/mol

-393kJ/mol

-338kJ/mol

-582kJ/mol

-346kJ/mol

-448kJ/mol

=-46 kJ/mol

-9.2kJ/mol

-141kJ/mol

-290kJ/mol

-185kJ/mol
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WO3 (g) + 3WC (s) — 4W + 3CO (g) A, GS4 = -344 kJ/mol

Ni + % O(2) — NiO A.GS, . = 250 ki/mol

Thus, it is clear that WC-Co powder gets severely affected while its flight through
surrounding atmosphere (Fig. 1.5). The high spraying temeprature also results in
heavy reactivity among different constitutents which affects mechanical
properties in finally fabricated coating.

To counter the issues raised during HVOF spraying process, a comparatively low
temperature thermal spraying process is used for fabrication of WC-Co based
MMC coating. Many studies on application of WC-based MMC coating using
high-temperature cold spraying (HPCS) and low-temperature cold spraying
(LPCS) has shown positive result in terms of fabricating coating with no after
effects [59 — 66, 68 - 72].

Partially dissolved Internal

WC/W,C grains decarburization
0 (g)=21[0]
[C]1+[O] = CO(g)
Gas bubble

Surface

Solid WC and Co decarburization

[C]+ % 0,=CO0(g)

Liquid W,C;Co, [C]+ CO;=2CO(g)

[C]+ H,0 =H,+
COo(g)

W=3/20, = WOs(g)

Forming W via

Carbon free Solidification from

WCo(l) surface

WCo(l)
Gas evolution
Nucleation of CO(g)
gas bubbles
Forming W via oxidation
Forming W via solidification from 2WC + %:0,(g) = W2C + CO(g)
WCo WiC + %:04(g) = 2W + CO(g)

Figure 1.5. Schematic of different reactions of in-flight WC-Co powder with
surrounding atmosphere while spraying [40].
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The numerous studies on WC-based MMC coating fabricated using HPCS
showed that higher hardness with coating thickness close to the value obtainable
by HVOF process is possible [59 - 65]. The works of Kim [60, 62], Gao [63, 64],
and Li [65] proved that nano-structured WC-based MMC coating can be
successfully fabricated using HPCS. However, costly gases along with high
equipment cost, makes this process uncompetitive in the market. To compensate
for this, a LPCS process using cheap gas like air with spraying pressure less than
1.5 MPa is suggested [55, 67]. The low spraying pressure results in use of small,
portable and cheap spraying accessories, lowering the overall coating cost.
Besides having all the advantages of high pressure cold spraying like lower
porosity and no degradation of powder material during spraying, the lower
coating cost makes it an attractive option for simple wear applications [69 — 71,
82]. Although there are limited research articles on WC-based coating deposited
using LPCS, few papers on fabrication of other MMCs and pure metals reflects
benefits of this technique [69, 70, 82]. The work on LPCS WC-based MMC
coating by few authors showed hardness comparable to those obtainable by HPCS
[71]. The absence of any undesirable compounds in such WC-based MMC
coating will definitely reduce corrosion problems [59 - 66, 71]. However in spite
of all these positive aspects, the WC-based MMC coating fabricated using low
pressure cold spraying (LPCS) showed mechanical properties like hardness, wear
resistance, comparatively lower than high temperature thermal spraying
techniques like high velocity oxy fuel (HVOF) spraying technique [71]. To
counter this problem successfully, a post-deposition technique called friction stir
processing (FSP) is proposed. The successful studies on various materials and
alloys like Al-alloys have shown tremendous scope for improvement of
mechanical properties of WC-based MMC coating [79, 83]. The application of
FSP treatment on WC-based MMC coating showed success in terms of improved
hardness [84, 85]. The biggest challenge is to date, no study have been ever
carried out on wear analyses of friction stir processed high velocity oxy-fuel
(HVOF) sprayed and low pressure cold-sprayed (LPCS) WC-based MMC

coating. It is expected that the mechanical properties like hardness, toughness,
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wear resistance, of thermal-sprayed WC-based MMC coating will be improved by

application of friction stir processing treatment.

1.3 Research objectives

The research in this thesis study is concentrated on conducting optimization of
low pressure cold-sprayed tungsten carbide-cobalt-nickel coating and
improvement in wear resistance of cold-sprayed as well as HVOF-sprayed WC-Ni

MMC coating after friction stir processing.
The research objectives are to:

i) Define wear resistance of low pressure cold-sprayed tungsten carbide —cobalt-
nickel (WC-Co-Ni) coating in the compositional range of 0 - 65 wt.% WC-12Co
in WC-Ni MMC coating,

ii) Study the influence of friction stir processing (FSP) on the wear resistance of

cold-sprayed and HVOF-sprayed conventional WC-Ni coating,

iii) Describe wear mechanism of cold-sprayed and HVOF-sprayed WC-Ni MMC

coatings on the basis of experimental and theoretically generated results.

iv) Study the mechanism for improvement in mechanical properties like hardness,

toughness, and wear resistance, due to FSP treatment on various coatings.
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Chapter 2. Wear mechanisms and wear theories

for composites

2.1 Abrasive wear theories

For a long time, wear and erosion of material by abrasives were considered to be
material properties dependent phenomena. Numerous work of researchers in the
past have shown that attack of abrasives at oblique angle on the surface results in
transfer of its energy to the material’s surface [13, 93 - 99]. Heavy plastic
deformation of material happens with result that it creates crater on the surface,
subsequently followed by material removal in large lip [13, 93 - 102]. The volume
of the lip is always less than the volume of the crater formed due to large plastic
deformation of the material happening during wear. It is also predicted that this
deformation is aided by the frictional heat generated during wear which assists in
material deformation prior to failure. Numerous studies have shown that volume

of material removed during wear is function of factor: CxpxAT
Where,

C = specific heat of the material,

p = density of wear tested material, and

AT is the difference in melting point and temperature of the material
during wear.
It is found that high temperature during wear lowers flow stress and increases
material removal. Thus, volume of material removed is found to be inversely
proportional to the factor: CxpxAT [101, 102].
Wear of material due to impacting or flowing solid particles seems to be
influenced by two forces. The forces normal to the material surface result in
deformation of the material which is seen as depressions or craters in the surface.
The material is plastically deformed due to this force, hence wear due to this is
known as deformation wear. The other component of the force is cutting force and

is parallel to the surface. This force results in shearing of the material, due to
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which crack generated at the surface propagate sub-surface and result in shearing
of the material [104].

The wear of the ductile material under the action of the abrasives result in
formation of micro machined chips which depending on the hardness of the
material will decide the next course of action. Sometimes, the action of the
abrasives result in continuous deformation and extrusion of the material till
overhanging lips are formed which are subsequently removed by the flowing
abrasives [13, 93 — 104]. It is found that for soft materials, the chips remain intact
with the parent material indicating that it will undergo plastic deformation until
failure while for hard materials, they break away easily from the surface. It was
postulated that the attack of abrasives at high velocity results in generation of heat
which is transferred to chips and quick heat dissipation results in its hardening
[102, 103]. The chips formed have more hardness than parent material, due to
which for hard material, they separate easily during wear [105].

Wear of the material is considered to be steady-state phenomena wherein
continuous impact of abrasives result in plastically deformed and work hardened
sub-surface zone. The frictional heat generated during wear results in softening,
probably annealing of the surface zone with lower flow stress value than the sub-
surface zone and is easily amenable to wear. The wear of the surface occurs in
form of platelets due to continuing abrasive impact which are progressively
removed when their critical fracture strain limit is reached [104].

Wear of soft material happens due to the shearing action while hard materials are
abraded due to inherent surface and material defects like pores, inter lamellar
cracks. Also, loosening and progressive removal of the cementing binder between
hard reinforcing particles in composite result in subsequent removal of them
[106].

Numerous papers discussing wear of ductile material has been published in the
past. It is seen that during wear, the impacting abrasives on the material surface
result in formation of depressed zone on the surface. The material immediately
below the surface undergoes continuous plastic deformation and subsequent work

hardening. The work hardening of the material results in conversion of the
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material behavior from ductile to brittle. The wear of the ductile material happens

due to the formation of three different zones in any material. The three zones are
as follows:

a) First zone is the surface zone. At surface, there is thin layer of thickness 5-

15 pm (Fig. 2.1). This zone recieves maximum heat during deformation

due to friction. The frictional heat results in annelaing and softening of the

material layer due to which, there is increase in ductility even after

progressive plastic deformation during wear. The softened surface is

vulnerable region and is easily prone to the attack of the abrasives. Deep

indents and craters are common in this zone due to lowered hardness. The

surface shows heavy material loss due to impact of the abrasives. The

attack and travel of the abrasives in this zone results in smearing and

ploughing action on it. The occurrence of indents and craters in this zone

is a clear indicaton of lowered mechanical properties like hardness and

toughness.

N2 A S N

Soft surface zone

R
AR\

Unaffected zone

Figure 2.1. Cross-sectional image of material showing annealed surface

and work hardened sub-surface zone [108].
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b) Second zone is the sub-surface zone. This zone extend just below zone 1
and extends to greater depth compared to zone 1 (Fig. 2.1). This zone
ensues due to large plastic deformation of the abraisves. The continous
action of the abrasives result in improved mechanical properties like
hardness and work hardening which increase as we move further deep into
the material. The region close to the zone 1 has lower hardness due to
softening effect from the heat transfered during wear. The hardness
increase reaches a peak value at certain depth below the surface and then
recedes till it reaches properties of parent material [22, 121, 154, 155].

c) The third zone is the unaffected zone of original parent material (Fig. 2.1).
This zone lies exactly below zone 2 when considered from the top surface
of the material subjected to wear.

During wear, the digging abrasives result in crack propagation in zone 1. The
extrusion of the top portion of the material is seen as platelets [98, 104, 108]. It is
found that the angles of attack of abrasives play distinct role in wear. Even if the
angle of attack of abrasive is low, However sufficient play between the hard
abrasive and the material surface result in change in actual angle of attack. The
abrasives with sharp edges have more contribution to the wear. At a shallow angle
of attack of abrasives, the wear is influenced by the horizontal component of the
velocity and smear craters are generated on the surface. At higher impingement
angle, the attack of abrasives results in ploughing type of crater. Thus, attack of
abrasives is severe at higher impingement angle. It is seen that there is peak in
wear at particular angle of attack and beyond that, it recedes [93, 97, 105, 108].
The wear of ductile material starts from the surface and is accelerated due to
softening of the material. As the zone 1 is removed and zone 2 comes in contact,
the frictional heat results in softening and annealing of portion of zone 2 to some
depth. This results in conversion of zone 2 to zone 1. Wear happens in same way
as it happened for all previous layers which formed part of zone 1. The region

close to the crater is progressively forged—extruded as platelets which separate
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easily under the action of flowing abrasives. The region below zone 1 shows

progressive increase in hardness again due to plastic deformation; and continues

till it gets transformed to zone 1[107].

The wear of the hard and brittle material happens due to cracking and separation

of material in form of flakes. Ploughing is also seen as a form of mechanism of

wear for few materials containing soft cementing binder [108].

The sub surface cracking is also commonly seen in many materials. There were

two possible explainations for such cracking phenomena being discussed:

a)

b)

Low cycle fatigue phenomena: As per this theory, the alternating
normal component of the force acting on the material surface results in
localization of the stress to some depth below the surface. The tensile
component of the force results in accumulation of the strain and when
this strain reaches the local fracture strain limit, the fracture of the
material happens [110, 111].

Delamination theory (Suh’s theory[121]): As per this theory, the
continuing plastic deformation by the slider on the surface results in
accumulation of the dislocations in sub-surface zone. At surface or
zone close to surface, the dislocations has free surface where they can
travel without entanglement and thus less work hardening is observed
in the surface zone. However in sub-surface zone, the moving
dislocations are obstructed by the presence of hard obstacles like
second phase particles and inclusion which result in dislocation
entanglement and progressive work hardening. The accumulation of
such dislocation around any inclusion or hard reinforcing particle
result in void nucleation which under the action of tensile stress
elongate to micro cracks. Linking of numerous such cracks result in

large sub-surface crack [110] .

2.2 The delamination theory of wear

The delamination theory proposed by Suh and Jahanmir [103, 121, 138] in the

1970s is a modification of the fretting wear previously proposed by many
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researchers [23, 24, 113, 121, 122, 129, 130, 137 - 140, 153, 157, 161, 166, 171,
180]. An excellent paper describing fretting wear is given by Hurricks in 1970
[112]. Fretting involves continuously changing amplitude or repeated attack of
one surface over the other. The changing amplitude happens due to surface
undulations or surface roughness. The crest region of surface will undergo plastic
deformation while trough region making slight contact will undergo elastic
deformation. The changing amplitude waves results in generation of normal
stresses on the material surfaces during momentarily material contact which then
ensue in material transfer and finally removal of scalp of material. The final
damage to the material is in form of steady state wear, wherein layers or areas of
material is progressively removed [111 - 114]. The delamination theory proposed
by Suh and co-workers [22 - 24, 121, 130, 138, 157, 161, 174, 175, 178, 179] has
features which resembles close to as has been discussed for fretting wear. Wear is
not purely just material contact or rubbing of one material’s surface over other
However it also involves material loading and stress transfer [121]. Depending on
the value of the stress and its frequency which indicates its fluctuations, the wear
damage varies. For material surface under load and with relative motion of one
surface with respect to other, the wear happens due to delaminated wear sheet or
layer formation [121]. There are few stages in delamination wear sheet formation

which will describe its correlation with the fretting wear.

The formation of the Beilby layer

Machined or unmachined surface of any material is never perfect in terms of
surface roughness. Depending on the type of machining process used, the surface
roughness can be defined. Even for fabricated or cast material, surface
irregularities exist and it is estimated using surface roughness and waviness.
Surface roughness plays crucial role in wear of any material. Asperities on the
surface define the surface roughness. Rough surface always has higher number
and varying height of the asperities, which influence the wear mechanism. The

asperities look like hills and valleys under the microscope.
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During wear, the asperities on the surface contact each other and the forces from
one body are transferred to other. It is found that asperities deform under the
action of applied load (Fig. 2.2). The material properties affect and define the
deformation characteristics of the material. It is found that hard material can
easily deform the asperities of the softer material. In some cases, these asperities
deform and spread over the surrounding areas on the surface while in other cases,
they fracture and contribute to the wear by being trapped in spaces between the
material’s surfaces [23, 121, 125, 126, 130, 138, 152, 153, 174, 175]. The size of
these asperities is usually smaller than the wear particles separated during the
delamination process. Hence it is easier to distinguish the fractured asperities
from the wear particles on the surface. The wear of any material always start with
deformation and proceeds with facture of the asperities. It means that the

asperities act as retarder of wear rate.

Direction of
motion

Figure 2.2. Schematic of flattening of asperities and spreading on material’s

surface during wear [176].

A close look at Fig. 2.2 explains the phenomena of flattening of wear which is
supported by image shown in Fig. 2.3. During wear, the deformed asperities
spread over the adjoining areas covering the lower height asperities. This is

followed by deformation of lower height asperities, which spreads over the
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surface and may form cohesive bonding with the surrounding materials. If the
asperities continue to deform this way, a limit comes when there are no more
asperities projecting from the surface, since they have either tear out due to
fracture or they must have plastically deformed under the action of compressive
force and has spread over the surface. The surface becomes flat and looks more
uniform in terms of asperities’ distribution. The spread out of deformed asperities
in the neighbouring areas is the weakest region where the crack propagation is
probable during early stages of wear. The wear of this material now takes place
due to delamination failure [22 — 24, 94, 96 - 100, 114, 106 - 110, 113 - 118, 126 -
131, 137 - 140, 145 — 154, 157, 169 — 175, 176].

T

\_\'

Figure 2.3. Flattened and spread-out asperities under action of wear [176].
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During wear deformation of the asperities, the bonding with the surrounding
material plays important role. The bonding happens due to keying or locking of
the spread out material with surrounding areas. If the cohesive bonding is
insufficient to hold the deformed material under the attack of abrasives, then it
will spall or be lifted over and will be carried away as wear particle. Spalling
happened due to varying amplitude of stress transferred during wear. This varying
amplitude happens due to asperities of varying height projecting from the surface
as well as abrasives and wear debris trapped in the space between the surfaces.
Thus the stress fluctuates as surface contact happens [22 - 24, 121, 130, 138, 153,
154, 156, 157, 161, 169, 174, 175, 178].

Usually, the spreading of material as flow layer happens in forward direction as
well as on sides. The spread out film sometimes occupy gaps between the
asperities and crack at corners due to bending stress. In few cases, continuous
extrusion of spread out film results in accumulation of strain and when it crosses
critical strain limit, cracks begin to permeate in such films. Such films separates
as thin layers which are not representative of delamination process [22, 23, 119,
129, 139, 149 - 152, 175, 176]. Due to this, they cannot represent the wear layers
or particles generated during wear. For layers which are removed due to the
formation of sub-surface cracks under the action of normal and shear stress, the
asperities will indicate excessive deformation and elongation especially in the
direction of wear. The elongation will indicate the effect of stress; and asperities
will elongate to indicate a lamellar structure. Such layers are called Bielby layer
[22 - 24,121, 122, 130, 136, 138, 140, 152, 153, 157, 161, 174, 178].

For hard material with low strain hardening exponent or for dispersion hardened
composite, the asperities deformation is localised and elongation is negligible.
The worn delamination layer would not show lamellar structure indicating its
fewer tendencies for plastic deformation. Hence, such materials crack due to void
nucleation [23, 118, 121, 124, 130 - 132, 148, 159, 161, 173, 178]. The wear of
the material is also dependent on the waviness of the material. Waviness indicates
surface irregularity with large deviation compared to surface roughness. A surface

roughness will represent asperities with varying height However waviness will

35



represent surface irregularity which has strong influence on the tangential as well
as the shear stress. For large variation waviness, the tangential component of the
stress will have pronounced effect on the wear of the material [24, 121, 150, 152,
153, 157].

Deformation of the surface layer

The plastic deformation of the material under the action of stress results in
incremental progressive wear of the material. With cycle of asperities passing on
the surface (which means that as the sliding distance increases), the shear strain
continue to accumulate in the material in the form of progressive plastic
deformation. As the material gets strained under the action of stress, the material
loses its capacity to strain harden more. In fact, the strain hardening capacity after
progressive cycles of stress would not resemble unstrained material. During
stressing of the material, the material after plastic deformation will spring back
after release of stress or lowering of stress, however springing back would not
revert it to its original shape. The continuous effect of compressive stress results
in plastically deformed zone in the form of depression at the wear location. The
hardened material with accumulation of strain energy progresses towards
fracturing stage [23, 24, 115, 117 - 122, 125, 126, 128 - 131, 136, 138 - 141, 150
— 153, 157, 158, 162, 167, 174, 176, 178]. Suh, et al.[23, 24, 121, 122, 130, 138,
153, 157, 161, 174, 178, 179] have mentioned that the strain gets accumulated
with progression of sliding distance and is a function of the traction force. The
accumulating stress will eventually end up as crack and finally as delaminated
layer. Thus increasing the resistance to delamination tendency is through
increasing the flow stress of the material. This is possible by using ductile
material as well as using particles in material which will offer resistance to crack
initiation and propagation. It is found that plastically deformed zone is a function
of flow stress; hence higher flow stress means more deformation under stress. It is
found that higher the sliding distance, higher is the wear strain accumulation [23,
24,118, 121, 122, 129, 136, 149 - 151, 155, 165 - 167, 170, 171, 174].
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Crack nucleation

The crack nucleation in material during wear is a strong function of stress: both,
tangential as well as normal stress [23, 118, 121, 127, 130, 138, 141, 143, 161,
180, 182, 183]. Also, crack has the tendency to concentrate sub-surface than at the
surface since the effect of the load results in deformation of the material to some
depth below the surface. Thus, it is not the surface where they may be nucleated
but in subsurface areas where they are nucleated. The surface will undergo
enough plastic deformation However it will transfer all the normal load acting on
it to the material located deep below the surface. Also, sub-surface has more
stress zones due to accumulation of dislocation since friction heat relieves surface
of dislocation accumulation. Thus, sub-surface will indicate relatively high stress
zone and binder is more stressed than surface.

Figure 2.4 depicts higher surface traction indicating highly stressed compared to
surface. Hence, surface although may have some discontinuity However void
nucleation may rarely happen on it [23, 24, 121, 122, 127 - 131, 136 - 138, 140 -
143, 153, 160, 161, 171, 173 - 175, 178, 9]. However damage in form of
ploughing or scratching on the surface may contribute to the delaminated layer
formation. In few cases, these damaged surfaces may help in provision of sites for
lateral crack nucleation which will meet the sub-surface crack, parallel to the
surface [121]. Cracking on surface usually happens due to indentation or digging
of abrasives into the surface. During wear, these hard and sharp edges will scrap
the surface resulting in uplifting. Owing to this, sub-surface crack nucleation or
crack initiation tendency increases as the load increases. Higher normal as well as
tangential load will result in more probability of crack nucleation at higher depth
below the surface. It means higher load will result into more crack nucleation sites
along the thickness of the material. Thus, below the surface along the thickness,
there will be number of layers which will be separated due to crack nucleation. As
the void nucleation tendency increased with increasing load, the delamination
layer formation tendency will also be increased [23, 121, 127, 129 - 132, 140,

161]. Hence, wear of such material is strongly accelerated under the action of
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higher loads. Now, nucleation in material is usually dependent on the void as well
inclusion content in the material. Numerous theories support the claim that void
nucleation is considered to occur under the action of residual stresses at the
inclusion sites [116, 121, 123, 124, 127, 132, 134, 135, 148, 159, 178, 179]. The
adhesion between inclusion and the surrounding binder plays important role for
void nucleation. If the overall stress at the inclusion-binder interface is higher
than adhesive strength of the material, crack is eminent. In such case, the interface
surrounding the inclusion loosens under the action of tensile stress, which pulls
away the binder from the inclusion. Pulling away of the binder will result in
formation of void between binder and inclusion which is a crucial phase for void
nucleation and crack generation [142, 164, 165]. The stress acting on the material
results in progressive plastic deformation of the material. If the flowability of the
inclusion or reinforcement, and the binder is different under the influence of
stress, then binder may plastically deform in such a way that it would not conform
to the shape of the inclusion. The areas of inclusion or reinforcement which
remained uncovered by binder completely will be reflected as void. These voids
under the application of stress will elongate and will continue to envelope whole
reinforcement or inclusion.

Another reason for void nucleation is that under the action of stress, the material
surrounding the inclusion are strained which result in loosening of the material
cover around it and this will be reflected as gap at the interface of inclusion and
binder material [121, 123, 124, 131, 132, 134, 135, 142 - 144, 146, 148, 161, 163
- 165, 171, 173, 175, 178, 179, 181 - 183]. The void formation is more
pronounced as the inclusion size increases. The increased inclusion size offer
more resistance on the binder material around corners when strained. Thus, at
large diameter section in the inclusion, the binder will experience more deviation
in the flow of the binder fibre. Hence, large size inclusion will offer more strain as
binder fibre passes around it. Hence in tension, they will be under triaxial state of
stress due to which, it is likely that binder tearing is easier and binder will lose
contact with the inclusion. The cohesive strength between the inclusion and

binder will be lower for big size inclusion than for small size since binder has to
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conform to the shape of the inclusion which results in more strain it. Reinforcing
the matrix with hard, rigid component will increase the overall hardness, due to
which there will be less effect of stresses at the higher depth. Hence void
formation and crack initiation tendency will be reduced. The cohesive toughness
between reinforcement and binder is important parameter since lower the value,
more easy is the tendency of the reinforcement to separate from the binder
resulting in void nucleation. Also, reinforcement should be uniform in shape and
homogenously distributed in the composite [116, 117, 123, 124, 132, 134, 135,
144,148, 161].
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Figure 2.4. Graph depicting maximum strain in material in sub-surface zone
[167].

Sub-surface crack nucleation

The sub-surface crack formation and propagation is discussed in this paragraph.

As mentioned earlier, crack initiation occurs due to void initiation. Hence, when
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these voids collapse to form cracks, the cracks have two fronts where their
propagation can happen (see Fig. 2.5). It is indicated by Jahanmir and Suh [22,
121, 130] that when there is moving surface with crack located in the material,
assume that crack is parallel to the surface and has two fronts from which
propagation can happen. The crack front with orientation in direction of
movement of asperities on surface, is called the leading edge of crack while the
crack front with orientation opposite to the direction of movement of asperities on
the surface, will be called as trailing edge of the crack. During wear, when the
load on the surface is substantial, it will generate normal hydrostatic pressure
which will induce compressive stress in the material below it. With movement of
asperities, this stress will be spread over in that region. Thus crack at leading edge
of the material will be under compressive stress while the crack in trailing edge of
the material will be under tension (Fig. 2.5 a) [121, 142, 179].

With progression of cycles of stress, the plastic deformation and strain hardening
of material under compressive as well as tensile stress will happen. The section of
the surface under compressive loading will undergo deformation to result in
depression while the section of material under tensile loading will result in
elongation or pulling out of the material (Fig. 2.5 c). In fact, the depression in
compressive loading will result in increased tensile loading, due to which material
will be under intense strain. The void nucleation and void coalescence will
happen in tensile section more. In the compressive section, void nucleation may
happen but the tendency is less. Void nucleation in tensile section will happen
especially in two phase materials and composite material or materials containing
second phase particles distributed in matrix. The tensile loaded zone will result in
elongation and progressive straining of the material which will result in void
nucleation at the interface of the inclusion and binder. The void nucleation will
result in necking of the section of the material between the void formed zones.
Thus, under strain, fracture is fast in such necked zone and void coalescence is
faster in tensile loaded zone [116, 121, 123, 124, 130, 132, 148]. Such tensile
loaded zone will fracture and this fracture will be either lateral crack emanating

from the surface and will propagate inside to join the already existing sub-surface
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crack front or sub-surface crack front may propagate to reach the surface due to
tensile loading. The crack front showing propagation in the direction of shear
stress will be under compressive stress while the crack front which has
propagation direction opposite to the direction of shear stress will be in tension
(Fig. 2.5 (b) and (c)). It is found that this compressive stress as well as the tensile
stress generated during wear is restricted to few layers below surface, hence the
wear layer generated are thin. Although the stress effect is limited and is restricted
to thickness of few microns but increased stress may enhance this effect even
further deep into the material. Hence, higher loading on the surface during wear
may result in the formation of damaged material even further deep below the
surface. Also, fluctuating loading on the surface due to varying size of abrasive as
well as the formation of the depression zone during wear results in formation of
varying compressive stress wave which travel all the way and are reflected from
the bottom surface as tension stress wave front. These waves when they meet the
compression stress front will result into net tensile or compressive stress at
different points along the depth of the material. The location where the net stress
wave is tensile will result in opening of the crack in compressive zone. It may
perhaps result into void nucleation especially at the inclusion-binder interface.
However at the trailing side of crack front where tensile stress is acting, this
tensile stress wave reflected from the bottom of the material will result in an
additive effect. Due to this, it will accelerate the opening of crack front and void
nucleation. The void coalescence is accelerated in this zone. Due to this, the
material will fracture early and will result in uplifting of the material once it is
fractured. Also, as the material continues to depress more in the compressive
stressed zone, it will result in more tensile stress effect in trailing section with
easy propagation of crack and fracturing of the material. The fractured section
will open up more and will be lifted further. This will result in bending stress
being exerted on the material section in compressive stress zone. Now, further
action of tensile stress in trailing zone will result in further opening of the sub-
surface crack and further lifting of the material [23, 24, 116 - 124, 126 - 132, 134
- 145, 146 - 151, 153 - 155, 159, 161, 162, 164, 165, 167 - 179].
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Crack propagation

The delamination crack will propagate close to the region just below the end
where the bending stress is a maximum. When the stress due to bending cross the
critical stress to failure, surface will crack which will eventually meet with the
sub-surface crack resulting in completion of the delaminated layer. The final
delaminated material will be separated from the surface which will be carried
away by the flowing abrasives. It is found that the travel of the sub-surface crack
is accelerated under the action of the shear stress during wear. The shear stress
will help in propagation of the crack in the direction of the asperities movement.
This way, the crack front in the leading edge will propagate while crack front in
trailing edge will meet the fracture generated at the surface. Also, the friction
coefficient is known to play important role in wear. The higher the friction
coefficient value, higher is the surface traction resulting in friction force. It is
found that along the depth of the material, the stress varies However at particular
depth below the surface, the stress reaches a critical stress value which will result
into crack initiation. Thus, higher the stress more will be the tendency for crack
initiation at higher depth below the surface [23, 24, 121, 129 — 131, 136, 138, 140,
142, 153, 161, 164, 165, 171, 174, 175, 178].

The crack always experiences cyclic stress fluctuations from tension to
compression as each asperities pass over the surface, which helps in its
propagation. It is found that in case of material with absence of defects like
inclusion, voids, crack will be generated on the surface due to abrasive particle
digging or indentation damage to the surface [115, 117, 119, 122, 129, 136, 152,
157, 166, 170, 171]. These cracks then follow the path which is oriented and
guided by the resultant stresses. These stress help to propagate the crack deep into
the material which then follow the path of least resistance in such way that crack
may result in formation of layer which has serrated surface. This surface indicates
that crack had to travel a path which could result in zone which provided a
favourable condition for its travel. The crack resulted in serrations which will

finally end up uplifting of the layered material. This layered material will result
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into bending stress being generated at the extreme edge of the raised section and
when the stress due to this bending crosses the critical stress which corresponds to
fracture limit, then cracking will be generated at that section (Fig. 2.6). This
lateral crack will then travel along the thickness of the material and will meet the
sub-surface crack. The final delaminated material will be removed as wear layer
which will be representative of the wear process prominently observed for brittle
material [121, 130, 131, 140, 142, 143, 164, 165].

Hence, it is found that the material failure starts with void formation or crack
nucleation, void coalescence or cracks bridging and finally void collapse to crack
and crack propagation into final fractured surface.

Thus wear is modified form of fretting wear wherein the effect of cyclic loading
along with material defects play combined role in material fracture. The wear is
simple process and it is found that cracks may initiate from the surface or they
may develop sub-surface and may propagate till it reaches the surface. Surface of
any material is rough and has various location where crack can ensue, hence wear
is type of fretting failure; here too the surface discontinuities result in wear of the

material.
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Figure 2.6. Depiction of crack propagation in sub-surface zone due to uplifting of

material in tensile stress region of crack [121].

2.3 Mean free path between reinforcing particles and mechanical properties

The mean free path between reinforcing hard particles in a metal matrix
composite is an important factor affecting mechanical properties like hardness,
toughness, tensile strength, and wear and corrosion resistance of any composite
material [184 - 190]. In any composite material, the mean free path defines the

proximity of the reinforcement particles to each other in the composite.
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For WC-Co based composite, mean free path (1) is given by [184, 186, 188]:
_ (@1-Vye)

NWC

A (2.1)

Where,
Vwc = Volume of tungsten carbide in the WC-Co MMC,
Nwc = Number of tungsten carbide particles intersected by line of interest

In any composite, binder as well as reinforcement plays an equally important role.
The contribution to mechanical properties like hardness, wear resistance, is taken
care by reinforcement in the composite while toughness, corrosion resistance,
modulus of elasticity, is taken care by the binder. If the mean free path is small
value wherein the reinforcing particles are close, then reinforcement content in
whole composite will increase. It means, that if reinforcement content continues
to increase, then composite will exhibit properties close to as shown by
reinforcement like: high hardness and wear resistance, low plastic deformation,
low toughness, high brittleness [191 - 195]. However it is found that, higher
reinforcement content induces brittleness in the composite and makes it unable to
withstand the fluctuating stresses to which material is subjected. Such composite
cracks easily due to low fatigue toughness; and crack travels unhindered due to
absence of tough phase in the material. Also, if the binder does not bond and wet
completely the reinforcing particles, then it will be observed as porosity which
will further contribute to the brittleness of the composite [22, 121]. If the mean
free path between reinforcing particles is higher and if binder content is higher
than the reinforcement in the composite, then composite will be softer and will
exhibit properties close to as shown by pure binder itself like low hardness, poor
wear resistance, good toughness, Such material will be easily worn out in wear
environment since soft binder will offer less resistance to hard abrasives. The
abrasives will dig and scrap-off the reinforcing particles. Once the binder is
removed to appreciable amount, then it would not be able to hold remaining
reinforcement and it will be dislodged by flowing abrasives [94 - 105]. Thus,
reinforcement will be unable to impart necessary properties like hardness, wear

resistance, to the composite. It means the mean free path between reinforcement
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should maintain balance of a binder and reinforcement content in the composite in
such a way that the composite is hard and wear resistant along with good

toughness and corrosion resistance.

2.4 Effect of grain size on the toughness of the composite

Grain size in any composite has a peculiar effect on its mechanical properties. The
grain size of reinforcement plays a prominent role than the grain size of binder.
This is because reinforcement offers significant improvement in mechanical
properties like hardness, wear resistance, corrosion resistance, of the composite.
The bigger the reinforcement size, or more agglomerated the reinforcement are,
inferior will be the properties of composites. The main reason for this is that, the
bigger reinforcement particle in the composite result in large variations in the
flow of binder around it. The binder is like sea in which reinforcement particles
act like island. The bigger reinforcement particles result in straining of the binder
around it, especially at locations where the variation of binder flow is large,
usually at the corners. The bigger reinforcement particles or an agglomerated
particle has a complex shape compared to single and small reinforcement particles
whose shape is close to a sphere. Due to this, the flowability of binder around big
reinforcement particles or agglomerated particle is limited. The limited
flowability of binder results in binder not reaching to intricate corners; hence
there is incomplete wetting of the binder around the reinforcement particles. This
improper wetting of hard reinforcing particles lowers the adhesive bonding of the
reinforcement particle to the binder. Thus void nucleation is probable in such

structure and wear rate is higher for such material [121, 189, 190].

Also, non-homogenous distribution of reinforcement phases in the microstructure
results in inferior mechanical properties like hardness, wear rate. The random
distribution of reinforcements results in non-uniform zones on composite surface
such that areas with high content of soft, ductile binder will be more vulnerable to

attack of flowing abrasives during wear resulting in high wear rate [71].
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2.5 Wear theories for composites

The attack of abrasives results in wear. Different wear models and theories are
quantified for wear of materials, however for composites three theories are widely
accepted and applied. The three theories are:

a) Equal pressure theory,

b) Equal wear theory,

c) Modified equal wear rate theory.
The underlying principles of all the three theories are different, such that they
relate overall wear rate to the wear rate of the individual constituents. Usually the
effects of individual constituent on the wear rate are dealt and their basic rule
discussed.
A) Equal pressure theory:
In equal pressure theory, it is assumed that the binder and the reinforcing particles
are distributed in the overall composite in such a manner that the pressure or
normal stress on each constituent remains same as if they are laid as layers one
above the other (Fig. 2.7). Thus, there will be a layered arrangement of binder and
reinforcing particles one above the other in the composite with load normal to the
surface of the layers.

Soft, ductile hinder
{grey zone)

Hard, rigid
reinforcement (white
zone)

Figure 2.7. Representation of composite as per Equal pressure theory
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Figure 2.8. Representation of wear of composite as per Equal pressure theory.
Hence, overall load remains constant and it is assumed that the wear rate is a
function of pressure/normal load and individual wear rate per unit load. Thus, it is
postulated that for purely ductile material, the wear rate will be higher, However
as the content of the hard reinforcing particles increases, the wear rate starts to
regress. The underlying principle behind this theory is: initially, the soft binder
will be removed, and then the hard phase will be removed (Fig. 2.8). The hard
reinforcing particle has low wear rate, hence it will retard overall wear rate of the
composite. Depending on the distribution of hard reinforcing material in the form
of layers in the composite, wear rate will be decided. As the content of hard phase
increases, overall wear rate will continue to decrease in proportion. Thus, it means
that the fall in wear rate is directly proportional to the rise in the content of overall
hard phase(s) in the composite. Thus, this theory states that the wear rate is
directly proportional to the content of the soft phase(s) in the overall composite
[191, 192, 195 -197].

The wear rate of composite (W) as per equal pressure theory is given by Eq. 2.2
as [196]

w=(Vv.w )+Vw) (22
Where,
W and V are the wear rates and volume fractions of individual constituents in the
composite, respectively. The subscripts ¢, m, and r in the equation designate the

composite, matrix, and reinforcement, respectively.
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B) Equal wear theory:

A second wear theory is ‘Equal Wear Theory’. In this theory, the basic underlying
principle is: the wear of all the constituents (hard reinforcement and soft binder)
remains constant. This means that for two phases in the composite, the overall
load is divided into two parts in such a way that the mass loss will remain same
for all the phases irrespective of their wear rate (Fig. 2.9). This means that the soft
binder will share low load while the hard reinforcement will share high load to get
equal mass loss even with unequal wear rate. When the content of the
reinforcement is less and the binder is more in the composite, wear of the soft
binder will be initiated. The distributed load will cause wear of the soft binder to
such a depth that hard reinforcement will be the visible phase on the surface (Fig.
2.10). The hard phase will take the overall load and will wear out to the amount of
the soft binder. The hard reinforcement phase in the composite being wear
resistant, will be the wear retarding phase in the composite. The lower wear rate
of the reinforcement will ensue in longer period to generate the same amount of

mass loss alike softer binder phase.

Soft, ductile
binder
< ]%[a rd, rigid
reinforcement

Figure 2.9. Representation of composite as per Equal wear theory.

Worn out soft,
ductile binder
(grey region)
< Protected hard, rigid
reinforcement (white
region)

Figure 2.10. Representation of wear of the composite as per Equal wear theory.
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Thus, within a stipulated duration, unless same amount of mass loss of hard phase
happens, the wear of soft phase would not be initiated. Thus, the wear rate of the
overall composite is reduced.
Hence, according to this wear theory, even a small amount of hard reinforcement
will lower the overall wear rate of the composite substantially compared to wear
rate value indicated by individual ductile phase in the composite when tested
under the same experimental conditions. This theory indicates that the wear rate
of composite containing small content of reinforcement will be close to the wear
rate of composite containing large content of reinforcement. Thus, the postulate
that the wear rate of composite containing any content of reinforcement will be
close in numerical value seems impractical and unreasonable. The main reason
for its limited acceptance is its less emphasis on the role of ductile binder. It does
not signify the role of the binder as cementing material and overestimates the role
of reinforcement. It does not consider the loss of reinforcement when the content
of the binder as cementing material is less. Also, role of adhesive toughness,
uniformity, distribution of load, are some of the prominent aspects which are
unclear in this theory [198 — 201].
The wear rate of composite (W.) as per equal wear theory is given by eq. 2.3 as
[200]:

V\ilc = \\//T: +VVT'r (2.3)

Where, subscripts have same meaning as defined for equal pressure theory.

C) Modified Wear Theory:

The next theory of wear is called as modified wear theory. This theory is
specifically modified equal wear theory since equal wear theory underestimates
the role of binder and failure of reinforcement due to cracking, chipping, it can
predict wear rate value for composite containing reinforcement in mid-range
satisfactorily. This means that, when the reinforcement content is low or high,
there exists a different phenomenon which needs consideration. It is noted that

when the reinforcement content in the composite is low, then it is likely that
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during the fabrication process there will be a random distribution of reinforcement
in the composite. So it is likely to influence the wear rate of the reinforcement;
and during wear, along with the binder, reinforcement will be plowed or dug
away from the composite. Also, the difference in flow strength of the ductile
binder and hard reinforcement will influence the pore formation tendency under
the action of compressive stress. During wear under the action of compressive
stresses or normal load, the soft binder surrounding the reinforcement will spread
and/or will deform plastically. Due to this, it will lose bonding with the
reinforcement and will form pores between reinforcement and the binder. Hence
the overall wear rate of the composite will be close to the wear rate of the pure
ductile binder under same wear conditions. Similarly, for composite containing
high content of reinforcement, wear rate will be higher since there is less amount
of binder as cementing material between the reinforcements. Due to this, the
composite would not be able to withstand the shear stress applied during wear and
wear will be accelerated due to easy removal of the reinforcement. In such
composite, the binder content would not be enough to fill the spaces between
carbides and applied stress will result in easy generation of pores. The toughness
of such composite will be less and crack propagation will happen easily, assisted
by the presence of pores between carbides. Thus, the wear rate of the composite
during low and high reinforcement contact would not follow the trend as depicted
by the ‘equal wear rate theory’ [121, 201].

The cracking of composite in wear conditions can happen due to many reasons.
Some of the reasons which were discussed in above mentioned theories are: void
nucleation at reinforcement-binder interface, sub-surface crack propagation,
elongation of pre-existing void in the composite along with cracking and chipping
of reinforcement. To take care of all the uncertainties mentioned above, a
correction factor should be introduced in the equal wear theory [201]. Hence, a
factor called “contribution coefficient” is included in equal wear theory. This
modifies the theory to the “Modified wear theory”.

Thus Modified wear theory is described using formula as given in Eq. (2.4) [201]:
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1 _Vn +C Vi , for V, <0.5. (2.4)
W, W, "W

;
Here, “C’ is the contribution coefficient and is dimensionless quantity defining
cracking, chipping and pull-out of reinforcement from binder during wear

process. All the other terms have same meaning as described in equal pressure
theory.
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Chapter 3.  Experimental Method

3.1 Feedstock powder and substrates

Various powders were used in this study. For cold-sprayed WC-Ni MMC coating,
a sintered and crushed, WC-12 wt.% Co powder (referred to as “WC” for
simplicity) (72F-NS, Sulzer Metco, Westbury, NY, USA), with a size distribution
of -45+15 pum, was mechanically blended with a specially designed nickel powder
for cold spraying (SST-N5001, Centerline, Ltd., Windsor, ON, Canada) to
fabricate the WC-based MMC coatings. For HVOF-sprayed WC-Ni MMC
coating, a sintered and crushed WC-12wt.% Co (same powder as used for cold
spraying of WC-Ni coating) was mixed with precipitated, nickel powder (56C-
NS, Sulzer Metco, Westbury, NY, USA) with a size distribution of -75 + 45 um
and with 99.3 % purity. The powder morphology of WC and nickel powder used
in cold spraying has already been shown and discussed in a previous study [71].
For this study the optimized powder composition (the parameters used for
optimization where hardness, mean free path, porosity and wear rate) obtained for
cold-sprayed WC-Ni MMC coating was selected. The procedure used for
optimization has been discussed in a previous work [71].

Table 3.1. WC-12Co content for cold-sprayed pure nickel as well as different
WC-Ni MMC coating [71]

Powder composition Coating composition Coating composition
vol.% of WC-12Co wt. % of WC-12Co
Pure nickel 0 0
50 wt.% WC- 50 wt.% Ni 4+2(n=09) 7+3(n=9)
75 wt.% WC- 25 wt.% Ni 11+ 2 (n = 10) 19+ 3 (n = 10)
92 wt.% WC- 8 wt.% Ni 42 +4 (n=12) 56 + 4 (n = 12)
96 Wt.% WC- 4 wt.% Ni 52+ 2 (n=12) 66 + 2 (n = 12)

54



Although powder preparation of different composition to arrive at an optimized
powder composition was not dealt with this study, but wear phenomena for cold-
sprayed and HVOF-sprayed pure nickel and different WC-based MMC coatings
are being discussed in this study.

Table 3.1 shows the powder composition of different WC-based MMC for
optimization of the cold-sprayed MMC. The table also displays the coating
composition in terms of amount of WC content in WC-based MMC. The “n” in
table 3.1 indicates number of images assessed with Image Pro software towards
determination of WC content in the WC-Ni MMC coating. In advanced stage of
research, the wear mechanism for friction stir processed thermal-sprayed coating
is also studied. For all the characterization as well as wear studies of the thermal-
sprayed coating, the sample size and material used as substrate was constant. The
substrate used for all studies was 1018 mild steel. For wear test, the rectangular
cross-sectional blocks with coated area of 75 mm x 25 mm and thickness of
25mm were used. The characterization of all the coatings was also carried on the
same substrate with change in sample dimensions to 13 mm x 13 mm and 3 mm
thick. For characterization, the coated area is usually 13 mm x 10 mm. The
coating of material to be characterized as well as wear tested is applied on one
side of the sample only. Prior to spraying, the substrates were cleaned, degreased
using ethanol and then wiped with paper to remove any traces of oil or dust
remaining on the surface. After that, the surface to be coated using thermal
spraying were roughened using #24 alumina grit medium (Manus Abrasive
Systems, Inc., Edmonton, AB, Canada) to remove traces of moisture, oxide layer,
dirt, dust or greasy layer remaining on the surface and to impart good adhesion of
MMC coating with the substrate surface by providing keying zone for the powder
in the substrate. To assure removal of abrasives after grit blasting, a blow of
compressed air is directed towards the surface. The substrate preparation step is
followed by the powder preparation for thermal spraying.
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3.2. Cold spray and High velocity Oxy-fuel deposition

The study involved a comparison of mechanical properties of cold-sprayed as
well as HVOF-sprayed pure nickel and WC-Ni MMC coating. The cold spraying
system (SST series P, Center Line, Ltd., Windsor, ON, Canada) was tuned to the
optimized operating condition for fabrication of pure nickel and WC-Ni MMC
coating. The cold spray system was controlled using an optimized robot (HP-20,
Motoman, Yaskawa Electric Corp., Waukegan, IL, USA) which was operated

using programmable pendant.

To provide supersonic speed to the powder mixture, the converging—diverging de-
Laval nozzle is provided at the exit of the cold spray torch. The cold spray torch is
a low pressure system using a mixture of argon as a secondary gas while helium
and nitrogen mixture as the primary carrier gas. The nozzle is 120 mm in length
with an entrance diameter of 4.46 mm, and an exit diameter of 6.40 mm. The
nozzle is designed in such a way that sub-sonic speed of the mixture is converted
to sonic in throat section and finally to supersonic speed in the diverging section
of the nozzle. The transport of the powder and the compressed air from the de-
Laval nozzle to the substrate at high speed, imparts sufficient adhesive strength
for bonding of the coating to the substrate. A volumetric powder feeder (5SMPE,
Sulzer Metco, Westbury, NY, USA) delivered the powder mixture to the cold

spray unit using argon as the carrier gas.
The spray parameters used for deposition of the coatings are shown in Table 3.2.

The substrate was preheated to a temperature of 500 - 550°C with two passes of
the torch over its surface keeping the nozzle travel speed twice than as used
during normal spraying to improve coating adhesion. There was no modification
to other spraying parameters, and care was taken to switch off the powder feeder

during spraying.
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Table 3.2. Cold spray deposition parameters.

Pressure of compressed air (kPa) 634
Temperature of compressed air (°C) 550
Stand-off distance (mm) 5
Gun velocity (mm/s) 5
Pressure of argon carrier gas for powder ( kPa) 483
Volumetric flow rate of argon carrier gas (SCFH) 15
Powder FMR (flow meter reading) 60
Number of passes 2

The spray parameters used for the deposition of pure nickel coating and WC-Ni

MMC coating by HVOF spraying are given in Tables 3.3 and 3.4.

Table 3.3: HVOF spray deposition parameters for pure nickel coating

Oxygen (scfh) 1950
Fuel (gph) 6.5
Carrier (scfh) 26
Feeder speed (rpm) 180
Stand-off distance (mm.) 375
Barrel (mm.) 100

Table 3.4: HVOF spray deposition parameters for WC-Ni MMC coating

Oxygen (scfh) 1800
Fuel (gph) 6.0
Carrier (scfh) 25
Feeder speed (rpm) 220
Stand-off distance (mm) 375
Barrel (mm) 100
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The substrate was grit blasted to sufficient surface roughness for better adhesion
of coating and removing traces of oil, dirt, grease, from the surface. The HVOF
spraying was initially tried with same nickel powder (as used in cold spraying) to
obtain pure nickel as well as WC-Ni MMC coating; However frequent clogging
of the hose generated technical difficulties while spraying. Hence, to resolve this
problem, a bigger size nickel powder (with 99.3% purity and bigger size
compared to previous nickel powder) was used. The HVOF spraying after initial
trials were finally tuned up to the parameters for spraying pure nickel and WC-Ni
MMC coating. The spray torch used for HVOF spraying (TAFA JP 5000,

Praxair, Tafa, USA) used kerosene as the fuel.
3.3. Parameters for friction stir processing

To understand the effect of post-deposition treatment on thermal-sprayed coating,
a relatively new technique called friction stir processing is used. The pure nickel
and WC-Ni MMC coating obtained through cold spraying and HVOF spraying
was treated with friction stir processing. The tool for friction stir processing was
decided as Alloy HX (Ni based superalloy) considering that it will be able to
withstand temperature and thermal stresses generated at 1000 - 1500°C since it
has high melting point. The brief calculation indicating maximum possible heat
generated and temperature rise during FSP treatment of WC-Ni MMC coating is
given in Appendix 4. The composition of this alloy is given in Table 3.5.
However, an inability to withstand the thermal and mechanical stresses generated

during processing, led to the softening and eventual deformations of the tool.

Table 3.5. Composition of Alloy HX

Elements Content (wt. %0)
Nickel Rest

Iron 17-20.0
Chromium 20.5- 23.0
Molybdenum 8-10.0

Copper, Cobalt, Tungsten, Titanium Traces
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Table 3.6. Composition of Tungsten carbide grade C1

Elements Contents (wt. %)
Tungsten Carbide 90- 94%
Cobalt 6- 10%

This was subsequently replaced with new tool material to take care of the high
thermal and mechanical stresses generated due to the friction during processing.
The new tool material selected was Tungsten carbide grade C1 (WC with 6-10
wt.% Co). The composition of this tool material is given in Table 3.6. The tool
used for FSP treatment was a cylindrical rod with no pin at its base. The
dimension of the rod was 12 mm diameter and 50 mm length. After finalization of
the tool material, the next task was the selection of the process parameters. The
selection of the parameters were done in such a way that the thermal and
mechanical stresses could generate a friction stir processed zone to a depth of 200
— 300 um in cold-sprayed WC-Ni MMC coating so that it can be tested with

maximum possible sliding distance of wear conditions.

Two sets of parameters were used for friction stir processing of both the thermal-
sprayed WC-Ni MMC coatings (Table 3.7).

Table 3.7. Sets of parameters used for FSP parameter optimization

Parameters Setl Set 2

Tool travel velocity over thermal-sprayed | 33 mm/min 33 mm/min
WC-Ni MMC coating

Tool rotational speed 900 RPM 1400 RPM

In friction stir processing, the axial force on the tool and the tool travel velocity
over the coatings were kept constant while the tool rotational speed was changed.
Thus the change in tool rotational speed defined the change in the processing

parameters. The selection of tool rotational speed was decided on the basis of the
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heat and the mechanical stresses which will be sufficient enough to generate
thermal as well as mechanical stresses in the coating. The two different tool
rotational speed values used are: 900 RPM and 1400 RPM. Both the thermal-
sprayed WC-based MMC coatings were treated with both the sets of parameters.

The parameters used for FSP treatment of thermal-sprayed coatings:

e Tool travel velocity over the coating 33 mm/min.
e Tool rotational speed 1400 RPM

The friction stir processing treatment was carried out only on thermal-sprayed
WC-Ni MMC coatings, since it required use of different processing parameters
for pure nickel coating.

3.4 Coating characterization

The characterization of the coatings involved lot of features which will be
discussed in this chapter. The coatings obtained from cold spraying and HVOF
spraying were initially characterized to decide the effectiveness of using defined
powder composition. The characterization of coating included measurement of
hardness, porosity, mean free path and toughness. Also, cross-sectional images of
the coating obtained using microscopy were extensively checked to measure
porosity and cracks in the coating. For HVOF-sprayed pure nickel as well as WC-
Ni MMC coating, the finalization of the parameters were done on the basis of the
image which will give completely crack-free image after deposition. This
involved finding the lateral and longitudinal cracks in the thermal-sprayed coating
which are generated due to the warping and generation of residual stresses from

use of high spraying temperature.

The thickness measurement of the cold-sprayed coatings was done with use of
micrometer screw gauge (Thread Check Inc., New York, U.S). The micrometer is
outside diameter (Mitutoyo-outside micrometer-series 101-105, accuracy = +

0.0001 in, with carbide tipped measuring faces).
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To do weight measurement of samples, Ohaus Scout Pro Balance SP2001 (Ohaus
Corporation, NJ, US). The specification of weighing balance is: Maximum
capacity = 2000g, least count = 0.1g, Stabilization time = 3 sec. The instrument is
battery operated and provided with digital LCD display screen to display readings

to six digits.

To do hardness and toughness measurement as well as to do microscopic analyses
of the coatings, the coating was sectioned along its thickness. The sectioning is
done using diamond or abrasive wheel under copious flow of coolant and at low
rotating speed so that heat generated during sectioning should be expended as
much as possible. This is necessary since it is expected that heat generated during
sectioning of sample may raise coating temperature to sufficient value which may
burn and create microstructural changes in the coating. After sectioning, the
coatings are ground to remove any sharp burrs projecting from the sectioned
surface. The sectioned samples were then held under flowing water to remove
traces of coolant, debris; and finally cleaned with ethanol to remove water
remaining on it. Afterwards, the sample surface is cleaned with paper to wipe out
solvent remaining on it. This is followed by directing a jet of high pressure air to
remove any traces of solvent. The coatings to be viewed under microscope or for

hardness and toughness measurement are mounted in epoxy resin.

The epoxy mount is prepared by mixing resin to hardener in the weight ratio of
5:1. After uniformly mixing the mounting medium, taking care that few bubbles
are generated after mixing; it is then poured around the sample in the mount. The
curing time for epoxy mixture is 4 to 6 hours, after which the mounted sample is
removed from the mount. The mounted samples are then polished on the sand
blaster to remove thin layer of epoxy formed on the surface of interest. The rough
polishing of the mounted samples usually start with 180 grit paper followed by
400, 800 and 1200 grit paper (LECO, Mississauga, ON, Canada). The numerical
value for each paper indicates the average number of grits that can be
accommodated in one square inch area of the paper. Thus, higher number

indicates fine polishing paper. Fine polishing involved polishing samples on
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polishing cloth under copious flow of diamond solution (LECO, Mississauga,
ON, Canada). The fine polishing starts with use of 9 um polishing solution
followed by 6pm and 3um polishing solution. The polishing paper remained same
when changing polishing solution from 9 to 3 um. Last step in polishing process
involved use of 1 um diamond solution on specially designated polishing cloth
(LECO, Mississauga, ON, Canada). During each polishing stage using particular
polishing paper like 180, 400 grit, care should be taken that polishing should be
carried out till scratches are seen on the surface in particular direction and no
scratch marks in other direction from previous process are visible. For moving on
to next polishing stage, the sample should be rotated by 90° so that they cut the
scratches generated by previous process and scratches generated in that direction
are visible. Final fine polishing should result in completely flat, mirror polished
surface. This indicates that there exist no scratches from previous operations
which will obstruct the reflection of the light. After polishing, the sample surface
is cleaned with running water and finally with ethanol to remove traces of water
sticking to it. Also, the layer of ethanol protects surface from further oxidation in
open atmosphere.

For hardness measurement, there is no requirement of completely mirror polished
surface, However surface should be free from visible scratches, since they may
affect the hardness readings due to peculiarities of the unevenness in the rough
surface. The hardness measurement involved application of load on the sample’s
surface. The top and the base of the sample should be flat and parallel, so that
sample does not move during application of the load. The micro Vickers hardness
tester (MVK-H1, Mitutoyo, Aurora, IL, USA) uses diamond indenter which is
pyramid in shape with angle between opposite faces of 136° [202]. The load is
applied on the sample for specific duration of 10 seconds and then load is
retracted. The indent generated on the sample is viewed through the optical
microscope provided in the hardness tester. The measurement of two mutually
perpendicular diagonals results in determination of the hardness value. All
hardness measurements were done at 300gf load for all thermal-sprayed as well as

FSP-treated thermal-sprayed coatings. The purpose of using 300gf load for
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hardness measurement is with consideration that higher load would generate
cracking in the softer coatings like pure nickel and WC-Ni MMC coatings
containing higher content of nickel in the composition. For measuring hardness
value of the cold-sprayed WC-Ni MMC coating, a total of 40 hardness
measurements were done on three different samples while for HVOF-sprayed
pure nickel and WC-Ni MMC coating, a total of 72 hardness readings were taken
on three samples. The hardness measurements on HVOF-sprayed samples were
carried out till optimized parameters were determined. For FSP-treated thermal-
sprayed WC-Ni MMC coatings, the hardness measurements were integral part of
parameter optimization process. A total of 15 hardness readings for each FSP-
treated thermal-sprayed WC-Ni MMC coating treated with different processing
parameters were carried out. Along with parameter optimization, hardness
measurements played important role in determination of homogenous distribution
of carbides in the WC-Ni MMC coating. For carrying out hardness indent on the
coating, the procedure as specified by ASTM E384 standard is followed [203].
Precaution was taken that indent should be located at least four diagonals away
from each edge of the sample as well as from the neighbouring indent as per
ASTM C1327 standard [202]. The purpose of space between two neighbouring
indents is to avoid influence of strain hardening effects on hardness readings. The
standard deviation in the hardness value indicates the degree of homogeneity in
the coating. For FSP-treated thermal-sprayed coatings, the standard deviation
from the mean hardness value were less compared to those indicated by non-FSP-

treated thermal-sprayed WC-Ni coatings.

Wear resistance of the coating is also function of its toughness. To measure
toughness of the coating, the Vickers indentation technique is used [204 - 208].
Toughness measurement was done on micro Vickers hardness tester (MVK-H1,
Mitutoyo, Aurora, IL, USA). Toughness measurement was done on cross-
sectional surface of coating similar to those done in hardness test. All the
precautions as prescribed for hardness test were equally applicable for this test
also [202, 203]. In Vickers indentation technique, sufficiently high load was

applied on the coating surface resulting into generation of the cracks at the indent
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edges and corners. The test involved generation of indent (usually square,
rhombus or kite shaped) using traditional micro Vickers hardness tester, with
crack(s) generated at the corners being taken into consideration. The cracks with
orientation parallel to the top surface were taken into consideration. For toughness
measurement, the test load of 1000g was used which could generate cracking of
the tough WC-Ni MMC coating especially fabricated using powder composition
of 96 wt.% WC - 4wt.% Ni and 92 wt.% WC - 8wt.% Ni. The toughness of the
coating is a function of applied load, crack length from the centre of the square
based indent, half length of the diagonal in the direction of the crack and the
hardness value of the coating at that load [204, 205]. The inability to predict
Young’s modulus for WC-Ni MMC coating due to non-homogenous
microstructure resulted in restricting toughness prediction using ‘c/a’ ratio. The
ratio of the crack length to half diagonal length was finally used in deciding
relative coating toughness as was done by Lopez and Mellor [208]. Here ‘C’ is the
average crack length value measured from the centre of the indent while ‘a’ is the

half length of the diagonal measured in the direction of the crack [204, 205].

The high magnification microscopic images of pure nickel and WC-Ni MMC
coating were captured using scanning electron microscope (SEM). A SEM (EVO
MA 15, Zeiss, Cambridge, UK) fitted with energy dispersive X-ray spectroscopy
(EDS) was used for microscopy examination and analyses of the coatings. The
Zeiss EVO scanning electron microscope can provide image magnification in
range of 20 X to 100 KX. The Bruker Silicon Drift Detector used for Energy
Dispersive X-Ray analysis/ mapping in EDS can reach peak resolution of 125 eV.
The EDS assisted in rough quantification of elemental analyses of the coating
which was clarified later on using X-ray diffraction analyses. To avoid charging
of epoxy mounted coated samples during SEM examination, a thin layer of
carbon film is pasted on substrate of the sample for effective carbon conductivity.
Seldom use of unit sputter coater (EM SCDO005, Leica [Baltec Instrument],
Balzers, Liechtenstein) with provision of a carbon evaporation accessory is made.
The SEM magnification involved examination of surface as well as cross-

sectional areas of coated sample using secondary electron as well as back

64



scattered electron mode. The surface features were reflected in secondary electron
(SE) images while determination of coating inhomogeneity and other phases was

possible in back scattered electron (BSE) images.

After rough elemental analyses using EDS in SEM machine, the determination of
different phases in the coatings was done using X-ray diffraction technique. The
negative impact of oxidation, decarburization and increased carbide content can
be ascertained by finding phases generated in them by X-ray diffraction analyses.
The X-ray diffraction was done on X-ray diffracting equipment with following
specification: Instrument = Rigaku Ultima IV — XRD with elemental copper as X-
ray Source (Anode), Power = 40 kV / 44 mamps. For X-ray diffraction on coated
samples, the samples were run with advancing thin film stage with glancing
incidence angle of 1° while 2-theta angle ranged from 10 to 110°. The divergence
slit for X-ray emitter was 0.1 while receiving and scatter slit were kept at open
mode. Flat graphite crystal was used as mono-chromator to reduce fluorescence in

back ground.

To measure other coating features like porosity, mean free path between carbides
(which help to determine the homogeneity and distribution of the carbides in the
composite) and the carbide size, the extensive use of image analysis software

program (ImagePro, Media Cybernetics, Bethesda, MD, USA) was done.

The image analysis software used micrographs along the cross-sectional portion
of the coating obtained using scanning electron microscopy (SEM). The presence
of different elements in the coating was confirmed using elemental chemical
analyses through energy dispersive X-ray spectral analyses (EDS) facility. For the
image analyses of all the coatings, low magnification with 350X scale was used
so that the whole cross-sectional thickness of the coating can be accommodated in
the image. The measurement of mean free path between carbides in the coating
involved measurement of the number of carbides at any section along the coating
thickness. The fractioning of the number of carbides by total coating thickness at
that section will indicate the number of carbides per unit length. At least six to

seven sections were carried for each sample of the thermal-sprayed coating and
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the average value defined the final mean free path between the carbides. The
discussion on measurement of mean free path values for different cold-sprayed

WC-Ni MMC coating was already elaborated in the following papers [71].

To measure WC-content in the WC-Ni MMC coating using Image analyses
software, the binary colour combination method was used. The BSE-SEM mode
of cross-sectional image of the WC-Ni MMC coating displayed nickel as
dark/black entity while WC-based carbides as white entity. The area under
scanner is selected by marking its boundaries and then the Image Pro software
marks the carbide (WC-12Co) zones with marker. After adjusting the slider so
that marker selects as many carbides as possible in demarcation area, the area is
measured. The ratio of area of white zone with respect to the overall scanned area
gives the percentage of WC-12Co content in the coating. Numerous such readings
of cross-sectional images along the length of the sample were taken and the
average of these reading will decide the final WC content in the coating. Same
procedure is used while measuring porosity content in the WC-Ni MMC coating,
only difference that porosity is darker in colour than nickel binder and BSE-SEM
image used for identifying it should make difference in colour of nickel and

porosity properly visible.
3.5 Dry abrasion testing

The main purpose of this research was to conduct qualitative and quantitative
wear measurement of the non-FSP treated and FSP-treated thermal-sprayed
coating. Fig. 3.1 shows schematic of dry abrasive wear test used to find wear rate

of the coatings that were explored in this study.
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Figure 3.1: Schematic of dry abrasion wear test [6]

The wear tests for different cold-sprayed WC-Ni MMC coating were carried out
on the basis of the rough estimate of wear rate using its hardness and estimated
toughness value. For all the coating, wear rate was obtained using dry abrasive
wear test (ASTM G-65 (04) test) [6]. Although the wear test was same, However
lower hardness and toughness value prompted use of different wear procedures
for cold sprayed pure nickel and different WC-Ni MMC coatings. The use of
same procedure resulted into digging or wearing out of the coating as well as the
substrate resulting in erroneous wear rate readings. For pure cold-sprayed nickel
coating, ‘Procedure C’ (total wheel revolutions during test = 100 and duration =
30 sec./0.5 min.) is used. For WC-Ni MMC coatings fabricated from powder
composition of 50 wt.% WC - 50 wt.% Ni, 75 wt.% WC - 25 wt.% Ni and 92
wt.% WC - 8wt.% Ni, ‘Procedure E’ (total wheel revolutions during the test =
1000 and duration = 5 min.) while for WC-Ni MMC coating fabricated from
powder composition of 96 wt.% WC - 4wt.% Ni , ASTM G-65(04) test with
‘Procedure B’ (total wheel revolutions during the test = 2000 and duration = 10
min.) is used. Except wheel revolutions during the test, all the parameters in

ASTM G-65 test were kept constant. The wheel material used for wear test was
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neoprene derivative due to unavailability of chlorobutyl rubber. Same hardness of
wheel material as specified in ASTM standard was maintained here i.e. 60 shore
A durometer. The parameters of ASTM G-65 (04) test are as mentioned in Table
3.8.

Table 3.8. ASTM G-65 parameters

Parameters Values
Load (N) 130
Wheel speed (rpm) 200
Abrasive used AFS 50/70 Silica (Quartz)
(US Silica, Ottawa, IL, USA)
Abrasive size (um) 212 - 300
Abrasive flow rate (g/min) 365
Test duration (min) 10 ( for total wheel revolution of 2000)
Wheel material Neoprene

For HVOF-sprayed pure nickel coating, ASTM G-65 (04) test with ‘Procedure C’
while for WC-Ni MMC coating fabricated from optimized powder composition
(96 wt.% WC — 4 wt.% Ni), ‘Procedure B’ is used. For FSP-treated cold-sprayed
as well as HVOF-sprayed WC-Ni MMC coating fabricated from optimized
powder composition, ASTM G-65 test with ‘Procedure B’ to calculate the wear
rate for individual coatings was proposed. To calculate the wear rate, two samples
per composition (n = 2) is used. The sample count of two was also selected
instead of one to account for repeatability and to take care of any discrepancy
introduced during powder mixing or fabrication process as per the principle of

replication [209].

The wear rate of the coating (Eg. 3.1) is carried out by using the Archard’s
formula as mentioned below [210]:
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W=—-voo, 3.1
(pxPxS) 3.5

where,
W = wear rate of the coating, mm*/N-m
Am = coating mass difference before and after the wear test, g
p = density of the composite coating, g/mm?®
P = normal load applied on the coating during the wear test, N
S =total sliding distance during the wear test, m

The wear tested coatings were sectioned across the thickness to understand the
wear mechanism of the coating. After sectioning the samples, depending on the
length of the sectioned piece, it is either mounted in the resin or used as it. The
sectioned samples are then polished using same procedure as mentioned above
while doing hardness test. After polishing the sample surface to “mirror polish”
finish, it is then viewed under the scanning electron microscope to get back

scattered electron (BSE) and secondary electron (SE) images.

The wear tested non-FSP as well as FSP-treated thermal-sprayed pure nickel as
well as WC-Ni MMC coatings were examined using SEM in both backscattering
electron (BSE) and secondary electron (SE) modes to determine the chemical
composition, topography, wear damage, as pre-requisite for wear mechanism
determination. A detailed description of the preparation of the cross-sectional

samples can be found elsewhere [71].
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Chapter 4. Wear Performance of As-sprayed cold-
sprayed WC-Ni MMC Coatings

Cold-sprayed pure nickel and WC-Ni MMC coating containing varying content of
WC is obtained. After characterization, the coatings were wear-tested using dry
abrasive wear test (ASTM G-65 test). Various aspects of this study are covered in

different sub-sections mentioned below.

4.1. The difference in the WC content in the powder and coating

compositions of cold-sprayed WC-Ni MMC coating
Various cold-sprayed WC-Ni MMC coating containing varying content of WC is
obtained. It is found that the powder used for depositing cold-sprayed WC-Ni
MMC coating has a different composition compared with coating composition
(see Table 4.1). In table 4.1, the ‘n’ stands for number of images that were studied
to calculate WC content in WC-Ni MMC coating. The main reason for this is the
difference in the density of the WC-12Co and Ni powder. Before spraying, the
powders of agglomerated WC-Co and nickel were blended mechanically to get
uniform and homogeneous mixture. However, during spraying, it was difficult to
maintain a constant powder composition due to density differences in the
components of the powder.

Table 4.1. WC content in coating for respective mechanical blend used to
fabricate cold-sprayed WC-Ni MMC coating [71].

Mechanical Blend WC content in coating (wt.%0)
50 wt.% WC — 50 wt. % Ni 7+3(n=9)
75 wt.% WC — 25wt. % Ni 19+ 3 (n=10)
92 wt.% WC — 8 wt. % Ni 56 +4 (n=12)
96 Wt.% WC — 4 wt. % Ni 66+ 2 (n = 12)
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4.2. Correlation among mechanical properties of cold-sprayed pure nickel
and WC-Ni MMC coatings

Cold spraying was used to fabricate WC-Ni MMC coatings for wear applications.
The performance of the coatings was quantified by investigating the wear rate as a
function of mean free path between the reinforcing hard WC particles and the
overall hardness of the coating. The Fig. 4.1(a) shows graph of mean free path
between reinforcing WC-12Co particles versus wear rate plotted for cold-sprayed
WC-Ni MMC coating fabricated with the varying powder composition of WC-
12Co in the mechanically blended mixture. In graph, the numerical value at each
co-ordinate indicates WC-12Co content in the powder while numerical value in
parenthesis indicate wt. % of WC-12Co content in the WC-Ni MMC coating. It
can be seen from the graph (Fig. 4.1(a)) that with progressive increase in the
content of hard reinforcement, WC-12Co, in the mixture results in a progressive

decrease in wear rate and mean free path.
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Figure 4.1. Graph of (a) wear rate verses mean free path between WC-12Co

particles and (b) wear rate verses hardness of WC-Ni MMC coating [71].
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It is clear from Fig. 4.1(b) that as the hardness is increasing due to the progressive
increase in the WC-content in the WC-Ni MMC coating, the wear rate is also
lowering [71]. The increased WC-12Co content in the MMC coating results in
lowering of the mean free path. This reduces the content of soft, ductile nickel
binder trapped between carbide particles. The impact of WC-12Co particles
during spraying results in reduced coating porosity (see Table 4.2). The lowering
of mean free path results in more content of WC-12Co in coating resulting in
increased rigidity and compactness. The increased WC-12Co content in the MMC
coating results in overall increase in coating’s hardness although it is
heterogeneous in composition. Such high WC-content WC-Ni MMC coating
when subjected to wear results in load sharing between hard reinforcing particles
and soft binder. The soft binder will undergo deformation. However, hard
reinforcement will transfer load to surrounding binder. The hard WC-12Co
particles being wear resistant will result in lowering of the wear rate as their
content in the MMC coating is increased [71]. This phenomenon has been
elaborated in upcoming section 4.4.

Table 4.2 also shows porosity for cold-sprayed pure nickel coating and different
WC-Ni coating with varying content of WC-12Co in the mixture. In Table 4.2, ‘n’
indicates number of samples taken to arrive at mentioned value. It is clear that
porosity is also showing a decreasing trend as the content of the WC-12Co in the

mixture is increased.
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Table 4.2. Porosity content for different mechanical blend used to fabricate cold
sprayed pure nickel and WC-Ni MMC coating [71].

Mechanical Blend

Porosity in MMC coating

Nickel control

7+0.2(n =3)

50 wt.% WC — 50 wt. % Ni

2+0.7(n=9)

75 wt.% WC — 25wt. % Ni

0.8 +0.2(n = 10)

92 wt.% WC — 8 wt. % Ni

0.002 + 0.005 (n = 9)

96 wt.% WC — 4 wt. % Ni

0.3+0.1(n=12)

4.3. Toughness measurement for cold-sprayed pure nickel and different WC-
Ni MMC coating

It has been mentioned in many papers that wear of any material is function of
hardness as well as interfacial toughness. One such formula relating wear rate to
hardness and toughness is as follows [212]:

B (P9/8 % E4/5 x I)

v KiL(/:ZXHl/Z

(4.1)

Where,

V = volume of material removed, mm®

E = Young’s Modulus of material, GPa

P = Applied load during wear, N

| = sliding distance, m

Kic = Fracture toughness, MPa-m*?

H = Material Hardness, kg/ mm?
For cold-sprayed WC-Ni MMC coating, it is clear from Fig. 4.1 that increase in
hardness has contributed to increase in wear rate. As per Eq. (4.1), toughness is
also important quality influencing wear rate. Toughness indicates energy absorbed
by the material during fracture. Hence, toughness measurement of cold-sprayed
pure nickel and WC-Ni MMC was conducted.
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Toughness measurement in cold-sprayed pure nickel and WC-Ni MMC coating is
a difficult task. The main reason for this is due to the presence of large content of
voids for pure nickel coating and non-homogenous distribution of carbides for
WC-Ni MMC coating. The presence of large content of voids results in non-
uniform distribution of load during toughness measurement. This results in
material spreading and occupying the void space during deformation resulting in
erroneous toughness reading. It showed same phenomena when toughness
measurement was tried for cold-sprayed pure nickel coating (Fig. 4.2 (a)). The
application of 1000 gf load on nickel coating resulted into sinking of coating,
However no distinct cracking at edges or corners was visible. The cracks even if
present were difficult to distinguish from the inter-layer splats present in the
coating. Also, it is postulated that application of load by hardness tester resulted
in material spreading out and filling the pre-existing voids. Due to this, it is less
likely for coating to fracture; and may give wrong prediction of high toughness.
For cold-sprayed WC-Ni MMC coating, the cracking was distinct; indicating that
material has shown progressive improvement in toughness with increasing
content of WC in the coating (Fig. 4.2 (b) — (e)). The addition of WC to the
coating would surely affect the overall toughness, since WC is hard and tough
material. Also, toughness indicates the adhesive toughness between carbides and
nickel binder. If the adhesion is incomplete resulting in voids or pores between
the phases, then cracking will occur easily. The main reason for this is the
incomplete bonding indicating loosely held carbides in the binder of the
composite. So application of load will result in easy breaking off of the bonds,
ultimately cracking the composite. The cracking will also be motivated under the
presence of pores which will offer least resistance for crack propagation. Thus,
crack propagation will be faster in composite containing higher porosity content
[22].

For WC-Ni MMC coating fabricated from powder composition of 50 wt.% WC -
50 wt.% Ni, the toughness measurement using Vickers hardness tester showed
clear cut cracking with numerous cracks on sides as well as at the corners of the

indent (Fig. 4.2 (b)). Since the coating contained more than 95 wt.% of Ni in its
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composition, it is expected that coating will be soft and indent size will be bigger
in comparison to visible indents in other WC-Ni MMC coating. For toughness
measurement, the cracks located at the corner of the indent are taken into
consideration [205]. It is found that the cracks at the indent corners seem to
follow path of least resistance. Cracks are found to propagate usually in the sofft,
ductile nickel binder zone only. On confronting hard rigid WC-12Co
agglomerated particles, crack would either by-pass them or they would break the
soft cementing cobalt binder present between individual WC particles. Toughness
being function of Young’s modulus of the material; hence suitable Young’s
modulus value was suggested for the coating. However non-homogenous
distribution of carbides in the coating increased uncertainty in prediction of
Young’s modulus value. Hence, Young’s modulus value was discarded and
toughness measurement was cancelled. Instead of quantitative prediction of
toughness value, the ratio of crack length (c) to half diagonal length of the indent
(a) was taken into the consideration. The toughness measurement procedure was
used by Lopez — Mellor [208]. Thus, the higher value of ‘c/a’ will indicate that
toughness is less and coating will wear out faster.

For WC-Ni MMC coating fabricated from powder composition of 75 wt.% WC -
25 wt.% Ni, the coating did not showed much content of WC in the MMC coating
(Fig. 4.2 (c)). The cracking tendency was less compared to coating fabricated
from powder composition of 50 wt.% WC - 50 wt.% Ni. This coating showed
numerous cracks at the sides as well as at the corners of the hardness indent,
indicating that coating has low toughness value. The crack width was narrow
when compared with cracks in coating fabricated from powder composition of 50
wt.% WC - 50 wt.% Ni.

Same procedure was continued for WC-Ni MMC coating fabricated from powder
composition of 92 wt.% WC - 8 wt.% Ni and 96 wt.% WC - 4 wt.% Ni (Fig. 4.2
(d) and (e)). It is seen that as coating with powder composition changed from 75
wt.% WC - 25 wt.% Ni to 92 wt.% WC - 8 wt.% Ni, the cracking tendency
reduced dramatically (Fig. 4.2 (c) and (d)). In fact, cracking, if observed, were

usually at the corners, indicating effect of triaxial state of stress. The indent size
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was small and even crack length was small. Crack width was thin and difficult to
see at the magnification used for WC-Ni MMC coating containing lower content
of WC. This indicates that radial and penny shaped cracks have not travelled so
deep into the microstructure. The cracking tendency reduced significantly (see
Table 4.3) as we moved from coating fabricated from powder composition of 92
wt.% WC - 8 wt.% Ni to 96 wt.% WC - 4 wt.% Ni. This indicates substantial
improvement in toughness even with slight change in WC content in the content.
This was attributed to the uniformity and homogeneity of the carbides in the
coating. Also, increased content of WC-12 Co particles reduced mean free path
between them. Thus, the amount of soft, ductile nickel binder distributed between
carbides is reduced. Thus, crack tip will be offered strong resistance for its
propagation due to increased content of WC in the coating. Table 4.2 indicates the
number of times hardness indents that were taken (‘n’ value) and the percentage

of indents which showed cracks for respective coating.
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Crack

Crack

Figure 4.2. SEM image of cold-sprayed (a) pure nickel coating, (b) WC-Ni MMC
containing 7 wt.% WC, (c) WC-Ni MMC containing 19 wt.% WC, (d) WC-Ni
MMC containing 56 wt.% WC, and (e) WC-Ni MMC containing 66 wt.%
WC, with indents generated by 1000 gf load.

Thus, from qualitative representation of toughness measurement, it is clear that
toughness value of the WC-Ni MMC coating increased progressively as the
content of WC-12Co is increased.

The ‘c/a’ ratio for WC-Ni MMC coating fabricated from powder composition of
50 wt.% WC - 50 wt.% Ni and 75 wt.% WC - 25 wt.% Ni was not taken into
consideration. The reason for this lies in presence of numerous cracks at sides as
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well as at the corners. It means that load exerted during toughness measurement
resulted into fracturing of material at sides as well as at corners. Thus, load
applied during test have been distributed and resulted into fracturing of material
all around the indent. Hence, crack length at corner would not exactly correspond

to the load applied during toughness measurement.

Table 4.3. Crack generation percentage in the various coatings and the respective

c/a ratios.
WC Content in Coating | Percentage of Indents c/a ratio
(wt.%0) with Cracks (%0)
0 100 (n =10) n/a
7 100 (n = 16) n/a
19 100 (n = 15) n/a
56 82 (n = 22) 1.7+05 (n=18)
66 22 (n=9) 19(n=2)

4.4. Wear analyses of as-sprayed cold-sprayed pure nickel and WC-Ni MMC

coating

The cold-sprayed pure nickel and WC-Ni MMC coating were wear-tested using
the ASTM G-65 wear abrasion test procedure. The wear result of cold sprayed
coating showed complete ductile behavior for pure nickel coating and a
combination of ductile behavior and fragmented wear debris for WC-Ni MMC.
The wear mechanism of pure nickel and different WC-Ni MMC is discussed in

coming sub-sections.

a) Cold-sprayed pure nickel coating

The wear of the cold-sprayed pure nickel coating showed heavy scratching and
ploughing on the surface (see Fig. 4.3). The surface had cracks and delaminated
cracks were seen on the surface. The heavy ploughing and ridge formation on the
surface indicated that the wear of the nickel coating must have happened due to
the combination of ploughing and delamination cracks.
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A close look at Fig. 4.3 will indicate straight scratches on the surface. This
indicates that ploughing of surface due to abrasives must have happened unabated
to long distance. The material removal in such soft material usually happens in the
form of continuous chips. The volume of chips will be less than that of the
volume of material removed due to progressive plastic deformation of chip ahead
of abrasive.

The final breaking of chips happens due to increased hardening at the section
which is holding it with parent material [13, 14, 97 - 100, 121, 212]. The scratches
do not seem to be deep, indicating that the depth of penetration is less. Hence,

impingement angle of abrasives on surface is less [14, 211].

Cracking and separation of
material as delaminated sheets

Figure 4.3. SE-SEM image of surface of wear-tested cold-sprayed pure nickel

coating showing presence of ploughing and scratching on the surface.
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The cross-sectional images of the pure nickel coating indicated presence of
numerous lateral and longitudinal cracks (Fig. 4.4 and 4.5). The lateral cracks
emanating from the surface travelled all the way through the thickness of the
coating and met the longitudinal sub-surface cracks. The sub-surface cracks were
mostly straight and parallel to the surface. There was increased presence of pores
in the coating, mostly concentrated near the top surface (Fig. 4.4 and 4.5). The
increased porosity indicated that loading during wear resulted in the generation of
pores or voids; partly due to poor cohesion between the nickel particles and partly
due to the elongation of pre-existing voids after cold spraying under the effect of
the stress [37, 57, 123, 124, 132, 148]. The main reason for poor cohesive
toughness between nickel particles is due to low wettability of nickel particles and
low tensile strength of the nickel which is peculiarity of low strength ductile
material [37, 57, 132, 148]. During cold spraying, the spraying temperature results
in softening and spreading of nickel on the surface. These spread - out nickel
coating seem like sheets piled one above the other. The spreading of the nickel
results in bonding among nickel particles at the asperities. The strength of the
bond formed under compressive stress during spraying, may be slightly more than
the parent material [102]. Such bonds when stressed during wear will be easily
broken since increase in hardness is accompanied with increased brittleness [103,
142]. The breaking of bonds between these spread-out sheets results in it easy
separation. Thus, cold-sprayed nickel coating when wear-tested showed
separation of material in the form of delaminated sheets. Also, the bonding is
imperfect, resulting in development of porous structure under stress [57, 102].
The existing pores under the action of tensile and shear stress during wear
elongates and eventually collapses to form micro cracks [22]. Numerous such
micro cracks can be seen scattered all over the material which then coalesced to
form major crack. These cracks under the action of stresses join to form a major
crack with an orientation parallel to the surface. The main reason for orientation
parallel to the surface is due to the direction of movement of wear wheel over the
surface [22, 123, 158]. The pores’ elongation and orientation is strongly

influenced by the sliding direction of abrasives and wheel on the surface [123].
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The main reason for such crack instigation is the low tensile strength of the
nickel. Also, cold-sprayed nickel has lot of the inherent pores in the
microstructure which results in easy crack instigation and pore elongation under
the action of the stress. This contributed to the lowering of the cohesive toughness
of the coating [37, 57, 123, 124, 132, 148]. The continuous and straight cracks in
the cross-sectional images indicate absence of hard, reinforcing particles to
obstruct the flow of the cracks. The crack was slanted and travelled straight,
indicating that the pores were closely spaced in that zone. The shear stress
resulted in the shear loading of the material between pores, which easily fractured
to provide a path for the crack propagation. The cracks were seen at the interface
of the substrate and coating, indicating that the tensile stress waves generated due
to impacting compressive stresses, were able to breach its toughness limit. This is
evident in the form of crack being generated there. Thus, this portion is the
vulnerable portion of the coating during wear. The travel of the lateral crack from
the surface through the coating thickness indicates crushing of the coating under
compressive stress which resulted in the fracture of the material [123]. Also,
fluctuating load assisted in cracking of the microstructure indicating low fatigue

toughness of the coating [123].

200 um

—

Figure 4.4. Cross-sectional BSE- SEM images of wear-tested cold-sprayed pure

nickel coating at low magnification,
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Figure 4.5 (a)-(c). Cross-sectional BSE- SEM images of wear-tested cold-
sprayed pure nickel coating at high magnification,
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b) Cold-sprayed WC-Ni MMC coating fabricated from powder composition of 50
wt.% WC - 50 wt.% Ni:
Figure 4.6 shows the top surface of wear tested WC-Ni MMC coatings fabricated
from powder composition of 50 wt.% WC — 50 wt.% Ni. The surface showed
scattered islands of hard, rigid WC-12Co agglomerated particles widely separated
by soft, ductile nickel binder. The flowing abrasives induced heavy damage in the
nickel region during wear. This is clear in the form of wide scars of abrasives
(Fig.4.6 (a)). The impact of abrasives generated deep indents which are clearly
seen as dark spots in the nickel region. In some cases, (Fig. 4.6), there were large
and deep indents around hard, rigid WC-12Co reinforcement. This indicates that
the motion of the flowing abrasives was thwarted by hard WC-12Co particles.
Thus, abrasives must have either chipped off or had to change course of its path

after striking this rigid portion.
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Islands of WC-12Co Indents from abrasive
particles (white arrows)

Islands of WC-12Co particles
|E| offering resistance to abrasives

Figure 4.6. BSE-SEM surface image of WC-Ni coating fabricated from 50 wt.%
WC- 50wt.%NIi.

Figure 4.7 shows a BSE-SEM cross-sectional image of WC-Ni MMC coating
fabricated from powder composition of 50 wt.% WC - 50 wt.% Ni. The cross-
sectional image reflected the essence of damage caused during wear. The surface

showed initiation and propagation of crack easily in the material (Fig. 4.7 (b) —

84



(d)). The crack propagation seems to occur unhindered, due to large content of
soft, ductile nickel binder. The sub-surface zone showed high pore content which
seems to have nucleated under the action of hydrostatic (hormal) and shear stress
during wear test (Fig. 4.7 and 4.8). This porous structure seems to have
contributed to the crack propagation in the microstructure. The carbide content is
less and seems to have scattered widely in the sea of nickel binder. Cracking
happened straight and seems to travel deep into the structure. It means that the
fluctuating stress must have generated fatigue cracks which travelled unhindered
deep into the material. Cracks on confronting carbides bypass them by traveling
around them (Fig. 4.7 (c) and 4.8). Their drifting around carbide seems to be
encouraged by the presence of voids nucleated under the action of compressive
and shear stress. The presence of delaminated sheets indicates wear of this

composite seems to follow delamination theory of wear (Fig. 4.7 and 4.8) [13].
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Figure 4.7 (a) - (d). BSE-SEM cross-sectional images of WC-Ni MMC coating
fabricated from powder composition of 50 wt% WC - 50 wt.% Ni at low

magnification.
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Figure 4.8 (a) — (c). BSE-SEM cross-sectional images of WC-Ni MMC coating
fabricated from powder composition of 50 wt% WC - 50 wt.% Ni at high

magnification displaying delaminated wear sheet.
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c) Cold-sprayed WC-Ni MMC coating fabricated from powder composition of 75
wt.% WC — 25 wt.% Ni
Figure 4.9 shows the surface of the WC-Ni MMC coating fabricated from powder
composition of 75wt.% WC - 25wt.% Ni. The wear tested surface showed similar
appearance to that of WC-Ni MMC coating fabricated from the powder
composition of 50 wt. % WC - 50wt. % Ni. The surface image showed islands of
WC scattered (areas marked with white boundaries) in the sea of soft, ductile
nickel binder (Fig. 4.9 (b)). The abrasives damaged nickel binder by indentation
and scratching (Fig. 4.9 (a)). The impacts of the abrasives in the form of indents
were clearly seen as black areas scattered in the microstructure (Fig. 4.9 (b)). The
white border arrows indicate the path followed by abrasives on the composite
surface (Fig. 4.9 (a)). The scratches are clearly visible on the coating surface
indicating that nickel became vulnerable phase during wear. The widely scattered
carbides were unable to offer substantial protection to nickel binder. Hence long
scratches on the surface are clear indication that action of abrasives was unabated
by the presence of carbides in composite. The main reason for this is the higher
mean free path between carbides and lower carbide content in the composite [71,
192, 198]. The high value of average mean free path between hard WC-12Co
reinforcement meant that they were widely scattered and did not offered sufficient
resistance to the flowing abrasives. Also, relatively close value of wear rate of this
MMC coating to coating fabricated from powder composition of 50 wt. % WC -
50wt. % Ni indicated that slight increase in carbide content in this coating was not
effective in improving wear resistance of the MMC coating. The destructive effect
of wear on MMC was also clear from the cross-sectional image of the wear tested

coating.
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b WC-12Co islands opposing the action of
abrasives

Figure 4.9. Surface image of coating fabricated from powder composition of
75wt.% WC - 25wt.% Ni. (a) BSE-SEM image and (b) SE-SEM image.

Figure 4.10 shows cross-sectional images of WC-Ni MMC coating fabricated
from powder composition of 75 wt.% WC - 25 wt.% Ni. The Fig. 4.10 (a) and (b)
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shows the cross-sectional image of the coating at lower magnification. It is clear
in the image that wear resulted in formation of fragmented thin delaminated
sheets which are loosely held together on its base. A close look at these wear
sheets at higher magnification reveals typical features of these sheets. Figure 4.11
shows completely cracked zone of delaminated wear sheets. It was seen that there
were numerous sub-surface cracks in the composite microstructure as well as in
the delaminated wear sheets. The sub-surface cracks were wide and oriented
parallel to the surface. The crack propagation seems to be motivated under the
action of stresses generated during wear. The cracks travelled around favorable
zones like soft nickel binder and voids present in the composite. A close look at
images in Fig. 4.11 show presence of large voids in sub-surface zone which
appear like they are elongated under the action of shear stress during wear. As per
delamination theory, these voids usually nucleate at carbide-binder interface or
due to cracking of soft binder under the action of stresses during wear. Such voids
may either elongate to form big voids which pressurize surrounding areas and
crack them or they may collapse to form microcracks with orientation in the
direction of stress [121]. The elongation of voids pressurizes surrounding nickel
binder and when this strain crosses fracture strain limit, nickel cracks. Numerous
such cracks can be seen emanating from the void boundaries (see Fig. 4.11 (a) and
(c)). The cracking is also seen around WC-12Co reinforcing particle as mentioned
in Fig. 4.11 (a) which indicates that nickel binder around it has already strained
during wear and further straining from void elongation resulted in easy cracking
at the interface. The longer crack length on right hand side of the void in Fig. 4.11
(a) indicates that sliding direction is from left to right. Thus, stress orientation
seems to motivate crack propagation in microstructure. The joining of the sub-
surface crack to surface discontinuity like notches, indents, indicate that crack
propagation is motivated by stressed or damaged zone on the surface. Thus,
material wear seems to happen as per delamination theory [121].
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Figure 4.10. BSE-SEM cross-sectional image of worn out coating fabricated from
75 wt.% WC — 25 wt.% Ni at low magnification indicating fragmented wear
sheets
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Cracking around sides ofpore indicating compressive
stress has strained nickel binder on sides

Figure 4.11 (a) — (c). BSE-SEM cross-sectional image of worn out coating
fabricated from 75 wt.% WC — 25 wt.% Ni at high magnification.
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d) Cold-sprayed WC-Ni MMC coating fabricated from powder composition
of 92 wt.% WC — 8 wt.% Ni:

Figure 4.12 shows wear tested surface image of cold-sprayed WC-Ni MMC
coating fabricated from powder composition of 92 wt.% WC - 8 wt.% Ni. The
surface of this coating showed close resemblance to other WC-Ni MMC coating
containing lower content of WC. Digging of abrasives had damaged the nickel
binder region, while still protecting the hard, rigid WC-12Co reinforcement. The
hard WC-12Co offered resistance to abrasives However they were still successful
in scraping off the nickel in between these reinforcement islands. Arrows in Fig.
4.12 indicate the attack of abrasives on the surface. The path followed by the
abrasives on the surface was not identical indicating that abrasives must have
rolled on the surface during wear.
The Fig. 4.13 shows cross-sectional images for wear tested WC-Ni MMC coating
fabricated from powder composition of 92 wt.% WC - 8 wt.% Ni. The total wheel
revolutions used for this coating remained similar to that of other WC-Ni MMC
coatings containing lower content of WC. The surface of the wear tested coating
shows fragments of delaminated wear sheets loosely held together from sides and
base. It indicates that attack of abrasives have resulted into crack being

concentrated in sub-surface zone to a thickness of 10- 20 pm.
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|Z| Hard, rigid reinforcement in Direction of abrasive
path of abrasives attack (white arrows)

P

El Islands of WC-12Co reinforcement

scattered in the composite

Figure 4.12. Surface image of wear-tested as-sprayed WC-Ni coating fabricated
from the powder composition of 92 wt.% WC - 8 wt.% Ni.
(b) and (b) BSE-SEM image and (c) SE-SEM image
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The cross-sectional image of wear tested WC-Ni MMC coating fabricated from
powder composition of 92 wt.% WC - 8wt.% Ni showed numerous fragmented
wear sheets scattered as the top surface of the composite coating. It means that
wear of this coating must have followed the same route as mentioned by
delamination theory [121]. A close look at these cross-sectional images show
presence of numerous minute sub-surface cracks oriented parallel to the top
surface (Fig. 4.13 (d)). Their presence around WC reinforcing particles ensured
that void nucleation must be prominent reason for its origin. The presence of
numerous voids in sub-surface zone indicates that crack propagation will be
assisted by them. A clear view of crack branching out from sides of void is visible
in Fig. 4.13 (d) which proves the postulate presented by delamination theory.
Thus, void nucleation and crack generation are interconnected phenomena and is
clearly indicative in cross-sectional image of this coating. The images of Fig. 4.13
(b) and (c) show presence of numerous scattered delaminated sheets on top
surface. These sheets are generated during wear test and are clear indication that
crack generation and propagation parallel to the surface are a prominent reason
for this.
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Figure 4.13. Cross-sectional BSE-SEM image of coating fabricated from powder
composition of 92 wt.% WC — 8 wt.% Ni (a) at low magnification and (b),
(c) and (d) at high magnification.

e) Cold-sprayed WC-Ni MMC coating fabricated from powder composition of 96
wt.% WC — 8 wt.% Ni:

The Fig. 4.14 (a) and (b) indicates the SE-SEM surface image of wear tested cold-

sprayed WC-Ni MMC coating fabricated from powder composition of 96 wt.%

WC - 4 wt.% Ni.
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White circles indicate attack of Arrows indicate the flow direction
abrasives on the surface of abrasives on the surface

»

Figure 4.14 (a) and (b): SE-SEM surface image of WC-Ni MMC coating
fabricated from powder composition of 96 wt.% WC - 4 wt.% Ni.
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Compared to the surface image of cold-sprayed WC-Ni MMC coating containing
lower content of WC, the surface image of this coating showed less damage.
There were fewer scratches on the surface. The absence of ploughing and digging
on the surface indicates that surface is mostly dominated by the WC particles. The
role of the nickel is in form of thin layer of cementing material. Hence, it was not
directly amenable to the attack of the abrasives. The surface had flow lines
indicating orientation of carbides in the composite [158]. These flow lines also
stem out from scratching of the nickel binder between the WC particles. Thus, the
removal of nickel binder between WC-12Co particles indicates abrasive flow
direction during wear. There were minute pits or depressions on the wear tested

surface as indicated by white circles in Fig. 4.14 (a).

Figure 4.15 shows cracking in cross-sectional SEM image of WC-Ni MMC
coating fabricated from powder composition of 96 wt.% WC - 4 wt.% Ni. The
coating showed nearly straight crack However crack propagation seems to be
influenced by the presence of weak spots like soft ductile nickel binder. The
cracking seemed to be motivated by straining and tearing of nickel binder which
provided path for crack propagation. The reason for this is reflected in the
microstructure. The cross-sectional image of this coating showed lamellar
microstructure. It looked like layered arrangement with alternate layers of sofft,
ductile nickel binder and hard, rigid WC-12Co. The greyish nickel trapped
between hard, rigid WC-12Co reinforcement proved weak zone under fluctuating
stress. The action of compressive and shear stress resulted in fracturing of the
nickel binder. However crack nucleation seems to be caused due to pre-existing
pore in the microstructure. Crack usually started due to the presence of pores
which might have nucleated around hard, rigid, non-deforming WC-12Co particle
under the action of normal and shear stress [121]. The stress must have torn the
soft nickel binder covering the WC particle to result in pore. These pores under
the action of stresses must have elongated to micro crack. A close look at Fig.
4.15 showed cracks following path of least resistance, resulting in formation of

delaminated sheets. In Fig. 4.15 (b), the cracks close to the top surface have
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joined the notch or damaged portion at the surface. The notch or dent seemed like
an attack of abrasives which has resulted into lifting of the material from the
surface. The abrasives seem to have gouged the surface which created a rift in the
material. The crack generated at this location followed the path of least resistance
by tearing apart the nickel binder. Crack width is large in this region, indicating
that stress during wear resulted in easy fracturing of large content of nickel
material with no resistance offered by surrounding hard carbide phase. The crack
propagation might had commenced unabated till it encounters hard, rigid WC-
12Co particles. At this juncture, the crack propagation was assisted by the
bending stress generated due to lifting of the cracked portion. The cracked portion
separated as sheet with one end fixed to the base. The flowing abrasives exerted
lifting force. This bending stress then acts on the soft, ductile material behind the
WC-12Co particles and crack progression happened [121]. Thus, cracks by-
passed WC-12Co particles and crack propagation happened unabated even after
encounter of hard phases in the composite. If the crack deviates and propagates
deep into the material, then crack propagation rate decreased due to large demand
of bending stress. Hence, such crack stops after propagating deep into the
material. In few cases, crack propagated parallel or close to the surface and met
some surface discontinuity or lateral fatigue crack resulting in fractured
delaminated sheets as certain in Fig. 4.15 (b).
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Figure 4.15. Cross-sectional BSE-SEM image of WC-Ni MMC coating
fabricated from powder composition of 96 wt.% WC - 4 wt.% Ni (a) and (c) at
low magnification and (b) at high magnification.
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The cracks mostly travelled around the WC-12Co particles indicating that the
pores mostly nucleated at the interface of WC-12Co particles and the surrounding
binder. This indicated that under the action of the compressive stress during wear,
the wetting of the binder around WC-12Co particle has reduced and uncovered
some of the areas which might nucleate as pores. These pores offer an easy path
for crack propagation. The subsurface cracks present in MMC coating eventually
became parallel to the surface; however the absence of the lateral crack from the
surface indicated that the surface had higher fatigue strength. The coating and the
surface had higher content of WC; hence, surface was less vulnerable to the
attacks of the abrasives. The attack of fluctuating stress resulted in less damage to
the surface. The absence or reduction of damage due to abrasives lowered the
notch point for initiation of fatigue cracks. Also, improved toughness due to
higher content of WC-based carbides offered resistance to the crack initiation and
propagation. Also these cracked layers might be eventually raised under the action
of the compressive stresses. Also, the crack propagation will take place due to the
generation of tensile stress in the tailing zone of the wheel. This might result into
the raising of the material which will result in tensile stress and then favor travel
of the crack [121, 123].

For coating fabricated from powder composition of 92 wt. % WC - 8wt. % Ni and
96 wt.% WC - 4wt.% Ni, the wear tested surface of the coating showed less
damage on the surface in comparison with other WC-Ni MMC. The BSE-SEM
images of the wear-tested surface showed presence of numerous white zones of
WC-12Co particles. These coatings have more content of WC-12Co compared to
coatings fabricated from powder composition of 50 wt.% WC — 50 wt.% Ni and
75 wt.% WC - 25 wt.% Ni.

These indicated that the soft and ductile nickel might had been removed from the
surface, revealing hard, rigid WC-12Co phase. The hard WC-12Co particles
offered resistance to the travelling abrasives on the surface, which also resulted in
less damage to the sub-surface zone of the coating.

This indicates that there might be more content of rigid constituent, and impact of

these heavy reinforcing phases at high velocity during spraying on soft nickel
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binder resulted into its good adhesion with the binder. Thus the adhesive
toughness of these MMC coatings is higher compared to the previous coatings
containing lower content of WC-based carbides. Pores were still seen close to the
surface However they were few in the count even after higher revolutions of the
wheel on the surface during wear test, especially for coatings fabricated from
powder composition of 96 wt.% WC - 4wt.% Ni. For this coating, 2000 wheel
revolutions were used during wear test which is twice the number of revolutions
used for any cold-sprayed WC-Ni MMC coating dealt in this study. These WC-
based coating with higher content of WC is more compact; and has higher
compressive load bearing capacity compared to coating fabricated from powder
with low WC content. The cracks emanating from the surface and then their
propagation in the sub-surface indicated that they were encouraged by the
existence of the pores in the subsurface [121, 123, 124, 132, 148].

The coatings fabricated from powder composition of 96 wt.% WC — 4 wt.% Ni
showed more homogeneity than coating fabricated from powder composition of
92 wt.% WC — 8 wt.% Ni. It means that although carbide content is nearly same,
the carbide distribution was more uniform and homogenous in the composite for
coating fabricated from powder composition of 96 wt.% WC — 4 wt.% Ni. Such
distribution of carbides resulted in equal spacing of nickel binder between them in
the composite. Thus, carbides were able to provide protection to the surrounding
nickel binder more effectively for homogenous microstructure. The abrasives
used had size varying from 212 - 300 um. Hence, if the mean free path between
carbides was less and microstructure had uniform and homogenous distribution of
carbides, then less amount of nickel binder will be scraped out from the
composite. The width of nickel binder zone was less than abrasives, hence
abrasive might be unable to penetrate deep into the composite. Also, nickel in
such composite might appear as soft binder zone surrounded by hard carbides.
Thus, flowing abrasives might had encountered carbide before meeting nickel
binder. The carbides in cold-sprayed WC-Ni MMC coatings were agglomerated
particles with width of 25 - 45um. So they offered strong resistance to the heavy

abrasives during wear. The impact energy of the abrasives was not enough to
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uproot such big carbides during wear. Hence, removal of the carbides and damage
to sub-surface nickel was improbable in such composites. However continuous
impact of abrasives generated sufficient stress for crack nucleation in sub-surface
zone. Thus, damage to coating happened in form of delaminated sheets separated

from the coating [121].

4.5 Wear theory to define wear rate of WC-Ni MMC coatings

To define limits for experimental wear rate, the wear rate values for different WC-
Ni MMC coating was calculated using equal wear and equal pressure wear
theories [192, 198]. The wear rate of WC-Ni MMC coating can be calculated as
per the equations given below. The lower limit of wear rate of MMC is given by
equation of equal wear theory which is presented as Eq. (4.2) while upper limit of
wear rate of MMC is given by equal pressure theory which is presented as Eq.
(4.3) as,

1V, Ve “2)
WC Wm Wr
W, =V, W, +V.W, (4.3)

where W and V are the wear rates and volume fractions of constituents in the
MMC, respectively. The subscripts ¢, m, and r apply to the composite, matrix, and

reinforcement, respectively.

The wear rate of any composite can be described in the range defined by these
two wear theories. The wear rate values postulated by equal pressure theory
indicate that wear rate of composite decreases in linear proportion as
reinforcement content is increased in the composite. Similarly, the wear rate
values postulated by equal wear theory define lower limit values. They
overestimate the effect of addition of reinforcement on the overall wear rate of the

composite. These wear rate theories does not take into consideration the effect of
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void nucleation at binder-reinforcement boundary, cracking and chipping of
reinforcement and removal of composite in the form of delaminated sheets due to
sub-surface cracks. It also does not take into consideration the compressive
stresses induced in soft binder during spraying which results in improved
adhesive toughness and wear resistance. Hence, the actual wear rate of the
composite is higher than that predicted by equal wear theory and lower than equal

pressure theory [201].

The modified wear theory is a modified form of equal wear theory. It considers
the beneficial effects offered to composite due to the presence of reinforcing
content in the composite, However it also considers the limitations offered by the
reinforcement size, shape and its bonding with binder in the composite. The effect
of pre-existing voids and adhesive toughness of binder-reinforcement was taken
into consideration while defining wear rate in this theory [201]. These factors are
defined using a factor called contribution coefficient “C” and the equation

defining wear rate of MMC as per modified wear theory is presented by Eq. (4.4)

+C Ve , for V, <0.5. (4.4)
W

1 _Va
W, W, ;
The contribution coefficient is dimensionless quantity and is a factor defining the
discrepancy in experimental and theoretical wear rate considering the effect of
inhomogeneity in composite. The limitation of this theory is that it can define the
wear rate of composite for reinforcement content less than 50 volume percent

only.

In order to use equations (2 - 4), the wear rate of individual phases is desired. For
our study, wear rate of pure cold-sprayed nickel was experimentally derived while
wear rate of WC-12Co was obtained from past study [212]. Since there was no
prior research work on wear of WC-12Co under similar experimental conditions
(ASTM G-65 testing conditions), the use of wear rate of WC-Co material with
varying content of Co was recommended. To find wear rate of WC-12Co, the
wear rate of WC-10 Co wear tested (ASTM G-65 test) using same procedure,
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from the literature was used [212]. The wear rate of WC-10Co was validated
since sintered powder was used for wear test. Further, the wear rate of WC-12Co
was deduced using Li et al.s proposed equation [213] where ratio of wear rate of
two different composites was proportional to the ratio of binder (which is cobalt)
content and the grain size of their reinforcements (WC in this case). Thus,
assuming that grain size remained same for WC-10Co and WC-12Co powder, the
wear rate of WC-12Co powder was easily found after substitution of values in the

formula.

The wear rate values corresponding to different WC-Ni MMC coating as per
equal pressure and equal wear rate theory is given in Table 4.4. Refer to Appendix

1 for calculation of wear rate values for different wear theories.

Table 4.4. Wear rate for different WC-Ni MMC coating using equal pressure and

equal wear rate theory.

Powder composition | Equal pressure theory | Equal wear theory wear
wear rate (mm*/Nm) | rate (mm®/Nm) x 10°®
x 107

96 wt.% WC - 4 wt.% 595 0.
Ni

92 wt.% WC - 8 wt.% 711.6 0.14
Ni

75 wt.% WC - 25 wt.% 1092.9 0.53
Ni

50 wt.% WC - 50 wt.% 1185.2 1.54
Ni

100 wt. % Ni 1232.9 1232.9

A quick glance at wear rate values indicated by equal pressure theory and
experimental wear rate values for WC-Ni MMC, it is clear that there is strong

deviation between both of them. These deviations were comparatively minute
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when experimental wear rate values are compared with wear rate values obtained
using equal pressure theory. So it is clear that equal wear theory underestimates
wear rate values for all WC-Ni MMC. Hence, a need for wear theory to define
wear rate of WC-Ni MMC arises and this can be achieved using ‘Modified wear
rate theory’. Modified wear rate theory involved obtaining value fo contribution
coefficient or “C” value. To find this, initially the value of “C” is obtained for
each WC-Ni MMC coating by substitution of experimental wear rate value of that
MMC and individual phases in the composite i.e. wear rate of pure nickel and
WC-12Co. The volume content of individual phases was inserted and finally the
value of “C” corresponding to particular composition of WC-Ni MMC coating
was obtained. Thus, for four different WC-Ni MMC coating, four different values
of “C” will be obtained, each corresponding to its composition. After obtaining
value of “C”, the wear rate for all the four WC-Ni MMC coating was obtained by

substitution of wear rate of individual phases in the MMC.

The wear rate corresponding to different WC-Ni MMC coating using different
“C” value is presented in Table 4.5.
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Table 4.5. Wear rate for different WC-Ni MMC coating using modified wear rate

theory.
C values Wear rates for respective powder composition
(mm*/Nm)
96 wt.% 92 wt.% 75 wt.% WC | 50 wt.% WC
WC-4 WC -8 -25wt.% Ni | - 50 wt.% Ni
wt.% Ni wt.% Ni
12.5x10° 9.25x10° | 113x10° | 41.0x10° | 113x10°
5.025 x 107 229x10° | 279x10° | 97.8x10° | 249x10°
2.426 x 107 47x10° | 56.9x10° | 188x10° | 427 x10°
5.711x 107 20.2x10° | 246x10° | 86.8x10° | 224x10°
1% Average: 18 x10° | 21.9x10° | 77.8x10° | 203x10°
6.411 x 107
2" Average: 26.2x10° | 31.9x10° | 111x10° | 277 x10°
4.387 x 10°°
Volume percent of 52 42 11 4
W(C content in the
coating
Experimental wear 20 x 10°® 57 x 10°® 98 x 10°° 113 x 10
rate values
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Figure 4.16. Graphical representation of wear rate plotted using different “C”

values against experimental wear rate.

Thus, each “C” value will give four wear rates corresponding to the four different
WC-based coatings. To understand the role played by “C” value obtained for all
four different WC-Ni MMC, we will refer to table 4.5 and Fig. 4.16. In Fig. 4.16,
the experimental wear rate values are indicated as “WC-Ni1 MMC wear Rate”. In
table 4.5, we will consider top four “C” values. The “C” values range from the
lowest of 2.426 x 10° to the highest of 12.5 x 107, The wear rate of composite by
modified wear rate is inversely proportional to “C” value. Hence, high “C” value
should lower wear rate and reverse case for low “C” value. Thus, the wear rate
value for all four WC-Ni MMC obtained using C = 2.426 x 10™ were higher than
the experimental wear rate value of WC-Ni MMC while wear rate values were
lower than experimental values for C = 12.5 x 107 (Refer Fig. 4.16). Thus, it is
clear that C = 2.426 x 10 overestimates wear rate of composite while C = 12.5 x
10" underestimates wear rate values of composites. Meanwhile, we also obtained
average “C” value for four “C” values, which were representatives of all four
WC-Ni MMC. This average “C” is 6.411 x 10°. The wear rate values obtained

using this “C” was also lower than experimental wear rate values. Thus, this
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average value underestimated wear rates of WC-Ni MMCs. Thus, till this stage,
the wear rate value obtained for respective WC-based MMC from four different
“C” values showed strong deviation from experimentally obtained wear rates. In
order to effectively define “C” value for WC-based MMC, the statistical principle
of regression to the mean is used (Fig. 4.16). As per this principle, if the results
show large standard deviation due to particular value, then removal of that can

lower the deviation without significant effect on mean [214, 215].
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Figure 4.17. Graphical representation of wear rate plotted using two close “C”

values against experimental wear rate.
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Figure 4.19. Representation of the experimental wear rate values and wear rate

The value

values of different WC-based MMC coating using the equal wear rate

and modified wear theories.

of C = 6.4155 x 10 is the average of “C” value for all the four WC-Ni

MMC coatings. It is found that wear rate values of WC-Ni MMC coatings were

close and in acceptable limit for all compositions except coating fabricated from

powder compositions of 50 wt. %WC — 50 wt.% Ni. Hence, to define “C” which
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will predict wear rate close to as depicted experimentally for WC-based MMC,
the average value of “C” corresponding to WC-based MMCs fabricated from
powder composition of 75 wt.% WC - 25 wt.% Ni, 92 wt.% WC - 8 wt.% Ni and
96 wt.% WC — 4 wt.% Ni was calculated. Hence, a new “C” value is derived
which is average of “C” values derived for all WC-Ni MMC coatings except the
MMC fabricated from powder composition of 50 wt.% WC — 50 wt.% Ni . This
new value of “C” is 4.4 x 10°. The notion behind this new “C” value was
consideration of “C” range of 2.426 to 5.711 x 10°. A new “C” value obtained
should be representative of “C” values of this range. Hence, “C” value of 12.5 x
10 was considered as outlier as per Chauvenet’s criterion. Also, to follow the
assumption of a normal distribution, a value of “C” needs to be considered which

would predict values satisfactorily for other WC-Ni MMC coating [213, 214].

Figure 4.17 shows graphical representation of wear rate for all WC-Ni MMC
coatings plotted using both these average “C” values. We consider “C = 6.415 x
10> as first average while C = 4.4 x 107 as second average. In our advancement
towards final selection of “C” we discarded average value of 6.415 x 10, The
reason for discarding “C = 6.415x 10 is due to large standard deviation value.
For example, the standard deviation (S.D.) for C = 6.415 x 107 is 4.3x 107 while
for C = 4.4 x 107, the S.D. is 1.732x 107, The probability of getting more than
1.4 standard deviations is about 0.1. So, the statistic value is 0.1 x 4 (number of
data points) = 0.4, which is less than 0.5. So, according to Chauvenet’s criterion,
the 12.5 107 value could be discarded [213]. The wear rate value for all WC-
based MMC was deduced using this new “C” value and plotted against
experimental values. It is clear from Fig. 4.17 - 4.19 that wear rate obtained using
this value of “C” for all WC-Ni MMC coatings showed closeness except the
composite fabricated from powder composition of 50 wt.% WC — 50 wt.% Ni.
The value of “C” was finalized at 4.4 x 10 after consideration that it was able to
define wear rate for all WC-Ni MMCs except the one fabricated from powder
composition of 50 wt.% WC — 50 wt.% Ni.
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The significance of “C” is that, it should indicate the role of reinforcement
chipping, reinforcement removal due to loosening with binder, in the wear rate. In
case of WC-Ni MMC coating, the “C” value seems to define its role satisfactorily
for MMC fabricated from powder composition of 75 wt.% WC — 25 wt.%. Ni and
above or WC-Ni MMC containing WC content higher than 10 vol. %. However, it
assumes that MMC coating containing less than 10 vol. % WC content cannot be
predicted using this “C” value. Thus, value of C = 4.4 x 10” was considered as a
best possible “C” value to define experimental wear rate values of different WC-
Ni MMC in volume range of 10 to 52 vol. %. To understand a deviation between
experimental and theoretical wear values, a close look at wear rate value of cold-
sprayed pure nickel and WC-based MMC coating fabricated from powder of 50
Wt.% WC — 50 wt.% Ni must be done. The wear rate of pure nickel is 1233 x 10°°
mm?®/ N-m while wear rate of WC-Ni MMC coating under consideration is 112 x
10" mm*/N-m. This drastic fall in wear rate definitely shows large deviation in
values predicted by wear theory. For other WC-Ni MMC coating, the
experimental wear rate values are close. Hence, wear rate values predicted using
modified wear theory did not showed much deviation from experimental values.
This indicates that wear rate of other WC-Ni MMC coating with WC-content in
range from O to 10% needs to be included for better quantification of wear rate
using modified wear theory. Thus, neglecting wear rate for first WC-Ni MMC
coating (i.e. the WC-Ni MMC coating fabricated from powder composition of 50
wt.% WC — 50 wt.% Ni) , the current value of “C = 4.4 x 10 gives satisfactory
wear rate for other WC-Ni MMC coating.

4.6 Coating composition

The coating deposited using cold spraying was optimized to the powder
composition of 96 wt.% (WC-12Co) - 4 wt.% Ni. The optimized powder
composition was decided on the basis of comparison of mechanical properties like
hardness, porosity, mean free path, toughness, wear rate [71]. As per the principle
of replication in experimental design, to find the variation in WC- content in WC-

Ni MMC coating composition, the powder composition of cold-sprayed as well as
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HVOF-sprayed WC-Ni MMC coating was kept constant [216]. The difference in
the coating composition in terms of WC content in the MMC coating will reflect
the percentage of loss of reinforcing particles during the thermal spraying process.

The coating composition remained constant when testing the effect of friction stir

processing on them.
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Chapter 5. Wear Performance of FSP-treated
thermal-sprayed WC-Ni MMC

Coatings
The thermal-sprayed WC-Ni MMC coatings were exposed to a post-deposition

treatment called friction stir processing (FSP). The powder composition of WC-
Ni MMC coating was the optimized powder composition i.e. 96 wt.% WC — 4
wt.% Ni. This powder composition was kept constant parameter for all FSP study
to be carried out on thermal-sprayed WC-Ni MMC coatings. The novelty of this
study lies in notion that friction stir processing as post-deposition treatment will
improve mechanical properties of WC-Ni MMC coatings. Various sub-sections in
this chapter will discuss the steps followed in friction stir processing of thermal-
sprayed WC-Ni MMC coatings.

5.1 Finding parameters for FSP treatment

The application of the FSP treatment involved initial step of deciding the FSP
parameters which will give satisfactory properties in WC-Ni MMC coating. The
decision making material parameters are: depth of friction stir processed zone in
the MMC and the hardness of the MMC after FSP treatment. To decide the final
FSP parameters to be used for preparing wear test sample, initial FSP treatment
was carried out on thermal-sprayed WC-Ni MMC coating and characterization
was carried out.

Figure 5.1 shows BSE-SEM cross-sectional image of FSP-treated WC-Ni MMC
coating. A close look at Fig. 5.1(a) shows presence of flow lines in the
microstructures. These flow lines are generated due to heavy mechanical and
thermal stresses generated during FSP treatment which resulted in fragmentation
and distribution of carbides in the composite. There was presence of pores in the
composite microstructure. This might generated due to incomplete fusion of
nickel binder. It seems that the heat generated during FSP treatment was not able
to properly fuse the cavities, hence seen as pores.

Figure 5.1 (b) shows different zones in FSP-treated cold-sprayed WC-Ni MMC

coating. It is clear from figure that there are three distinct zones in any FSP
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treated material: friction stir processed zone, transition zone and parent material
zone. Any FSP-treated material is divided into three zones.

The upper most zone close to surface where FSP treatment was applied is called
as friction stir processed (FSP) zone. This zone showed maximum effect of FSP

treatment like improved homogeneity, improved mechanical properties like

hardness, toughness.

Friction stir processed
(ESP) zone

%8 «——— Transition zone

Cold-sprayed (non-
FSP) zone

Figure 5.1. Cross-sectional BSE-SEM image of FSP-treated cold-sprayed WC-Ni
MMC coating showing (a) microstructure and (b) different zones along
coating thickness.
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The middle portion was that region which showed mixture of microstructure of
FSP-treated as well as un-processed parent material. This zone was comparatively
thin and was difficult to distinguish.

At sufficient depth below the top surface of the FSP-treated WC-Ni MMC
coating, the microstructure showed unaffected zone of cold-sprayed WC-Ni
MMC coating. The microstructure showed same microstructure as seen for cold-
sprayed WC-Ni MMC coating wherein there was distribution of agglomerated
WC-12Co reinforcing particles (white zones) dispersed in soft, ductile nickel
binder (grey zone). The microstructure showed numerous small spots which
indicated presence of numerous small voids generated during fabrication process.
The cold spraying of WC-Ni powder might not impart sufficient compressive
stress for efficient binding of nickel around WC-12Co particles. Also, minute
voids in the nickel binder indicate poor cohesion between individual nickel
particles.

The third portion was the unaffected parent material zone. This zone showed no
effect of FSP treatment on microstructural changes [80].

Figure 5.2 showed BSE-SEM image displaying cross-sectional view of FSP-
treated cold-sprayed WC-Ni MMC coating with set of parameters containing tool
rotational speed of 1400 RPM. The FSP-treated WC-Ni MMC coating showed
thick friction stir processed layer. This layer varied in thickness from 390 um to
405 um. The friction stir processed zone, transition zone and unprocessed parent
material zone were clearly and distinctly visible in the microstructure. The
fragmented carbides in the friction stir zone indicated effect of thermal and
mechanical stress on agglomerated carbides of cold-sprayed coating (Fig. 5.2 (b)).
The carbide distribution was uniform with homogeneity reflected in form of
constant binder gap. The absence of pores indicated efficient distribution
combined with effective wetting of carbides with nickel binder.
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magnification and (b) at high magnification.

Figure 5.3 showed BSE-SEM image displaying cross-sectional view of FSP-
treated HVOF-sprayed WC-Ni MMC coating with set of parameters containing
tool rotational speed of 1400 RPM. The FSP-treated WC-Ni MMC coating
showed thin friction stir processed layer. This layer varied in thickness from 71
pm to 85 um. At sufficient depth below the surface, there existed non-affected

parent material zone. Its microstructure is similar to HVOF-sprayed WC-Ni
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MMC coating. There was distribution of soft nickel binder islands separated by
different carbides, oxides and intermetallic compounds (Fig. 5.4). The
microstructure of FSP zone was uniform and homogenous compared to unaffected
parent material zone (Fig. 5.5). The microstructure showed distribution of nickel

binder between carbides with absence of voids and pores in the microstructure.

o AR A g

Figure 5.3. Cross-sectional BSE-SEM image of FSP-treated HVOF-sprayed WC-
Ni MMC coating with tool rotational speed of 1400 RPM.
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Figure 5.4. Cross-sectional BSE-SEM image of FSP-treated HVOF-sprayed WC-
Ni MMC coating showing un-processed portion of MMC coating.

AN A

Figure 5.5. Cross-sectional BSE-SEM image of friction stir processed zone of
FSP-treated HVOF-sprayed WC-Ni MMC coating showing uniform

and homogenous microstructure.
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Two sets of parameters were used for friction stir processing of both the thermal-
sprayed coatings. In friction stir processing, three important parameters define the
process: axial force on the tool, tool rotational speed and tool travel velocity over
the coating surface [80]. In friction stir processing, the axial force on the tool and
the tool travel velocity over the coatings were kept constant while the tool
rotational speed was changed. Thus the change in tool rotational speed defined the
change in the processing parameters. The selection of tool rotational speed was
decided on the basis of the heat and the mechanical stresses generated in the
coating material. This value will be dependent on coating composition which
should be sufficient enough to generate thermal as well as mechanical stresses in
the coating. The two different tool rotational speed values used were: 900 RPM
and 1400 RPM.

Both the thermal-sprayed WC-Ni MMC coatings were treated with both the sets
of parameters followed by characterization. The characterization of the FSP-
treated thermal-sprayed WC-Ni MMC coatings involved measurement of the
material parameters: hardness, toughness, mean free path between WC carbides,
carbide shape and the depth of the friction stir processed zone in the coating. The
coatings were checked for distribution of binder around the reinforcing WC-12Co
particles to find traces of voids. The presence of voids indicated poor adhesion
which may translate to higher wear rate. The FSP treated-coatings were sectioned
longitudinally (along the direction of travel of FSP tool on the surface) and
laterally (along the direction, perpendicular to the travel of FSP tool on the
surface); and viewed under the scanning electron microscope for characterization.
The characterization of the FSP-treated cold-sprayed WC-Ni MMC coating,
showed that the set of parameters containing tool rotational speed of 1400 RPM
gave better mechanical properties in terms of hardness, porosity, compared to set
containing tool rotational speed of 900 RPM. This markedly difference in the
porosity content in FSP-treated cold-sprayed WC-Ni MMC coating treated with
two sets of parameters is clear in Fig. 5.7 and Fig. 5.8.

The Fig. 5.6 shows cross-sectional image of cold-sprayed WC-Ni MMC coating.

The microstructure showed numerous voids which are clear even at lower
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magnification. It is found that as per delamination theory, voids in microstructure
are main precursor for crack nucleation and driving force for their propagation
[22]. The microstructure of FSP-treated thermal-sprayed WC-Ni MMC coating
was relatively homogenous and less faulty when compared with non-FSP treated
coating. As example, the FSP-treated cold-sprayed WC-Ni MMC coating is
considered. The Fig. 5.7 and 5.8 shows cross-sectional image of FSP-treated cold-
sprayed WC-Ni MMC coating treated with tool rotational speed of 900 RPM and
1400 RPM, respectively. A close look at Fig. 5.7 displayed presence of numerous
voids in the nickel binder. Voids still existed in WC-Ni MMC FSP-treated with
tool rotational speed of 1400 RPM but their count were higher in WC-Ni MMC
FSP-treated with 900 RPM. At some locations in Fig. 5.7, the voids had angular
shape indicating that they might have been generated during sectioning or
polishing stage of sample preparation. But their effect should also be reflected in
Fig. 5.8. But void counts were still the lower in count even if this aspect was
considered. It also means that if carbides are easily dislodged during polishing
stage of sample preparation, the interfacial toughness between reinforcing carbide
particles and nickel binder is lower. The absence or reduction in count of such
voids in the microstructure of WC-Ni MMC coating FSP-treated with tool
rotational speed of 1400 RPM asserts the statement that this microstructure has
less microstructural faults than the microstructure of WC-Ni MMC coating treated
with tool rotational speed of 900 RPM. It was clear that the tool rotational speed
of 900 RPM might not generate sufficient stresses during processing which
resulted in incomplete wetting and enveloping of nickel binder around WC-12Co
particle. The stresses generated during FSP treatment were enough to fragment
agglomerated WC-12Co However were insufficient for uniform distribution of
nickel binder around carbide particles. The nickel binder was not offered enough
stress for flowing around the WC-12Co particles. The pre-existing voids play
detrimental role in lowering of material properties like toughness, hardness and
wear resistance by contributing to catastrophic failure of the material. These voids
under wear conditions may elongate and result in cracking of the surrounding

binder [2, 37, 217]. The presence of numerous voids in the microstructure also
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indicates poor adhesion between different phases of the coating. Thus FSP-
treatment of HVOF-sprayed WC-Ni MMC coating with 900 RPM tool rotational

speed depicted poor adhesive toughness of the coating.

Figure 5.6. Cross-sectional BSE-SEM image of as-sprayed cold- sprayed WC-Ni
MMC coating showing presence of numerous pores in microstructure (dark spots

in nickel binder are pores).
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Figure 5.7. Cross-sectional BSE-SEM image of FSP-treated cold-sprayed WC-Ni
MMC coating treated with tool rotational speed of 900 RPM.

b
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Figure 5.8. Cross-sectional SEM image of FSP-treated cold-sprayed WC-Ni
MMC coating treated with tool rotational speed of 1400 RPM.

The comparisons of coating microstructure in terms of parameters after FSP

treatment are shown in Table 5.1 for cold-sprayed and Table 5.2 for HVOF-
sprayed WC-Ni MMC coating.

Table 5.1. Comparison of mechanical properties of FSP-treated cold-sprayed
WC-Ni MMC coating treated with two different tool rotational speeds.

Parameters FSP parameters with FSP parameters with
900 RPM tool speed 1400 RPM tool speed
Hardness 416.15+ 39 HVy3 (n = 420 + 20 HVy3 (n = 20)

13)

Depth of friction stir zone | ~ 380.5 um (n = 4) ~ 400 pm (n = 4)

Porosity High Low

Carbide distribution Uniform and Uniform and
homogenous homogenous

Carbide size range 0.5—-3um 0.5-2.5um
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Table 5.2. Comparison of mechanical properties of FSP-treated HVOF-sprayed
WC-Ni MMC coating treated with two different tool rotational speeds.

Parameters FSP parameters with FSP parameters with
900 RPM tool speed 1400 RPM tool speed

Hardness 893+ 98 HVy3 (n=43) | 990 + 69 HV;3 (n = 56)

Depth of friction stir zone | ~ 56 pm ~80 um

Carbide distribution Uniform and Uniform and
homogenous homogenous

Thus, from Tables 5.1 and 5.2, it is clear that FSP treatment to both the thermal-

sprayed WC-Ni MMC coating will give better mechanical properties when treated

with set of parameters containing tool rotational speed of 1400 RPM.

The wear assessment of FSP-treated cold-sprayed as well as HVOF-sprayed WC-

Ni MMC coating was finally done with following FSP parameters:

Tool travel velocity over MMC coating = 33 mm/min,

Tool rotational speed = 1400 RPM.
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5.2 Wear Analyses of FSP and non-FSP treated thermal-sprayed WC-Ni
MMC coating

Figure 5.9 shows FSP-treated thermal-sprayed WC-Ni MMC coating. The
coatings were wear tested in ASTM G-65 wear test. Fig. 5.10 and 5.11shows wear
scar on FSP-treated cold-sprayed and FSP-treated HVOF-sprayed WC-Ni MMC
coating. The wear rate values of non-FSP treated and FSP-treated thermal-sprayed
WC-Ni MMC coating is shown in Table 5.3. The coating composition of as-
sprayed HVOF WC-Ni MMC coating is 87 wt.% WC — 13 wt.% Ni.

Figure 5.9. FSP-treated WC-Ni MMC coating (a) cold-sprayed WC-Ni MMC and

(b) HVOF-sprayed WC-Ni MMC coating.

Wear scar area

Figure 5.10. Wear-tested FSP-treated cold-sprayed WC-Ni MMC coating.
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Wear

scar area

Figure 5.11. Wear-tested FSP-treated HVOF-sprayed WC-Ni MMC coating.

During FSP treatment, coated samples were firmly clamped to its base. See
Appendix 2 for calculations regarding minimum clamping force required to fix
sample to the base while treating it with FSP. A close look at calculation showed
that (See Appendix 3) maximum temperature during FSP treatment of thermal
sprayed (i.e. cold-sprayed as well HVOF-sprayed) WC-Ni MMC coating may
reach to 1000°C. It means that high temperature might have resulted in surface
reaction of thermal-sprayed WC-Ni coating with surrounding atmosphere. A close
look at back side of FSP-treated cold-sprayed WC-Ni MMC coating showed
presence of blackened region indicating migration of heat along substrate
thickness (Fig. 5.12). For FSP-treated HVOF-sprayed WC-Ni MMC coating, the
‘heat tinted’ region is small in area since there was lower content of nickel (19
vol. %) compared to its content in cold-sprayed coating (48 vol. %). The WC-
12Co being poor conductor of heat compared to nickel, hence, sufficient heat was
not transferred through the substrate along its thickness (Fig. 5.13). It means heat
might have remained in the coating for long time resulting in deleterious effect on
the microstructure. To understand the effect of heat on coating microstructure,
XRD analyses of FSP-treated thermal-sprayed WC-Ni MMC coating was carried

out.
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Burnt zone due to heat
during FSP treatment

t—

Figure 5.12. Back side of FSP-treated cold-sprayed WC-Ni MMC coating

indicating ‘heat tinted’ zone.

Burnt zone due to heat
during FSP treatment

Figure 5.13. Back side of FSP-treated HVOF-sprayed WC-Ni MMC coating

indicating ‘heat tinted” zone.
5.3 EDS and XRD results for different WC-Ni MMC coating

Figure 5.14 shows Energy dispersive X-ray analyses (EDS) result for cold-
sprayed WC-Ni MMC coating fabricated from optimized composition. The
coating showed absence of any oxidation and decarburization which is speciality
of cold-spraying. This is confirmed from the XRD result shown in Fig. 5.15.
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sprayed WC-Ni MMC coating.

Figure 5.14. EDS result of cold-
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Figure 5.15. XRD result of as-sprayed cold-sprayed WC-Ni MMC coating [71].

The EDS analyses of FSP-treated cold-sprayed WC-Ni MMC coating showed
presence of elemental oxygen (Fig. 5.16). The oxygen content though minute in
comparison to other elements’ content, confirmed the notion of oxidation and
decarburization. This was strongly supported by XRD results (Fig. 5.17). The
XRD analyses of FSP-treated cold-sprayed WC-Ni MMC coating showed
presence of phases like NiO, W,C and Co3W30 in the microstructure along with
the presence of conventional phases like WC, Co, Ni. The overlapping of NiO and
Co3W;30 may cast doubt on presence of these phases in WC-Ni MMC. Also, their
count and intensity being lower in XRD results indicate that these phases may not
be significant in amount in MMC. But temperature for formation and energy of
reaction for formation of these phases is lower than that required for formation of
W,C. Hence, if W,C has shown presence in XRD result, then it can be speculated
that these phases might co-exist with it. This suggests that the heat generated
during FSP treatment might have raised the temperature to sufficient value for the
formation of these phases. The oxidation of nickel, cobalt, and decarburization of

WC to W,C indicates spontaneous reaction of different phases with atmosphere.
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The occurrence of these phases at 1000°C is probable as shown by numerous
studies [40 — 43, 218]. The presence of these phases indicates that there might be
sufficient supply of heat of reaction for generation of these phases. It indicated
that oxygen from surrounding atmosphere might have reacted with elements from

the coating.

O | —l

Figure 5.16. (a) Cross-section of the FSP-treated cold-sprayed WC-Ni MMC
coating for EDS and (b) EDS result of the region under consideration.
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Figure 5.17. XRD result of FSP-treated cold-sprayed WC-Ni MMC coating.

The XRD result for HVOF-sprayed WC-Ni MMC coating showed presence of
numerous carbides along with powder constituents (Fig. 5.18). The presence of
these carbides indicates that heavy oxidation and decarburization of powder might
have occurred during spraying. Numerous papers have supported the presence of
these chemical compounds in WC-based MMC coating during spraying and have
mentioned their deleterious effect on mechanical properties of the coating [40 —
43, 218].

The XRD analyses of FSP-treated HVOF-sprayed WC-Ni MMC coating showed
presence of all the chemical constituents present in the HVOF-sprayed coating
(Fig. 5.19). The presence of CoWwO, and CozW;C in XRD result of FSP-treated
coating does not indicate that they were absent in HVOF—sprayed coating. They
were over-shadowed by significant content of other phases. Usually, formation of
any extraneous phases during spraying results in increased porosity and
generation of residual stresses ultimately reducing mechanical properties like
toughness, resilience, etc. in the WC-Ni MMC coating [40 — 43, 218].
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Figure 5.18. XRD result of as-sprayed HVOF-sprayed WC-Ni MMC coating.
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Figure 5.19. XRD result of FSP-treated HVOF-sprayed WC-Ni MMC coating.
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The effect of FSP treatment on mechanical properties of thermal-sprayed WC-Ni
MMC coating is represented in Table 5.3 and 5.4. Seeing the wear result, it is
clear that the effect of presence of these phases on mechanical properties of MMC
coating is negligible and FSP treatment has resulted in improved homogeneity

and uniformity in the microstructure.

Usually, the presence of intermetallic phases and compounds in the
microstructure resulted in lowering of ductility and toughness due to depletion of
useful constituents like Ni, Co [40 — 43, 218]. However wear results of FSP
treated coating indicated that the presence of these phases does not have a
detrimental effect on the mechanical properties of the composite. To understand
the reason behind improvement in wear resistance, images of the wear tested FSP-
treated thermal-sprayed WC-Ni coatings will be analyzed.

Table 5.3. Effect of FSP treatment on mechanical properties of cold-sprayed WC-

Ni MMC coating.

Parameters Cold-sprayed WC-Ni FSP-treated cold-sprayed
MMC coating WC-Ni MMC coating

Wear rate 20.2 x 10°° 5.0 x 10°

(mm?*/N-m)

Carbide distribution | Agglomerated islands of | Uniform and homogenous
WC-12Co distributed in a | distribution of individual

sea of nickel binder WC-12Co in nickel binder
Carbide size range 25 - 45 um 0.5-2.5um
Hardness 410 + 50 HVy3 420 + 20 HVy3
Mean free path 9.7 um 1.6 um
Toughness Coating cracked, hence No cracks in coating, hence
measurement at lower toughness higher toughness

1000 gf load
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Table 5.4. Effect of FSP treatment on mechanical properties of HVOF-sprayed
WC-Ni MMC coating.

Parameters HVOF-sprayed WC-Ni | FSP-treated HVOF-sprayed
MMC coating WC-Ni MMC coating

Wear rate 3.1x 107 0.65 x 10°®

(mm®N-m)

Hardness 840 + 97 HVy3 990 + 69 HV( 3

Toughness No cracks in coating, No cracks in coating, hence

measurement at hence high toughness high toughness

1000gf load

5.4 Wear result of non-FSP and FSP-treated thermal-sprayed WC-Ni coating

For FSP-treated cold-sprayed WC-Ni MMC coating, there were few cracks
emanating from the surface and travelling sub-surface with slanted orientation
(Fig. 5.20 and 5.21). The FSP-treatment has transformed WC-Ni coating into
compact, rigid material due to uniform and homogenous distribution of hard, rigid
WC-12Co particles in the MMC (Fig. 5.21 (a)). The surface showed asperities
and undulations which had more hardness and toughness than non-FSP treated
WC-Ni MMC coatings (refer Table 5.3 and 5.4). These undulations resulted into
fluctuating stress during wear. The surface cracks seem to have evolved due to the
action of fluctuating stress resulting in fatigue loading on the composite [23, 32,
115, 119, 205]. The path of the cracks seems to be comparatively straight
compared to cracks seen in cold-sprayed WC-Ni MMC coating (Fig. 5.21 (b)).
Also, these cracks in FSP-treated coating are thin in width and propagate by
fracturing soft nickel binder (see Fig. 5.20 (a)). This indicated that their path of
travel was motivated by the presence of soft, ductile nickel binder. Since, the
thickness of the nickel trapped between carbides was thin, hence crack width was
also less. Cracks seem to by-pass hard reinforcing carbides, which indicate that

energy at the crack tip was not enough to crack carbides.
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Figure 5.20 (a). Cross-sectional BSE-SEM images of wear tested FSP-treated

cold-sprayed WC-Ni MMC coating at high magnification.
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Figure 5.21 (a) and (b). Cross-sectional BSE-SEM images of wear tested FSP-
treated cold-sprayed WC-Ni MMC coating at high magnification.

For HVOF-sprayed WC-Ni MMC coating, the cracking was completely evident
in the form of fatigue and delamination cracks (Fig. 5.22). As seen in Fig. 5. 22,
the top surface of the coating showed several indents due to the attack of
abrasives. As seen in Fig. 5.23 (b), the attack of abrasives resulted in indents at
the surface which created a key location for crack nucleation. The microstructure
showed presence of sub-surface cracks with orientation parallel to the surface
(Fig. 5.23). The cracks travelled the path of least resistance by fracturing the

nickel binder located between carbides.
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Material separating in Crack propagating through
delaminated sheet form weakest zone in the composite

Figure 5.22. Cross-sectional BSE-SEM images of wear-tested HVOF-sprayed
WC-Ni MMC coating at low magnification.
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a Sub-surface cracking to result in
delaminated sheets

b Cracks commenced at the soft,
ductile nickel binder zone

Figure 5.23 (a) and (b). Cross-sectional BSE-SEM images of wear-tested
HVOF-sprayed WC-Ni MMC coating at high magnification.

For FSP-treated HVOF-sprayed WC-Ni MMC coating, the cracking was
completely minimal (Fig. 5.24 - 5.26), however cross-sectional images of wear-
tested FSP-treated WC-Ni MMC coating showed different morphology.
Abrasives had damaged the surface which was evident in the form of scratches or
indents on the material (Fig. 5.25 — 5.27). The damage was not so severe in the
form of cracking or ploughing off of material. It seemed that, adhesion between
different phases in the composite was good hence surface was immune to the
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attack of fluctuating stress. There was minimal presence of fatigue cracks as well
as the sub-surface delamination cracks, indicating that the material was less
vulnerable to the effect of hydrostatic (normal) and shear stresses generated
during wear. The surface of FSP-treated HVOF-sprayed WC-Ni MMC coating
showed ploughing-off as material removal phenomena; however this removal is
minute in comparison with the cold-sprayed WC-Ni MMC coating (See Fig. 5.25
and 5.26). The soft nickel binder present between carbides in the FSP-treated
HVOF-sprayed WC-Ni MMC coating was distributed in such a way that they
occupy less vulnerable position in the coating. The heat generated during FSP
treatment resulted in the formation of various oxides and carbides which act as
binding agent in the composite. The thermal and mechanical stresses applied
during FSP treatment combined with the mechanical mixing vortex resulted in
uniform and homogenous coagulation. The microstructure showed improved
adhesion assisted by the thermal and mechanical stress which fuses porosity and
cracks (if any) generated during HVOF spraying. The vanishing of clearly visible
nickel binder in HVOF-sprayed WC-Ni MMC coating after FSP treatment
indicated that the structure had less vulnerable phases for crack initiation and
propagation. Usually, the presence of hard phases like oxides and carbides of the
cobalt, nickel and tungsten carbide resulted in an increase in brittleness and lower
toughness of the coating. The difference in mechanical properties like hardness,
toughness, of these phases might increase chances of vulnerability of coating to
cracking during cooling. The presence of these phases will result in residual
stresses and will induce brittleness in the composite. It was postulated that the
presence of hard phases and transformation of ductile binder to hard, brittle nickel
oxides will lower fatigue strength and increase the tendency of generation of
fatigue cracks [32, 40 - 43, 218, 115 - 119]. However the absence of any cracks
(fatigue cracks, cooling cracks and delaminated cracks) indicates that the structure

was immune to the attack of abrasives even after 2000 wheel revolutions.
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Figure 5.24. Cross-sectional BSE-SEM images of wear-tested FSP-HVOF-
sprayed WC-Ni MMC coating showing cracked and delaminated wear
sheet.
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Figure 5.25. Cross-sectional BSE-SEM images of wear-tested FSP-HVOF-
sprayed WC-Ni MMC coating showing shallow indents of abrasives

during wear.
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Figure 5.26. Cross-sectional BSE-SEM images of wear-tested FSP-HVOF-

sprayed WC-Ni MMC coating showing deep indents of abrasives

during wear.

sprayed WC-Ni MMC coating showing cracked wear sheet.
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5.5 Wear mechanism

To understand the reasoning for improvement in wear resistance of FSP-treated
thermal-sprayed WC-Ni MMC coating, it was necessary to understand the wear

mechanism defining their wear performance.

Let us consider cross-section of wear-tested cold-sprayed WC-Ni MMC
fabricated from optimized composition. As can be seen in Fig. 5.28, there is
distinctly visible wide sub-surface crack travelling parallel to the surface. Its
propagation was motivated by the presence of soft, ductile nickel binder in the
MMC.

The surface cracking was minimal However sub-surface cracks were evident in
many images. In few cross-sectional images of wear-tested material, there was
substantial removal of material at surface which was evident in form of reduced
thickness at that zone. It seems that stress during wear resulted in wear away of
material However shear stress in sub-surface zone acts on movement of
dislocations which could one of the prominent reason for crack initiation and
propagation. The cracking seems to be motivated by pre-existing pores or
nucleation of new pores due to action of stress at reinforcement-binder interface.
These pores under action of compressive stress collapse to form micro cracks.
The propagation of these cracks may be further assisted by the shear stress along

with soft nickel binder.

Hence, to understand the behaviour of such material, a model needs to be
constructed which will depict the wear behaviour. The model should represent the
material before wear and after wear. Effects of pore nucleation, reinforcement
shape and size seems to play important role on wear of material. Hence, they
should be designed in such way that their presence should reflect pronounced
effect of wear of material. The interfacial toughness of reinforcement-binder play
crucial role and is strong function of fabrication process also. Hence, development

of appropriate model may help to elucidate the wear mechanism of this MM
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Figure 5.28. Cross-sectional BSE-SEM image of cold-sprayed WC-Ni MMC

coating fabricated from powder composition of 96 wt.% WC - 4 wt.% Ni (a)
at low magnification and (b) at high magnification.

The microstructure of the cold-sprayed WC-Ni MMC can be represented as

shown in schematic diagram below (Fig. 5.29).

Figure 5.29 shows schematic of microstructure of cold-sprayed WC-Ni MMC
coating fabricated from powder composition of 96 wt.% WC — 4 wt.% Ni. As can
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be seen, there is dispersion of agglomerated WC-12Co reinforcing particles in the
soft, ductile nickel binder. The reinforcing particles are widely scattered in the
composite indicating that average mean free path between two carbides is high.
When such composite is exposed to wear conditions, the abrasives attack the soft,
nickel binder easily. The hard reinforcing WC-12Co particles are able to protect
nickel surrounding it however areas of nickel widely separated from reinforcing
particles remain unprotected (Fig. 5.30). These become an easy target for flowing
abrasives. Also, hard reinforcing particles offer resistance to flowing abrasives,
due to which they roll on the surfaces. Hence, abrasives spend more time on the
surface and travel comparatively longer time before coming to rest. During rolling
on surface, they are able to transfer their kinetic energy for wearing away of soft
nickel binder. Hence, such composite shows deep depression and wide crater

during wear test.

Soft,ductile nickel binder Hard, rigid agglomerated WC.
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Figure 5.29. Schematic representation of cold-sprayed WC-Ni MMC coating

fabricated from powder composition of 96 wt.% WC — 4 wt.% Ni.
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Soft, ductile nickel Hard, rigid agglomerated
binder WC-12Co particle
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Figure 5.30. Schematic representation of wear-tested cold-sprayed WC-Ni MMC

coating fabricated from powder composition of 96 wt.% WC - 4wt.% Ni.

It is seen that reinforcement shape has definite effect on deformation response and
void nucleation tendency [23]. Let lo/r, be the aspect ratio of the reinforcement
where l,= length of the reinforcement while r, = radius of the reinforcement. It is
found that for reinforcement with ls/r, >> 1, the flow strength and strain
hardening effect is higher. Actually flow strength is. Also, hydrostatic stress at the
corner of the reinforcement is higher, resulting in development of plastic strains in
the binder material around it. These aspects eventually result in void nucleation
[22, 23, 37, 189, 205, 217]. A close look at Table 5.3 indicates that carbide size
for cold-sprayed WC-Ni MMC varies in range of 25 - 65um while for FSP-treated
cold-sprayed WC-Ni MMC, it lies in range of 0.5 - 1um. For large agglomerated
carbides, their complete wetting with nickel is improbable. Hence, there will be
some areas, which will remain uncovered and will appear as void. Also, widely
scattered WC-12Co agglomerated particles indicate that they did not offer
compressive stress effectively to surrounding nickel binder during spraying. Thus,

loosely packed nickel binder will exhibit pores in it (Fig. 5.31). Numerous such
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voids are present in widely scattered nickel in microstructure indicating loose
packing of nickel in the composite. Such pores may have contributed to wear by
offering easy route for crack nucleation and propagation as per delamination
theory [22, 23, 37, 189, 217].

Existence of wide spread nickel Pre—existing.porosity enhanccfs
islands nickel as vulnerable regions crack nucleation and propagation

during wear (dark regions) rate (Circled zones)

SO ey VoAb, e

Figure 5.31. Cross-sectional BSE-SEM image of as-sprayed cold-sprayed WC-Ni

MMC coating showing presence of numerous pre-existing voids in the

microstructure.
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For FSP-treated cold-sprayed WC-Ni coating, different wear morphology is seen.
This will be explained with use of Fig. 5.32. As can be seen in the figure, the
FSP-treated cold-sprayed WC-Ni MMC coating can be represented as chequered
arrangement of black and white squares in the matrix. Black regions represent
nickel binder while white regions symbolize WC-12Co particles (Fig. 5.32 (a)).
The reason for representing them as equal squares is due to uniform and equi-
spaced arrangement of WC-12Co reinforcing particles in the nickel binder (Fig.
5.33). Figure 5.33 (a) represents wear-tested FSP-treated cold-sprayed WC-Ni
MMC coating displaying strong effect of FSP-treatment in form of flow lines in
the microstructure. Fig. 5.33 (b) shows homogenously distributed WC-12Co
particles separated by thin layer of nickel binder. This homogenous representation
indicates the effect of FSP treatment on distribution of reinforcing particles in the
composite. On subjecting FSP-treated cold-sprayed WC-Ni MMC coating to wear
conditions, the wear result showed contrasting difference when compared with
non-FSP treated cold-sprayed WC-Ni MMC coating. The SiO; abrasives used for
wear test have size in range of 212- 300 um. The carbides appearing in the FSP-
treated cold-sprayed WC-Ni have square shape profile with sides in range of 0.3-
1 um while the nickel binder between carbides have width of 0.5- 1 um. Such
composite structure appears like alternate arrangement of hard carbides separated
by soft nickel binder wherein hard reinforcing carbides provide hardness while
tough nickel provides required stability against fluctuating stress. The structure
appears to be compact, and can withstand stress fluctuations easily. When
abrasives strike this composite, the thin nickel binder is less vulnerable to the
attack, while hard, rigid reinforcing carbides offer strong resistance. The rolling
abrasives tender less destructive effect on the composite compared to non FSP-
treated WC-Ni MMC coatings. The attack on the nickel binder happens only
when sharp corners of the abrasives are able to reach them However their depth of
penetration is strongly restricted by the width and depth of the nickel binder. This
is due to the presence of hard, rigid WC-12Co particles on sides as well as in the

base of nickel binder.
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Figure 5.32. Schematic representation of (a) FSP-treated cold-sprayed WC-Ni

MMC coating, (b) wear testing, (c) and (d) wear-tested FSP-treated
cold-sprayed WC-Ni MMC coating.

The destructive attack of abrasives can happen if large size abrasives are used in
the hopper. Such big abrasives are able to transfer large impact energy to the
composite surface. Cracking may ensue and will propagate through soft ductile
nickel binder. The FSP-treated cold-sprayed WC-Ni MMC coating has more
compactness and rigidity compared to non-FSP treated coating. The limited nickel
binder between carbides undergoes less plastic deformation during wear. Hence,
the impact energy of abrasives may result in cracking or chipping-off of the
carbides in the composite. So FSP-treated WC-Ni MMC coating under wear may

show wear depression as indicated in Fig. 5.32 (c). However such uniform
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removal of carbides is unrealistic and improbable due to its higher hardness
compared to nickel as silica abrasive. In few cases, the soft nickel binder may
crack or be scrapped-off by flowing abrasives while hard, rigid WC-12Co
particles will be held by the limited nickel binder layer at its base (Fig. 5.32 (d)).

Figure 5.33. Cross-sectional SEM image of wear-tested FSP-treated cold-sprayed
WC-Ni MMC coating showing presence of equiaxed and uniform
distribution of individual carbides in the composite (a) with flow lines

visible, (b) friction stir processed zone visible.
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Compared to non-FSP treated cold-sprayed WC-Ni MMC coating, there is less
tendency of formation of delaminated sheets in FSP-treated coatings. The main
reason for this lies in improved casing of carbides with nickel binder (Fig. 5.34).
The nickel binder surrounding individual carbides provide improved wetting of its
surface which led to improved adhesive toughness of the composite coating. Also,
it is seen that for smooth surface reinforcement with aspect ratio (lo/r,) =1, the
binder around them are less stressed, hence higher stress is required for void
nucleation. Thus, void nucleation tendency is lower for small size and simple
shape reinforcement. It is found that particles with aspect ratio of 1 show higher
strains to fracture [22, 23, 37]. Thus, high aspect ratio increases tendency to
fracture and void nucleation due to the development of tensile hydrostatic stress
around them, especially at the corners. Thus, it means that void nucleate easier for
particles with sharp corners and edges and less is the tendency for smooth surface

particles.

Uniformly distributed
Pores (dark spots) fragmented WC-12Co particles

Figure 5.34. Cross-sectional BSE-SEM image of FSP-treated cold-sprayed WC-
Ni MMC coating showing reduced content of pre-existing voids in the

microstructure.
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For HVOF-sprayed WC-Ni MMMC coating, the microstructure looks similar to
the structure shown in Fig. 5.35. The white zones indicate the presence of hard,
rigid WC-12Co carbides along with other hard oxides, carbides and compounds
formed during spraying. The dark boundaries around the carbides indicate the
presence of soft, ductile nickel binder. The nickel binder is also seen as widely
scattered black islands in the composite (Fig. 5.36). The nickel binder as widely
scattered islands in the HVOF-sprayed WC-Ni MMCs, act as vulnerable portion
during wear and reduce the wear resistance of the composite coating. During
wear, the continuous impact of the abrasives results in cracking of the surface.
The fluctuating stress during wear result in easy crack generation at surface whose
propagation is motivated by the presence of soft, nickel binder islands in the
composite (Fig. 5.37).

The cause for cracking ensue from the rigidity and compactness attributed to the
presence of hard phases in the surface. The increased hardness and rigidity
combined with increased brittleness, and lower impact and fatigue strength of the
MMC result in wear. Also, presence of residual stress during spraying further
adds to the straining of the microstructure. This is clearly seen in Fig. 5.37 and
5.38 which show numerous subs-surface cracks oriented parallel to the surface
and which nucleate from the coating surface. The opening of the voids under
stress during wear is also clearly visible in image which firms the notion that void

nucleation and crack propagation is easy in such microstructure.
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Hard WC-12Co
(white region)

Fatigue crack Vulnerable nickel binder
propagation motivated by (dark region)
nickel binder

Figure 5.35. Schematic of HVOF-sprayed WC-Ni MMC coating showing islands
of nickel scattered in WC-Ni MMC microstructure.

Fragmented WC-12Co
particles (square shape) due to

Intermetallic phases formed during Nickel : 2 2
impact during spraying

spraying act as cementing material

Figure 5.36. Cross-sectional BSE-SEM image of HVOF-sprayed WC-Ni MMC

coating showing presence of numerous pre-existing voids in the microstructure.
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Material separating in Crack propagating through
delaminated sheet form weakest zone in the composite

Figure 5.37. Cross-sectional BSE-SEM image of wear-tested HVOF-sprayed
WC-Ni MMC coating showing presence of elongated voids and cracks oriented in
sliding direction.

Sub-surface cracks oriented

Void nucleation and parallel to surface

expansion under stress

Figure 5.38.Cross-sectional BSE-SEM image of wear-tested HVOF-sprayed WC-
Ni MMC coating showing presence of elongated voids and cracks oriented in
sliding direction.
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The FSP-treated HVOF-sprayed WC-Ni MMC coating can be represented in form
of rectangular blocks juxtaposed next to each other (Fig. 5.39). Here, white blocks
represent carbides, oxides and all the compounds present in composite while
black boundary separating two blocks represent soft, ductile nickel binder. The
notion behind such representation lies in fact that nickel binder is uniformly and
homogenously distributed in the composite. Also, FSP treatment results in
oxidation of some amount of nickel to NiO which further lowers content of soft
nickel binder. The nickel binder in this composite appears as cementing agent
instead of separate entity in microstructure like in HVOF-sprayed WC-Ni MMC
coating (Fig. 5.40 and 5.41). A close look at cross-sectional image of the wear
tested microstructure shows presence of scraping-off of composite, However
scraping-off was localised. This is evident in Fig. 5.41, which shows that width of
wear scar is limited compared to found in wear tested cold-sprayed and HVOF-
sprayed WC-Ni MMC coating.

WC-12Co particle Nickel binder

{(white region) (black region)

! !

Figure 5.39. Schematic of FSP-treated HVOF-sprayed WC-Ni MMC coating
showing islands of nickel scattered in WC-Ni MMC microstructure.
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Digging of abrasives at different locations, but no cracking
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Figure 5.40. Cross-sectional BSE-SEM image of wear tested FSP-HVOF-sprayed
WC-Ni MMC coating showing presence of (a) no sub-surface cracking

and (b) limited sub-surface cracking, in the composite.
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Sub-surface cracking oriented Indents and scraping of material
parallel to the surface by flowing abrasives

Figure 5.41. Cross-sectional SE-SEM image of wear tested FSP-treated HVOF-
sprayed WC-Ni MMC coating showing presence of indents and subs-

surface cracks.

The FSP treatment on the HVOF-sprayed coating generated thermal and
mechanical stresses which contributed to uniform distribution of carbides and
cementing binder. The vortex generated in material due to tool rotation was
concentrated in a thin zone from the top surface (Fig. 5.42). Compared to the
FSP-treated cold-sprayed WC-Ni MMC coating, the FSP-treated HVOF-sprayed

WC-Ni MMC coating showed thin friction stir processed zone.

158



Nickel binder uniformly and

homogenously dispersed in the Visible nickel islands (black regions)
FSP treated zone in composite dispersed in the composite

- >
[

b 25 % 7 N 5
A TR - 1
AN RET. st TG

-

Figure 5.42. Cross-sectional SEM image of FSP-treated HVOF-sprayed WC-Ni
MMC coating showing presence of homogenous and uniform microstructure in

FSP-treated zone.

Since during HVOF spraying, there is breakage of bonds and fragmentation of
agglomerated WC-12Co to individual WC-Co particles, so FSP treatment did not
produce pronounced effect on carbides alike FSP-treated cold-sprayed WC-Ni
MMC coatings. The absence or reduction in the porosity and cracked zones in the
HVOF-sprayed WC-Ni MMC coating after FSP treatment indicates the fusion of
pores and micro cracks due to the stresses generated during FSP treatment (Fig.
5.43). The friction stir processed zone showed uniform distribution of WC-12Co
carbides in the composites. The distinctly visible nickel islands in HVOF-sprayed
WC-Ni vanished to result in uniformly distributed nickel in FSP-treated HVOF-
sprayed WC-Ni MMC coating Also, there was an indication of the increased
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content of carbides per unit area in the FSP-treated HVOF-sprayed WC-Ni MMC
coating compared to non-FSP-treated HVOF-sprayed WC-Ni MMC coating. The
carbides being harder, contributed to an overall increase in the average hardness
value of the coating in this zone. The toughness measurement made using Vickers
indentation technique showed smaller indents with no cracking indicating
improvement in adhesive toughness of the microstructure. The improvement in
toughness was ascribed to the improved homogeneity in microstructure and
reduction in microstructural flaws after FSP treatment. The uniform distribution
of nickel binder contributed to enhanced wetting of carbides and collapsing of
voids which improved adhesion between them. The uniformity also reduced

variation in hardness and contributed to improved wear resistance of the MMC.
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Figure 5.43. Cross-sectional BSE-SEM image of FSP-treated HVOF-sprayed
WC-Ni MMC coating showing presence of nickel binder uniformly

distributed in the microstructure.
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Chapter 6. Conclusion

The cold-sprayed and HVOF-sprayed pure nickel and WC-Ni MMC coating were
wear tested in dry abrasive wear test. The study involved optimization of wear
rate for different WC-Ni MMC coatings with varying content of WC. Similarly,
FSP-treated cold-sprayed and HVOF-sprayed WC-Ni MMC coatings after
characterization were wear tested in similar wear conditions like as-sprayed

coatings. The major deriving conclusion of this study was:

a. The mechanically blended WC-Ni mixture used for cold spraying of WC-Ni
MMC coating showed non-homogenous distribution while transit through
hose. This was assisted by density difference between nickel and WC-12Co
powder. The mixture became homogenous as WC content was increased which
also resulted in substantial induction of carbide content in MMC coating.

b. An investigation into wear mechanism of cold-sprayed WC-Ni MMC coating
with varying content of WC-12Co was carried out. The wear changed from
completely ductile behaviour combined with continuous delaminated sheet
formation to fragmented thin wear sheets for WC-Ni MMC containing higher
content of WC. The wear in all MMC seems to be influenced by void content.
Void content is progressively reducing as constant of reinforcing WC-12Co
particles are increasing. Sub-surface crack nucleation and propagation is
motivated by presence of voids which accelerate for porous microstructure.
Increased presence of carbides offered resistance to crack nucleation and
propagation. The analyses of wear rate of WC-Ni MMC coatings indicated that
lowering of mean free path resulted in increased carbide content which
enhanced coating toughness during cold-spraying. This resulted in improved
coating toughness with less void and crack nucleation followed by enhanced
wear resistance.

c. The modified wear theory defined equation for wear rate values of WC-Ni
MMC coating with WC- content varying from 10 to 52 vol. % only. For low
content of WC, more coating wear rate values should be available to ascertain

the defining equation.
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d. Friction stir processing showed improved mechanical properties in thermal-
sprayed WC-Ni MMC coating with change in tool rotational speed from 900
RPM to 1400 RPM. This was reflected in increased homogeneity, uniformity
and better mechanical properties like hardness to name a few.

e. The wear results of FSP-treated thermal-sprayed WC-Ni MMC coating showed
substantial improvement. The wear rate of cold-sprayed WC-Ni MMC coating
containing lower content of WC was close to wear rate of HVOF-sprayed WC-
Ni MMC with higher WC content. Similarly, wear rate of FSP-treated HVOF-
sprayed WC-Ni MMC coating showed 80% fall. There was appreciable
content of oxides and carbides in FSP-treated thermal-sprayed WC-Ni MMC
coating indicating oxidation and decarburization during FSP treatment,
However their deleterious effect by sub-sided by their uniform and
homogenous distribution in the microstructure. The wear analyses of the wear-
tested FSP-treated coatings indicated reduced surface and sub-surface cracking
due to enhanced toughness. The vulnerable nickel binder was replaced by
uniformly distributed micron size carbides which increased rigidity and
compactness of the microstructure. Cracks if any were thin in width due to
reduction in the width of nickel binder trapped between the carbides. This
means that FSP treatment can show substantial improvement in mechanical
properties of the thermal-sprayed coatings due to mechanical currents

generated during treatment resulting in tough microstructure.
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Chapter 7. Future works and recommendations

Considering that the research objectives mentioned in this study encompasses
numerous aspects related to thermal spraying and FSP treatment, it was important
to limit scope of the study. After observing positive outcomes from wear-tested
FSP-treated thermal-sprayed WC-Ni MMC coating, it opened the scope of the
study for future work. The following aspects have been strongly recommended

from future work point of view:

a. The equation defining the behavior of increasing tungsten carbide content in
low pressure cold-sprayed WC-Ni coating seem to be applicable only in the
WC content of 11 to 52 vol. %. As shown by others papers, the wear of the
metal matrix composite containing wear resistant reinforcing particles showed
decreasing trend of wear rate with increasing reinforcement particle content in
the composite. In our case, the fall was sudden and drastic at 4 vol.% WC in
the WC-Ni coating. It means dry abrasive wear test to measure wear rate of
different cold-sprayed WC-Ni coating with WC content less than 4 vol.%
should be explored.

b. Seeing the success of dry abrasive wear test on FSP-treated cold-sprayed as
well as HVOF-sprayed WC-Ni coating, the thermal sprayed WC-Ni coatings
should be tested in wet abrasive wear test (ASTM B611).

c. The effect of varying number of passes of tool during friction stir processing of
WC-Ni coatings on mechanical properties like hardness, toughness, depth of
friction stir zone, porosity, wear resistance, should be checked. Similarly,
effect of other friction stir processing parameters like tool travel velocity and
axial load on tool, on mechanical properties of coatings should also be
checked.

d. The cobalt and nickel in WC-Ni coating are corrosion prone. Also, leaching of
cobalt between WC grains results in easy removal of WC in aqueous solution.
Hence, corrosion rate of FSP-treated as well as non-FSP-treated cold-sprayed
as well as HVOF-sprayed WC-Ni coating should be checked in alkaline as

well as in acidic solutions.
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e. After successful wear result for FSP-treated thermal sprayed WC-Ni coating,
the effect of FSP treatment on wear and corrosion resistance of NiCrBSi,
Cr3C,-NiCr, NiCr, TiO,, Y,03-X (where X is Cr, Ni, Co, or combination of
these) should be tried.
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Appendix 1. Wear theories calculation

Equal pressure theory mode
Wear rate of WC-Ni MMC as per equal pressure theory is given by [1]:
Wive ni = Ve 1200 XWine 1200 +Vii XWyi - (1)
Where,
Wywe-ni = Wear rate of cold-sprayed WC-Ni MMC coating,
Wwc-12c0 = Wear rate of cold-sprayed WC-12Co,
Wi = Wear rate of cold-sprayed Ni coating,
Vwe-12c0 = Volume content of WC-12Co in WC-Ni MMC coating,
Vni = Volume content of Ni in cold-sprayed WC-Ni MC coating.

For WC-Ni MMC coating fabricated from powder composition of 50 wt.% WC —
50 wt.% Ni, the coating composition is WC - 4 vol. % Ni

Wiveni =Vweazco XWieazco +Vii X Wy
Wiyye i = 0.04x0.06x107° +0.96x1232.94x107°
Wiy i =1185x10° mm?¥/N-m

For WC-Ni MMC coating fabricated from powder composition of 75 wt.% WC —
25 wt.% Ni, the coating composition is WC- 11 vol. % Ni

W,ye n =0.11x0.06x107° +0.89%1232.94x10°°
Wiye_ni =1093x107° mm?*/N-m

For WC-Ni MMC coating fabricated from powder composition of 92 wt.% WC —
8 wt.% Ni, the coating composition is WC- 58 vol. % Ni
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Wy i =0.42x0.06x107° +0.58x1232.94x10°°
Wiye i = 711.3x10° mm®/N-m

For WC-Ni MMC coating fabricated from powder composition of 96 wt.% WC —
4 wt.% Ni, the coating composition is WC- 48 vol. % Ni

Wy i =0.52x0.06x107° +0.48x1232.94x10°°
W, i =595%107° mm?/N-m
Equal Wear theory Model

Wear rate of WC-Ni MMC as per equal wear theory is given by [2]:

1 — VWC—lZCo + VNi
W WC-Ni WWC&ZCO WNi

()

For WC- 96 vol. % Ni MMC coating,
1 _ VWC—lZCo + VNi

W WC-Ni WWC—lZCo WNi

1 _ 004 09
Wen 006x107°  1232x10°°

W, i =1.544x107° mm®/N-m

For WC- 89 vol. % Ni MMC coating,

1 _ 01 089
W e 0.06x107°  1232x10°

W,ycni = 0.53%107° mm?*/N-m

For WC- 58 vol. % Ni MMC coating,

1 __042 058
Wy 0.06x10°  1232x10°
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W,ye_ni = 0.142x107° mm®/N-m

For WC- 48 vol. % Ni MMC coating,

1 _ 052 048
W 0.06x107°  1232x10°

W,e i = 0.12x107° mm?/N-m

Modified wear theory model

The formula of wear rate as per modified wear theory model for WC-Ni MMC is

given as [3]:

1 Vi n (CxVye)

WWC—Ni - WN' WWC

3)

Where,
C = Contribution coefficient.

Consider WC-Ni MMC coating fabricated from powder composition of 50 wt.%

WC - 50 wt.% Ni. The composition of WC-Ni MMC coating is WC - 96.12 vol.%

Ni. So on substituting the volume content and wear rate values in Eq.(3), we get:
1 Vi n (C xVye)

WWC—Ni WNi WWC

1 09612 (Cx0.0388)

112.975x10°° 1244.18x10°  0.06x10°®
This gives “C” = 12.5 x 107

Now, this value of “C” is used to calculate wear rate of different WC-Ni MMC
coating. For example, WC-Ni MMC coating fabricated from powder composition
of 50 wt.% WC — 50 wt.% Ni gives coating composition as WC — 96 vol. % Ni.
So wear rate of WC-Ni MMC using this “C” value is:
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1 __ 096  (0.0125x004)
Wy 1244.18x10°  0.06x10°

W,y i =113%x107° mm*/N-m
For WC- 88.64 vol. % Ni MMC coating,

1 _ 0884  (0.0125x0.1164)
Wye i 1244.18x107° 0.06x10°°

W, = 41x107° mm®/N-m
For WC- 58 vol. % Ni MMC coating,

1 058 (0.0125x0.42)
Wye o 1244.18x10°  0.06x10°

W,e i =11.3x107° mm3/N-m

For WC- 48 vol. % Ni MMC coating,

1 048 (0.0125x0.52)
Wye o 1244.18x10°  0.06x10°

W,yo i = 9.25%10° mm?/N-m

Similarly, ‘C’ value for other powder compositions of WC-Ni MMC is as
calculated below:
For WC- 88.64 vol. % Ni MMC coating, the ‘C’ value is:

1 _0.8864 . (C x0.136)
97.785x10°° 1244.18x10° 0.06x10°
C =5.025x 107
For WC- 58 vol. % Ni MMC coating, the ‘C’ value is
1 05772 . (C x0.423)
56.92x10° 1244.18x10° 0.06x10°°
C=2.426x 103
For WC- 48 vol. % Ni MMC coating, the ‘C’ value is:
1 B 0.483 . (Cx0.517)
20.147x10° 1244.18x10°° 0.06x10°
C=5.711x 103
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For C = 5.025 x 10, the wear rate values for different WC-Ni MMC coatings are

as follows:
a) For WC- 96 vol. % Ni MMC coating,
1 0.96 N (0.005025x%0.04)

W, 124418x10°  0.06x10°
W,e i = 249%10° mm®N-m

b) For WC- 88.64 vol. % Ni MMC coating,

1 _ 08864 | (0.005025x0.1164)
Wy i 1244.18x107° 0.06x10°°

W,o i = 97.8x10° mm?/N-m
¢) For WC- 58 vol. % Ni MMC coating,

1 0.58 , (0.005025x0.42)
Wy 1244.18x10°° 0.06x10°°

Wiye i = 27.9%10° mm®/N-m
d) For WC- 48 vol. % Ni MMC coating,

1 __ 048  (0.005025x0.52)
Wy, 1244.18x10° 0.06x10°

Wiye i = 22.9x10° mm®/N-m

For C=2.426 x 107, the wear rate values for different WC-Ni MMC coatings are:
a) For WC- 96 vol. % Ni MMC coating,

1 _ 09  (0.002426x0.04)
Wy i 1244.18x107° 0.06x10°°

W,ye i = 427 x107° mm*/N-m
b) For WC- 88.64 vol. % Ni MMC coating,

1 _ 08864 | (0.002426x0.1164)
Wy i 1244.18x107° 0.06x10°°

W,y =188x107° mm®/N-m
c) For WC- 58 vol. % Ni MMC coating,
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1 __ 058  (0.002426x0.42)
Wy, 1244.18x10° 0.06x10°

W,o i = 56.9%x10° mm?/N-m
d) For WC- 48 vol. % Ni MMC coating,

1 __ 048  (0.002426x0.52)
Wy, 1244.18x10° 0.06x10°

Wiyeni =47 x107° mm*/N-m

For C =5.711 x 102, the wear rate values are:
a) For WC- 96 vol. % Ni MMC coating,

1 096 . (0.005711x0.04)
Wye i 1244.18x107° 0.06x10°°

W, e i = 224x10° mm®/N-m
b) For WC- 88.64 vol. % Ni MMC coating,

1 _ 08864  (0.005711x0.1164)
Wyen 1244.18x107° 0.06x10°°

Wiyo i =86.8x10° mm*/N-m
c) For WC- 58 vol. % Ni MMC coating,

1 0.58 . (0.005711x0.42)
Wy 1244.18x10°° 0.06x10°°

Wiye i = 24.6x10° mm®/N-m
d) For WC- 48 vol. % Ni MMC coating,

1 _ 048  (0.005711x0.52)
Wye i 1244.18x10°° 0.06x10°°

W,e i = 20.2x107° mm?/N-m

The average of ‘C’ values for all four WC-Ni MMC gives ‘C’ value of 6.41 x 107
For C = 6.41 x 107, the wear rate of different WC-Ni MMC is:
a) For WC- 96 vol. % Ni MMC coating,
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1 _ 09  (0.00641x0.04)
Wy 1244.18x10° 0.06x10°°

W,yen = 203x107° mm*/N-m
b) For WC- 88.64 vol. % Ni MMC coating,

1 _ 08864  (0.00641x0.1164)
Wi 1244.18x107° 0.06x10°°

W,ye i = 77.8x10° mm*/N-m
c) For WC- 58 vol. % Ni MMC coating,

1 ___ 058  (0.00641x0.42)
Wy 1244.18x10°  0.06x10°°

Wye i = 21.9x107° mm?/N-m

d) For WC- 48 vol. % Ni MMC coating,

1 __ 048 (0.00641x0.52)
Wy 1244.18x10°  0.06x10°°

Wyyen =18x107° mm*/N-m
The best value of ‘C’ considering Chauvenet’s principle is 4.387 x 107
For C = 4.387 x 10°®, the wear rate of different WC-Ni MMC is:

a) For WC- 96 vol. % Ni MMC coating,

1 _ 09 | (0.004387x0.04)
Wy 1244.18x107° 0.06x10°°

Wiye i = 277x107° mm®/N-m
b) For WC- 88.64 vol. % Ni MMC coating,
1 0.8864 N (0.004387 x 0.1164)

W, 1244.18x107° 0.06x10°°

W, =111x10° mm®/N-m
¢) For WC- 58 vol. % Ni MMC coating,

1 __ 058  (0.004387x0.42)
Wy, 1244.18x10° 0.06x10°

W, = 31.9%x10° mm?/N-m
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d) For WC- 48 vol. % Ni MMC coating,

1 __ 048  (0.004387x052)
Wy, 1244.18x10° 0.06x10°

W,e i = 26.2x107° mm3/N-m
The wear rate corresponding to different WC-Ni MMC coating using different

“C” value is presented in Table 4.5.
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Appendix 2. Calculation of clamping force to hold

the coated sample during FSP treatment

To provide effective clamping of coated sample during FSP treatment, welding at
base of the substrate is done. The length of the weld bead will decided on the

basis of the minimum force to be exerted on them during FSP treatment

The substrate is mild steel, hence using appropriate filler material is necessary to
avoid microstructural changes in substrate during welding. The filler metal rod

used is mild steel (M.S.) with copper coating on them [1].

The rotating tool induces shear stress on welds at substrate base. Hence,

maximum shear stress limit of weld material will decide its capacity to bear it.
The maximum (Permissible) shear stress on weld (¢, ) is given by [2]

§ max. = 0.5S, = 0.5 (372) = 186 MPa (1)

Where,

Sy = Yield stress of weld bead material = 372MPa [1]

192



Top View

Welding base of
substrate

Tool rotation
direction

Front View

3

N\

\ Rotating Tool
§ W (i u‘;; i:;];uc
N

Mild steel

a [ (”/ﬂ‘ Substrate

Weld bead at

|j $ a k{_ substrate base

Figure 7.1. Depiction of weld bead at substrate base to provide effective

clamping during FSP treatment of WC-Ni MMC coating

Now shear stress acting on each side weld bead (¢) is given by

= @
(2x0.707 xax L)

.

Where,

F. = Tangential force, N,
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L = weld length, m,
a = weld bead width, m,

‘2’ is taken in base since tangential force is distributed between two welds

provided on sides.
Now, tangential force due to rotating tool will induce in shear stress in weld bead.
Thus, Fr = uN 3)
Where,
N= Normal force or vertical thrust force on tool, N
u = coefficient of friction between tool and coating.
Usually normal force used is 1 kN.
As an extreme case, let F; be 6-7 kN

Substitution of all the values in Eqgn. (1), should give value of £. This value of £
should be less than ¢max to avoid fracturing of weld bead from substrate base.

Usually, a =3 mm, so only variable is L or weld length.
So to find least value of weld length (L) [2],
Let €=,C max

F

t

L =
(2x0.707xax ()

So,

L — 6x10°
(2x0.707 x3x107° x186 x10°)

L =7.6 mm

Thus, minimum length of weld bead to be provided on each side of the substrate

to provide effective clamping is 7.6mm.
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Appendix 3. Maximum heat during FSP heat

treatment

The heat generated in work piece during FSP treatment is sometimes responsible
for failure of material. The limiting value of temperature during FSP treatment

when operating on cold sprayed Nickel samples is as derived below:

Non-dimensional heat input, Q* [1]

_ 0 ALaC, T

*
Q KU?

1)
Where,
Ge= Yield stress of nickel at 0.8 times of solidus temperature (Ts), MPa,
Aw = cross-sectional area of the FSP tool, m?
C, = Specific heat of the nickel coating, J/kg-°C,
f = ratio of heat generated at work piece to heat generated in tool,
K = Thermal conductivity of the work piece, W/m-°C,

o = rotational speed of tool, rpm

U = Linear velocity of the tool on work piece, m/s

Now, “f” is ratio of heat generated at work piece to heat generated in tool [1]

f_|:(KpCP)N| :| (2)

| (KoCh)e
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The terms in the numerator are for pure Nickel coating while in denominator are

for WC-10 wt. % Co tool. The parameters required for this ratio are as follows:
(a)For Pure Nickel, the properties are [2]:
Specific heat, C,= 456 J/kg-°C

Density, p= 8890 kg/m3,

Thermal conductivity, K = 70 W/m-°C

(b) Properties of pure WC [3, 4]:

Cp= 159.75 J/kg-°C

p = 15800 kg/m?®,

K =84.02 W/m-°C

(c) Properties of Pure Co [5]:

C,= 421 J/kg-°C

p = 8900 kg/m®,

K =100 W/m-°C

Case 1: FSP treatment on pure nickel coating.

Now the tool used for FSP treatment has composition of WC-10 wt.% Co which
in vol.% will be WC-16.67 vol. % Co.

Properties of WC-16.67 vol. % Co [6]

Density, pyc co = Pwe XVwe + Peo XVeo

= 0.8335 x 15800 kg/m® + 0.1667 x8990 kg/m®

Pwc-co

=14667.9 kg/m®

Pwc-co

197



Specific heat [6],

Pwec-co X (Cp Jwe_co = Pwe * Ve X (Cp Jwe + Pco XV, X (Cp)CO

PuseceCurece = 0-8335 x 15800 kg/m® x 159.75 W/m-°C
+0.1667 x 8990 kg/m>x421 W/m-°C

PueceCuece = 27347 x 10°

Cuwec, = 186.44 J /kg- °C

Thermal Conductivity [6],

Upper limit: K, .. =Vie X Kye + Ve, X Kg,

Kue_co = 0.8335 X 82.02 W/m-°C + 01667 x 100 W/m-°C

Kice_ce = 85.03 W/m-°C

.. V \V/
Lower limit: =_WC€ 4 _Co
WC-Co KWC KCO
1 0.8335 0.1667

= +
Kueo, 82.02W/m=C  100W/m=°C

Kyye.co= 84.5 W/m-oC

198



Table 7.1. Properties of pure nickel and FSP tool

Ni coating WC-10 wt.% Co

Cp= 456 J/kg-°C Cp=186.44 ] /kg- °C

p= 8890 kg/m®, pe =14667.9 kg/m®

K =70 W/m-°C Upper limit, K= 85.03 W/m-°C
Lower limit, K= 84.5 W/m-°C

Substituting values in Eq. (2), we get

o [ owim-cxas90kgm” x 4560k C) °°
(85.08W/m-° C x 14667.9kg/m® x 186.4J/kg° C)

f = 1.1047 using upper limit of K and

=1.10815 using lower limit of K

Now solidus temperature (Ts) for pure nickel is 1454°C (1723K) or 2650°F.

Now, 0.8 Ts=1378K =1100 °C.

Yield stress at 0.8 T from standard chart is given as [7]
~ 2

o5~ IN/m

Now, non-dimensional heat input (Q*)

oAy oC, f

* =
Q Kv?

Where,
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os = IN/m?,

Aw=1.226 x 107 m?,

C,= 456 J/kg-°C,

K =70 W/m-°C

f=1.1047,

v = 33mm/min. = 0.55 x 10" m/sec.

Substituting values, we get,

_IN/m? x1.226 x10™*m? x 456J/kg-° C x 1400 x1.1047

*
Q 60 x 70W/m-° C x (0.55x 10> m/sec.)’

Q* =68.054 x 10°
Now, non-dimensional peak temperature (T*) is defined as [1]

T* = 0.151 log,,(Q*) + 0.097 for 4 x10°<Q*<3.7 x 10° (3)

Substitution of values,
T* = 0.151 log 19(68.054 x10%) + 0.097
T*=0.83

Also, T* = Te=Ta
Ts _TA

(4)
Where, Tp = Peak temperature, K
Ta = ambient temperature, K,

Ts = Solidus temperature, K

Substituting values,
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T, — 298K
0.83=
1723K — 298K

T, = 1476 K = 1203°C.
Now, this is the limiting peak temperature which pure nickel coating can reach.

Relation between peak temperature and rotational speed [8]

T 2 Y
=K | )
Tu vx10

Where,
Tp = Peak temperature reached during FSP operation, K
Tm = Melting point of work piece material, K
o = rotational speed of tool, rpm
v = travel velocity of tool on work piece, m/sec.

a, K = Constants.
Melting point of Nickel is 1454 °C while ratio, Tp/Tyis 0.6 to 0.9.
a Varies between 0.04 - 0.06 while K varies between 0.65 - 0.75 [9].

Now, if travel velocity is kept constant while @ varied, it is clear that higher the
o, higher is Tp. So higher @ will result in higher torque and hence higher viscosity
currents in the material during FSP treatment which will make coating unstable
and coating will spall off due to this [10].

Now, value of T, from Eq. (9) should not cross value given by Eq. (10). In fact, it
should be as less as possible, usually 0.6Ty. The @ value of 900- 1400 RPM
resulted in melting of Inconel rods used as tool. So, it means, the temperature rise
is really significant. So for pure nickel coatings, we should start with low
rotational speed like 200 to 400 rpm and progressively increase till the coating

will spall off. The value of @ just before coating spall off will be the final reading.
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Case 2: FSP treatment to cold-sprayed and HVOF-sprayed WC-Ni MMC coating
Properties of WC-12wt.% Co:
p=14213 kg/m®
The WC-Co in volume percent is given by WC - 19.303 vol. % Co
Pwcazco(Cplwe12co =Vive X (Cpwe +Veo X Lo X (Cp) o

p.C, =0.807x15800x159.75+0.19303 x 8900 x 421

C, =194.2 J /kg- °C

Linear rule of mixture:

KWC—CO =VWC X KWC +VC0 x KCO

K. =0.807x84.2W/m-° C +0.19303x100W/m-°C

K, =87.254 W/m-°C

Inverse rule of mixture [6]:

1 — VWC + VCo

KWC—CO KWC K Co

1 0.807 0.19303

= +
Ko 84.2W/m-°C  100W/m-°C

K. =86.88 W/m-°C

Now, to find properties of WC-Ni MMC coating fabricated using cold spraying
technique, we take volume content of both the constituents in composite. The

WC-Ni content in the MMC coating is WC — 48 vol % Ni

Thus density of WC- 48 vol. % Ni coating is:

(Pwenides = Pwe X Ve + Pni XV
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= 14213kg/m ® x 0.52 +8890kg/m * x 0.48
(Pwe-ni)es =11657.9 kg/m3

1 ~ Ve +VNi
(Pwenides  Pwe  Pui

__ 052 048
14213kg/m®  8890kg/m*

(Pweni)es =11041.2kgm®

Specific heat is given by:

Puwcni % (Cplweni = Pwe *Vie X (Cpwe + i XV X (C, )
=14213kg/m® x 0.52 x194.2W/m-° C + 8890kg/m * x 0 .48 x 456W/m-° C

Substituting value of (py,c ) =11657.9kg/m?,

(C,)weni =290 J /kg- °C

and

(C,)wens =306.23 J /kg-°C

(Kwenides =Vive X Kye +Vii x Ky
=0.52x86.88W/m-° C + 0.48 x 70\ W/m-°C

(Kyeni)os = 78.78W/m —°C

1 — VWC + VNi

(KWC7Ni)CS I<WC I<Ni

__ 052 048
86.88W/m-°C = 70W/m-°C
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(Kwe_ni)es = 77.86W/m —°C

Similarly for HVOF-sprayed WC- Ni MMC coating, the coating composition is

WC — 19 vol. % Ni

Density:

Linear rule of mixture [6]
(Pwenidrvor = Puc *Vwe + P XVyi

= 14213kg/m® x 0.81+8890kg/m° x 0.19

(Pwe-ni) wvor =13201.63kg/m”

Inverse rule of mixture

1 ~ Ve +VNi
(Pwenidmvor  Pwe P

__ 081 019
14213kg/m®  8890kg/m*

(Pwe i) ivor =12761.2kg/m’?

Specific heat:

Pwe-ni % (Cp)chNi = Pwe X Ve X (Cp)WC + Pri XV X (Cp)Ni

=14213kg/m® x 0.81x194.2)/kg-° C +8890kg/m® x 0.19 x 456J/kg-° C
Substituting value of (o, ;) =13201.63kg/m®,
(C,)wen =227.7 JIKg-°C

and
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(Cp)WC—Ni =235.55 J/Kg- °C

Specific heat:

(Kweni)ivor = Ve X Ky +Vi XKy
=0.81x86.88W/m-°C +0.19x 70W/m-°C

(Kweni) vor =83.67W/m —°C

1 — VWC + VNi

(KWC7Ni )HVOF KWC KNi

__ 08l 019
86.88W/m-C ~ 70W/m-°C

(Kweni)vor =83.07W/m —°C

Substituting values in egn.(8), we get

For HVOF-sprayed WC-Ni MMC

f: |: (KpCP)WC—Ni :|0l5
(KACo)uc

(83.07W/m-°C x13201.63kg/m* x 235J/kg°C) |~
(85.03W/m-° C x 14667.9kg/m® x 186.44J/kg C)

=3.327

(85.03W/m-° C x 14667.9kg/m > x 186.44J/kg-° C)

=3.232

For cold-sprayed WC-Ni MMC

. _[ (83.67W/m-°C x12761.2kgm® x 227.7/kg-° C) r
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(78.78W/m-° C x11041.2kgm® x 2900/kg-°C) |
(85.03W/m-° C x 14667.9kg/m® x 186.44J/kg C)

=3.3

(77.86W/m- C x 11657.9kg/m*® x 306.23)/kg°C) |~
(85.08W/m-° C x 14667.9kg/m® x 186.44J/kg° C)

=3.456

The heat generation factor value is:

Q* = osA,Craf
KU ?

_IN/m? x1.226 x10™*m? x 235J/Kg-° C x1400 x 3.327
60 x83.07W/m-° C x (0.55x10°m/sec.)?

Q*
Q* =88807.9

_IN/m? x1.226 x10™*m? x 227.7J/Kg-° C x 1400 x 3.232

*
Q 60 x 83.67W/m-° C x (0.55x 10~° m/sec.)?

Q* =85432.17

_ IN/m? x1.226 x10™*m? x 290J/Kg-° C x1400 x 3.3

*
Q 60 x 78.78W/m-° C x (0.55x10 " m/sec.)?

Q* = 115560.7

_ IN/m? x1.226 x10™* m? x 306.23]/Kg-° C x 1400 x 3.456
60 x 77.86W/m-° C x (0.55x 10> m/sec.)?

Q*

Q* =123470

Substituting value of Q* in Eq. 8 and 9 gives the T value for cold-sprayed as well
as HVOF-sprayed WC-Ni MMC in range of 2000 — 2100°C.
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