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Abstract

Thermally sprayed tungsten carbide cermet coatings are extensively used in
engineering applications, such as cutting tools, rock and earth drilling tools. When
coatings are compared, they often differ in a number of ways, such as being deposited
from powder feedstock with different characteristics (e.g. particle size, powder porosity,
method of manufacture, different carbide grain sizes, different volume fractions of
binder, different binder types) and with different thermal spray systems. When a number
of factors are varied at once, then it is very difficult to identify the causes of any

differences observed in coating microstructure and performance.

In the current study, an attempt was made to vary just one variable at a time whilst
keeping (as far as possible) the other variables constant. Experiments evaluated the
independent effect of three parameters on the microstructure and performance of
tungsten-carbide based coatings as follows: (a) metal binder type (comparing WC-
12wt%Co and WC-12wt%Ni); (b) WC grain size (coarse and fine carbide size in WC-
17wt%Co); and (c) metal binder content (WC-12wt%Co and WC-17wt%Co with
similar carbide grain size). All feedstock powders used were agglomerated and sintered
with similar particle size (-45+15 um), deposited on mild steel substrates using a
Metallisation MET-JET 4L kerosene-fuelled HVOF system. Coatings were
characterized in terms of their microstructure, mechanical properties, and dry sliding
wear behaviour. The research also addressed the possibility of using scratch testing as a
method for evaluating the fracture mechanism of thick coatings and as a tool for
predicting their wear behaviour.

The experimental results show more decomposition of WC (into W,C and W) in
the WC-12Co coating compared with the WC-12Ni coating. This could be due to
melting occurring at lower temperature in the W-Co-C system than in the W-Ni-C
system during particle heating in the spray gun. There also appeared to be more
amorphous phase formation in the WC-12Co coating. Hardness and fracture toughness
are both higher in the WC-12Co coating than in the WC-12Ni coating. Additionally, the

WC-12Co coating required higher loads to induce fracture in the scratch test. In sliding
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wear, both the WC-12Co and WC-12Ni exhibited a similar wear mechanism in mild
wear but the WC-12Co coating withstood a higher applied load before the transition to

severe wear.

The effect of the WC grain size on the WC-17Co coating was evaluated. The
results show that fine and coarse carbide coatings have similar microstructural features.
However, the fine carbide WC-17Co coating exhibited a higher hardness and lower
fracture toughness. Furthermore, the fine carbide WC-17Co coating required higher
loads to induce fracture in the scratch test compared to the coarse carbide WC-17Co
coating. In sliding wear, both coatings exhibited a similar wear mechanism and rate in
mild wear. However, the WC-17Co coating with fine WC grain size withstood higher

loads before the transition from mild to severe wear.

The coating with lower metal binder content (WC-12Co) exhibited higher levels
of decomposition compared with the coating with higher metal binder content (WC-
17Co). Increasing the binder content resulted in reduction in the microhardness,
increased the fracture toughness and reduced critical loads through all scratch test
sections. In sliding wear, the coating with the higher binder content exhibited a wear

rate up to four times higher than that of the coating with the lower binder content.

Overall, coatings with higher critical load during scratch testing also exhibited
higher wear resistance. A linear relationship between the scratch critical load for
development of semi-circular cracks and the mild — severe wear transition load is
demonstrated. Consequently, it is proposed that scratch testing may be used to predict

load bearing capacity in sliding wear.
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CHAPTER 1 Introduction

1.1 Introduction

Surface engineering includes the application of traditional and innovative surface
technologies to improve the properties of bulk materials. Surface engineering has an
important technological, economic and environmental impact on modern science
through the cost reduction, increased productivity, design changes and technical
innovation. (Bell 1992; Bell et al. 1998; and ASM Handbook Vol. 5 Surface
Engineering 1994). Coating technology is one of the most common methods to protect
the surfaces of engineering components from wear and corrosion. Coatings are mainly
desirable and occasionally important for many reasons including unique properties,
economics, materials protection, or design flexibility. This near-surface area is created
by depositing a coating onto bulk material surface by processes such as physical or
chemical vapour deposition, electro deposition, and thermal spraying (Bunshah 2001;
Davis 2004).

Thermal spray coating processes (TS) are a set of coating processes that use
thermal energy produced by combustion or electrical methods. TS tends to be gathered
into three groups: combustion flame, electric arc, and plasma arc spray. A broad range
of materials can be used as TS coating materials. TS applies coatings to substrates
without significant heat input. TS is also able to strip off and recoat worn or damaged
coatings without changing part properties or dimensions. TS can be distinguished

according to the particle velocity and temperature. (Pawlowski 2008)

High velocity oxy-fuel (HVOF) is one of the combustion-based methods. The
combination of reasonable particle temperatures with high particle velocities in HVOF
processes give dense, high adhesion, and low oxidation coatings. The field of hard
metals and cermet coatings, such as WC-Co, WC-Ni and Cr3C,-NiCr is the main
application of HVOF due to the extremely high wear resistance and density (Hashmi
2014). Currently, liquid-fuelled systems have started to be used with HVOF instead of
gas-fuelled systems due to the low-cost of kerosene fuels and the superior acceleration

of liquid-fuelled guns. Also, liquid-fuelled HVOF systems provide dense coatings, with
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good bonding, higher particle velocities, lower temperatures, and higher wear resistance
than air plasma sprayed (APS) coatings (Sudaprasert et al. 2003; Zhang et al. 2003)

Due to their excellent combination of hardness, fracture toughness and wear
resistance, ceramic—metal (cermet) composites are extensively used to give wear
resistance to parts such as cutting, and drilling (Celik 2013; Shao et al. 2003). WC-
based cermets, such as WC-Co have been chosen to be commonly used in industrial
sectors to increase the wear resistance of machine parts (Celik 2013; Dvornik and
Zaytsev 2013; Gu et al. 2012; Zoérawski 2013). The WC-based cermets, mix the hard
WC phase and a ductile metallic binder phase with different proportions to provide

materials with a wide range of properties (Nahvi and Jafari 2016).

The properties and performance of WC cermet coatings depend on the size, shape
and distribution of WC carbides, and the composition and content of the metallic matrix
as well, which together form the coating microstructure. For optimal performance, the
coating ought to have large extent of retained WC particles finely dispersed within the
metallic matrix which reflects the relation between deposition parameters, coating
microstructure and wear resistance (Aristizabal et al. 2010; Mateen et al. 2011; Nerz et
al. 1992; Saha and Khan 2010). This depends fundamentally on the WC decomposition
level during HVOF coating, leading to the formation of non-WC phases and complex
carbides in the coating microstructure (Babu et al. 2008; Li et al. 1996; Yang et al.
2003b). Due to their high brittleness, these non-WC phases degrade the wear
performance of the cermet coatings by decreasing the fracture toughness. WC
decomposition is a function of powder characteristics, flame temperature and particles
velocity (Guilemany et al. 2005; Ishikawa et al. 2005; Stewart et al. 1999; Yang et al.
2006).

Scratch test is one of significantly used, quick, and effective techniques to get the
critical loads coupled with adhesion properties of coating. Scratch test is typically used
to measure adhesion of thin coatings. However, Ghabchi et al. (2014) used scratch tests
to develop a damage mechanism map for thermal sprayed WC-CoCr coatings. The
results pointed to a significant role of stresses and modulus on resistance to scratch.

Coatings with higher developing stress and modulus resulting from improved melting
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show higher critical load for delaminating. The methodology gives a strategy for using
the in situ process monitoring as a tool for describing coating behaviour under contact

load situations.

Due to their good corrosion and wear resistance, excellent wetting, adhesion, and
adequate mechanical properties such as toughness, stiffness and thermal conductivity,
tungsten carbide-based cermet has become extensively used in a great number of
applications, such as cutting tools, rock and earth drilling tools, drawing and sheet metal
forming tools and dies, wear components such as nozzles, plunges, cutters of paper and
other engineering applications (Kibarsepp et al. 2001b). However for the developments
in the area of hardmetal, finding alternative materials for replacing Co as the binder
phase is essential where the shortage of Co makes it a high-priced product and the main
ore areas are less reachable to the industrial sectors. Also, the low corrosion of WC-Co
cannot meet the increasing requirements under different working conditions. Moreover,
Co is classified as toxic and carcinogenic and the Co dust is principally responsible for

work-related diseases of plant maintenance workers.

Based on these reasons, there has been a significant effort to replace cobalt with
other metals. The most likely alternative binders are the transition metals iron and
nickel associated with cobalt. Nickel has received the most attention as an alternative as
its structure and physical properties are similar to cobalt. However, cobalt is metastable
and can transform to hcp structure and it is much more strongly magnetic (Tekmen et al.
2004; Voitovich et al. 1996). One of the core researches in this area is that carried out
by Berger (2008) where he compared WC-Co with WC-Ni cermet coatings to
investigate the impact of the metal binder type. The research studied the erosion and
oscillating sliding wear resistance of HVOF-sprayed WC-Co and WC-Ni based
coatings alloyed with different amounts of chromium. WC—-Co and WC-Ni with five
chromium alloyed feedstock agglomerated and sintered powders were sprayed with a
liquid fuelled HVOF-spray process. Starting feedstock powders of both WC-Co and
WC-Ni consisted of WC and metallic (Co/Ni) phases, while the coatings contain W,C
and metallic tungsten in addition to retained powder phases. The results illustrated that
WC-Co coating has higher hardness than the WC-Ni coating. Also, using cobalt as a

metal binder enhanced the erosive wear resistance. A dependence on the chromium
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content was not detected. Metal binder type and chromium content do not give sizeable
impact on the sliding wear alongside a hard metal counter body.

Celik et al (2006) assess the microstructural and mechanical properties of WC-
13wt%Co and WC-12wt%Ni cermet coatings for a roller cylinder. The results showed
that all coatings have highly dense structure as well as similar microstructure. This is in
addition to their low oxide and porosity contents and the good contact to the substrate.
The results show also that the microhardness of WC—Ni is higher than WC—Co which
can be attributed to the higher thickness of WC-Ni. Moreover, the total wear loss of
WC-Co is more than WC-Ni. However, the WC-based cermet powders were not
completely identical, since the metal binder content is different (13wt% Co and 12wt%
Ni). Also, there is NiAl bond coat between the WC-based cermet coatings and the
stainless steel substrate. Furthermore, the coating thickness of WC-Co was 250 pm and
315 um for WC-Ni coating. All these factors make it hard to compare the mechanical

properties and the wear behaviour of WC-Co and WC-Ni coatings in the right way.

In general, compared with WC—-Co system, which has been widely investigated
due to its commercial importance, there is still limited information and a lack of
knowledge on alternative binders such as those based on Nickel. Furthermore, to date,
there is no systematic study that has been performed to clearly investigate the effect of
metal binder type, WC grain size, and metal binder content on the coatings
microstructure, mechanical properties, and sliding wear behaviour. Furthermore, more
investigations on utilising scratch test with thick coatings are needed. Thus it appears to
be worthwhile to carry out investigations to cover these points which will be the focus
of this research.

1.2 Aims and Objectives

The aim behind this project is to provide more investigations on microstructure,
mechanical properties and sliding wear behaviour of thermally sprayed cermet coatings.

This will be carried out throughout the following objectives:
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1- Investigating the effect of metal binder type on the coatings microstructure,
mechanical properties, and dry sliding wear behaviour using WC-12wt%Co and
WC-12wt%Ni feedstock powders. Both powders are agglomerated and sintered
with similar particle size (-45+15 um).

2- Investigating the effect of WC grain size (cores and fine) on the coatings
microstructure, mechanical properties, and dry sliding wear behaviour using
WC-17wt%Co feedstock powder. Both cores and fine powders are
agglomeration and sintering with similar particle size (-45+15 um).

3- Investigating the effect of metal binder content on the coatings microstructure,
mechanical properties, and dry sliding wear behaviour using WC-12wt%Co and
WC-17wt%Co feedstock powders. Both powders are agglomeration and
sintering with similar particle size (-45+15 pum).

4- Investigating the possibility of using scratch test as a new method for evaluating

thick coatings fracture mechanism and predicting their wear behaviour.

1.3 Thesis Structure

The first chapter of this thesis includes general introduction and the aim and
objectives of the project. This is followed by Literature Review which includes the main
researches carried out in the area of thermal spray WC-M cermet coating and the most
significant progress in this subject. Chapter three illustrates the experimental procedures
where the specific materials and techniques used to produce the coatings are explained
in details. The tests used to characterise the coatings will be also described. Chapter four
investigates the effect of metal binder type on microstructure, mechanical properties and
dry sliding wear behaviour of thermally sprayed WC-M cermet coatings, including the
results and discussion. Chapter five investigates the effect of the WC grain size on
microstructure, mechanical properties and dry sliding wear behaviour of thermally
sprayed WC-17Co coatings, including the results and discussion. Chapter six includes
extracting the effect of metal binder content on the coatings microstructure, mechanical
properties, and dry sliding wear behaviour based on the results of chapters four and five.
The last chapter gives general conclusions about the objectives investigated throughout
this project and illustrates a number of recommendations and future works related to

this research.




CHAPTER 2 Literature Review

This chapter will be split into two sections. In first section brief fundamentals
knowledge related to the subject will be given. In the second section, the previous

studies related to the objectives covered in this study will be illustrated.

2.1 Fundamental knowledge

In this section brief basic knowledge related to the study topic will be covered.
This will include surface engineering and thermal spray coatings, hardmetals and cermet

coatings, wear types and theory and finally basic fundamentals of scratch test.

2.1.1 Surface engineering

Extending the life of engineering components, improving their performance, and
enhancing their appearance are very essential. As the performance demands have
increased the significance of surface engineering (cleaning, finishing, and coating) have
increased as well. The term surface engineering was defined in the ASM Handbook
Volume 5 as follows: “treatment of the surface and near-surface regions of a material to
allow the surface to perform functions that are distinct from those functions demanded
from the bulk of the material” (ASM Handbook, VVolume 5, Surface Engineering, 1994).
Surface engineering includes the application of traditional and innovative surface
technologies to create a composite material with properties unattainable in either the
bulk or surface material. Normally, surface technologies are applied to existing designs
of engineering components. However, ideally, surface engineering involves the design
of the component with knowledge of the surface treatment to be employed (Bell 1992).
Surface engineering has become a well-known technology and has had an important
technological, economic and environmental impact on modern science and technology
through the cost reduction, increased profitability, design changes and technical
innovation. Certainly, it is now broadly documented that surface engineering is a vital

technology that will support almost all industrial sectors (Bell et al. 1998).
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A surface is defined as “an interface between a solid object and its surroundings”.
The object is restricted to a solid, since coatings are applied to surfaces to protect them
when they interface with other solids, liquids, or gases, or to improve the surface for
aesthetic goals. In the performance of the component, these interfaces include physical,
chemical, electrical, and other forces. These forces can lower the performance of these
components or even cause them to fail. The effects of these forces could be mitigated by
applying the right coating on the component surface. Composites are the most materials
commonly used in high technology applications. Their near-surface region properties
are differing from those of the bulk materials. This is caused by the requirement that the
material exhibit a combination of different, and sometimes conflicting, properties. For
instance, a specific engineering component could be obligatory to have high hardness
and toughness to resist brittle crack propagation. This combination of properties could
be achieved by applying a composite material with high surface hardness and a tough
core. Overall, coatings are mostly desirable, or sometimes crucial, for many reasons
including unique properties, economics, materials conservation, or design flexibility
which can be achieved by separating the surface properties from the bulk properties.
This near-surface region is created by depositing a coating onto bulk material surface by
processes such as physical or chemical vapour deposition, electrodeposition, and
thermal spraying (Bunshah 2001; Davis 2004).

2.1.1.1 Thermal spray coatings

Thermal spray is a general term used to characterise a set of coating processes
which use the thermal energy produced by combustion or electrical methods. The
thermal spray processes are usually gathered into three major groups: flame spray,
electric arc spray, and plasma arc spray, with a number of subsets falling under each
group as illustrated in Figure 2-1. The coating material (in powder, wire, or rod form) is
heated to a molten or semi-molten state (Pawlowski 2008).
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Figure 2-1: Thermal spray processes and subsets, adapted from (Davis 2004).

Simultaneously, heated particles are accelerated and pushed to a prepared
substrate by either process gases or atomisation jets. The high temperatures and speeds
that particles achieved during the coating process are resulting in important droplet
deformation on impact at a substrate surface, creating lamellar thin layer, frequently
termed “splats”. Splat is the single impacted droplet/particle, as illustrated in Figure 2-2.
Overlapped splats are solidified and adhered together to form the coating layers. So, the
splat is the basic structural building block in thermal spray coatings. Splats are produced
when the accelerated, particles impact the substrate surface. Individual splats are
normally thin (~1 to 20 pm), and each droplet cools at very high rates (>10° K/s for

metals) to form the coating.

Magnification, 1000x

Figure 2-2: Schematic thermal spray splat structures, adapted from (Davis 2004).
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The coating properties are determined from the different features such as the
lamellar coating structure, unmelted particles, coating porosity, oxide inclusions, grains
size, coating phases, cracks, and bond interfaces. Figure 2-3 shows the schematic of
thermally sprayed coating microstructure illustrating most of these features. These
coating defects differ according to the spray process, selected coating parameters, and

the sprayed material.

f Layer
o Y. lines
(between
passes)

7 T i
Splat thickness Oxide Unmelted 457 m
inclusions particle

Figure 2-3: Schematic illustration of thermal spray coating microstructure viewing the common

features, adapted from (Davis 2004).

The schematic representation of a powder spray process in Figure 2-4 is showing

the major process characteristics affecting coating quality.

- Powder size & shape
Thermal - Powder thermal properties
spray source - Carrier gas flow
- Injection geometry

- Jet exit velocity & temperature ™~
- Particle velocity & temperature
- Particle trajectory

- Type of thermal

energy - Particle impact energy
- Gas flow - Particle impact angle
- Gas composition - Substrate type
- Temperature - Substrate temperature
- Cooling

Figure 2-4: Typical thermal spray process parameters and variables, adapted from (Davis 2004).
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The main advantages of thermal spray coating processes could be summarised in
three points. First, a broad range of materials that can be produce coatings. Almost any
material that melts without decomposing can be used. Second, most thermal spray
processes can apply coatings to substrates without significant heat input. The third
advantage is the ability to strip off and recoat worn or damaged coatings without
changing part properties or dimensions. However, the major disadvantage of thermal
spray coating processes is the line-of-sight nature of these deposition processes. They
can only coat what the torch can “see”. Also, there are size restrictions, small, deep

cavities into which a torch will not fit are impossible to coat (Davis 2004).

Thermal spray processes can be distinguished according to the particle velocity
and process temperature, as exhibited in Figure 2-5. Financial factors such as deposition
efficiency and powder feed rates are further reasons for the realisation of efficient
coating solutions. Regarding hardmetal coatings, coating development is currently
motivated by the search for the optimum combination of particle velocity and process
temperature to create dense coatings at high deposition efficiency and high powder feed
rates (Berger 2015).
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Figure 2-5: Schematic illustration of grouping of process temperature and velocity for the

different thermal spray processes (Berger 2015).

10



Chapter 2 Literature Review

2.1.1.2 High velocity oxy-fuel spraying

High-velocity flame spraying (HVFS), commonly called HVOF was developed at
the beginning of the 1980s, and used industrially just during last few decades. The first
module of this system was the JetKote process, which established by Browning
Engineering. Unlike detonation spray, HVOF operates on a continuous steady-state
basis (Bunshah 2001).

High-velocity flame spraying (HVFS) includes a number of different combustion
flame coating processes such as high-velocity oxygen-fuel (HVOF), high-pressure high-
velocity oxygen-fuel (HP-HVOF), high-velocity air-fuel (HVAF), high-velocity impact-
fusion spraying, and other novel techniques, for instance, the warm spraying process. In
all processes the fuel, (gaseous or liquid), is combusted in a combustion chamber of the
gun with oxidizer (oxygen or air). Mainly all processes are similar, however they are
different from each other in terms of gun design, fuel type, oxidizer type and particle
temperature and velocity. The thermal energy of HVOF process is partially replaced
with the high Kkinetic energy, this increases the particle velocity. The particle
temperature in this coating process is not extremely high as in many other spray
processes, such as plasma spraying. Particle temperature is kept as low as possible at a

level where the deposition process has adequate deposition efficiency.

Figure 2-6 compares HVOF processes in terms of particle temperature versus
particle velocity. The arrow shows development movement in which process

temperature is decrease at the same time as particle velocity increase (Hashmi 2014).
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Figure 2-6: Overview of particle temperatures and velocities for plasma spraying and various
HVOF spraying systems (Hashmi 2014).

The combination of moderate particle temperatures with high particle velocities in
HVOF processes produce dense, high adhesion, and low oxidation coatings. As HVOF
processes were principally developed for tungsten carbide based cermet (WC-Co)
coatings, the high retained carbides (WC) in the coating microstructure are a further
clear advantage of this process. This consequently leads to the significant improvement
in mechanical and wear properties compared to other thermal spray processes, such as,

plasma sprayed coatings (Hashmi 2014).

The quality of HVOF coatings mainly depends on the particle temperature and
velocity. The HVOF gun can produce a supersonic flame with a maximum velocity of
2530 ms™ and a maximum temperature of 3200 K (Cheng et al. 2001).

The high-velocity oxy-fuel guns can be divided into four major designs:

First design is axially aligned combustion chambers and nozzles. The fuel gases
are provided into the combustion chamber through a mixer. Powder particles and carrier
gas are injected into the combustion chamber through a powder port in the centre of the

mixer face, Figure 2-7a.
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Second, the combustion chamber feed hot fuel gases through a right angle
connector into the nozzle. Coating powder is injected in the rear face of the connector

through a port; this centres the powder stream within the nozzle, Figure 2-7b.

Third HVOF gun design is a modification of conventional flame gun. The
combustion chamber may or may not be restricted by a water cooling nozzle where the
powder stream and carrier gas is injected, Figure 2-7c.

The fourth HVOF gun design is high-pressure, kerosene-fuelled spray systems.
The coating powder is radially injected downstream of the combustor exit, Figure 2-7d
(Davis 2004).
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Figure 2-7: Commercially available high-velocity oxy-fuel thermal spray guns. (a) HV-2000.
(b) JetKote. (c) Diamond Jet (D-J). (d) JP-5000 (Davis 2004)
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2.1.1.3 Liquid fuel HVOF

Recently, the high-velocity oxygen fuel (HVOF) thermal spraying moved from
gas-fuelled to liquid-fuelled systems. The use of low-cost fuels such as kerosene is the
major advantage from this development. Furthermore, liquid-fuelled HVOF guns give
superior acceleration to the gas flow and high momentum output to powder particles
due to the convergent—divergent nozzle design. Researchers report that liquid-fuelled
HVOF systems produce dense highly bonded coatings without over-melting the powder

particles compared to gas-fuelled systems (Zhang et al. 2003).

Sudaprasert et al. (2003) studied the sliding wear behaviour of WC—Co coatings
HVOF sprayed with both liquid-fuelled (HVOLF) and gas-fuelled (HVOGF) systems.
They reported that during the gas fuelled spraying of coatings (HVOGF) the metal
binder (cobalt) is fully melted, this leads to higher decomposition of the WC particles
and forms a highly alloyed matrix. Even though the matrix phase is slightly brittle due
to its amorphous structure the cohesion of this coating is high, with well bonded
carbides to the matrix. In contrast, through the liquid fuelled sprayed coatings (HVOLF)
the metal binder is partially melted as a shell around the powder particle where the core
remains solid. On impact with the substrate to form the coating, the solid core
experiences major mechanical damage causing fracture of the WC particles and
decreasing the cohesion of the carbide-matrix. Even though the decomposition of
cermet powders in thermally sprayed coatings has been known to reduce the wear
resistance, coatings produced with low decomposition degree also leads to mechanical
damage of the particles on impact and consequently the wear resistance can be affected
by another mechanism, specifically the easy removal of damaged material during wear

process.

Schwetzke and Kreye (1999) studied the cermet coating with different high-
velocity oxygen fuel spray systems (JetKote, Top Gun, Diamond Jet (DJ) Standard, DJ
2600, DJ 2700, JP-5000, and Top Gun-K) using agglomerated and sintered WC-17Co
powder with particle size of 45 + 10 um. They investigate the decomposition and
oxidation of the coating material through different spray processes. Coatings hardness,

bond strength, abrasive wear, and corrosion resistance were characterised according to
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coating process. Table 2-1 shows the fuels and the process parameters used, and the
results of coating hardness and abrasive wear. The degree of phase transformation of
starting powder is depending on the spray system and spray parameters. This study
reports that phase transformation has insignificant effect on coating properties. So,
when the optimum powder and process parameters are selected, coatings of high
hardness and wear resistance can be produced with all HVOF spray systems. Phase
transformation is depending on the heat transferred to the powder particles, on the flame
temperature, and on the powder type used. In the gas fuelled HVOF systems, such as
Top Gun system, the powder is injected directly into the combustion chamber. This
consequently increases the degree of phase transformations. In contrast, with liquid
fuelled HVOF spray systems, such as JP-5000 and Top Gun-K, when the powder is
injected behind the combustion chamber, where the flame temperature is low, low
degree of phase transformation occurs. The same results are reported when the flame
temperature is reduced by cooling air as in the DJ 2600 and 2700 systems. Hardness and
bond strength of the coatings are mostly affected by the particles impact velocity, thus,
with liquid fuelled HVOF systems a converging-diverging nozzle is used, which

provides superior particle velocities.

Table 2-1: Spray parameters and properties of WC-17Co Coatings sprayed with different HVOF
systems and fuels (Schwetzke and Kreye 1999).

High velocity Fuel Oxygen Oxygen/ Powder Carbon Carbon

oxygen-fuel flow, flow, fuel feed rate, content, loss, Hardness, Abrasive wear,

system Fuel m¥h m¥/h ratio g/min wit% % 03HV  mg/1200DS

JetKote Hydrogen 255 128 0.5 30-40 38 27 1080 40
Propane 30 18.0 6.0 30-40 28 46 1200 33
Ethylene 48 284 59 30-40 31 40 1240 29

Top Gun Hydrogen 260 13.0 05 30-40 1.7 67 1080 84
Propane 30 15.0 50 30-40 22 58 1240 38
Ethylene 47 14.1 30 30-40 21 60 1110 55

DJ Standard Propane 44 158 46 40-50 34 35 980 45

DJ 2600 Hydrogen 382 128 045(a) 60-70 32 38 1340 30

DJ 2700 Propane 41 145 4.6(a) 60-70 35 33 1390 29
Ethylene 68 15.0 29(a) 60-70 31 40 1400 35

JP-5000 Kerosene 2081h 536 43(b) 80 33 37 1490 36

Top Gun-K Kerosene 18.0Vh 550 5.1(b) 80 37 29 1330 31

Spray powder: WC-Co 83-17, agglomerated sintered, —45 + 10 jm, carbon content 5.2 wi%. DS, double stroke. (a) Including the oxygen fraction of the compressed
air. (b) Standardized mass ratio oxygen/kerosene.
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2.1.2 Hardmetals and cermet coatings

Hardmetals and cemented carbides are two terms which describe the same thing;
“Hardmetals” is a term used in Europe, where “Cemented carbides” is commonly used
in USA but also in European English literature. In industry, the hardmetals that contain
WC phase are usually termed “cemented carbides” (Ortner et al. 2014).

Cermet, the original term was created by linking ceramic and metal into a one
word to describe a composite. This mixture of phases keeps the required properties of
metals and ceramics (Mura et al. 2013). Cermets based on Ti(C, N) and show high wear
resistance at high cutting rates when compared to conventional WC—Co hardmetals.
Moreover they show long lifetimes and an excellent surface quality of machined
materials (Ortner et al. 2014).

Even though both powder metallurgy (PM) and thermal spray (TS) use mainly
similar hard phase-binder metal composite materials, the improvement of both areas
happened nearly independently from each other. Moreover, the traditional terms for
these composites is different in each area and frequently leads to misunderstandings
(Berger 2007). Bulk parts produced by PM, are called “hardmetals” or “cemented
carbides”, where the term “cemented carbides” is often used for WC-based composites
only. Different meanings were given for the term ‘cermet’ (Ortner et al. 2014).
Frequently it is connected to TiC-Ni based composites. In thermal spray all hard phase
based coatings are generally termed as “carbide coatings”, however, occasionally also
as “cermet”. It appears that the term “hardmetal coatings” best describes the state-of-

the-art thermal spray coatings of this class of material (Berger 2015).

2.1.2.1 Hardmetals

Hardmetals or cemented carbides (sometimes called sintered carbides) are the
composite materials that consist of one or more, hard components and a ductile metal
binder which provides a certain degree of toughness. Hardmetals were first
commercially available from German company Friedrich Krupp AG 1927, given the

name "Widia" from German words "wie Diamant" which means “like diamond”.
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Hardmetals are produced by liquid phase sintering of mixed and compressed powder
mixture of carbides of the transition metals (such as WC, TiC, TaC) with mainly cobalt
as metal binder. Properties of composite material mainly depend on the properties of
their individual phases, such as, size and distribution of those phases, state of
aggregation of the carbide particles, and the interfacial energies and the state of stress
between the individual phases. Hardmetals mainly were used for wire drawing dies and
as wear resistant materials. Hardmetals are used for metal cutting applications after the
titanium carbide (TiC) was used as a further additive to the basic tungsten carbide-
cobalt composition. Nowadays more than 80% of hardmetals is used for metal cutting
industry (Ettmayer 1989).

Cemented tungsten carbides (hardmetals) and cermets are mostly used for wear
applications. They are used in all types of wear applications including abrasive, sliding,
fretting and erosive wear. Applications of tungsten carbide-based hardmetals include
cutting, rock and earth drilling tools, drawing and sheet metal forming tools (Kbarsepp
et al. 2001a; Verdon et al. 1998).

The exceptional wear resistance of the cemented carbides is attributed to their
unique combination of high hardness and fracture toughness. Cermet composition and
microstructure extensively effect their mechanical properties and wear resistance. For
instance, for WC-Co alloys of the same carbide grain size, the hardness decreases with
increasing binder volume fraction and binder mean free path, while the fracture
toughness shows an opposite trend. The relationships between wear resistance and the
compositional and microstructural parameters are generally more complex. Even given
the complex role of the microstructure it is obvious that both hardness and fracture
toughness are significant mechanical properties that control the wear resistance of
cermet (Shetty et al. 1985).

Hardmetal properties such as the hardness, wear resistance, and strength are
affected mainly by the WC grain size and volume fraction. In the sintered hardmetals,
the WC grains touch one another and form a continuous "skeleton™ of carbide, with the
cobalt binder filling the spaces between the carbide grains. This is attributed to the fairly

low cobalt contents used (6 wt% to 10 wt%) in most sintered hardmetals (Exner 1979).
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It is well known that decreasing the carbide grain size in WC—Co hardmetals increases
the hardness and improve the wear resistance (Pugsley and Allen 1999).

Carbide grain size and volume fraction are the main factors impacting WC—-Co
hardmetals properties. The wear resistance of sintered WC—Co hardmetals is increased
as the carbide grain size is decreased (Jia and Fischer 1997; O'quigley et al. 1997).
Nanostructured sintered WC—Co hardmetals are reported to improve performance in
both sliding and abrasive wear (Jia and Fischer 1996a; Kear and McCandlish 1993).
These improvements in nanostructured hardmetals could be attributed to the fact that as
the carbide grain size is decreased, for given cobalt content, the matrix mean free path is
reduced causing greater constraint, increased hardness and reduced tendency for binder
phase extrusion (Shipway et al. 2005).

2.1.2.2 Cermet coatings

Thermal spray coating processes characterise a vital and fast growing group of
surface engineering technologies. Hardmetals (cermets) are one of the greatest main
groups of materials deposited by thermal spray. Schoop, the Swiss inventor of thermal
spray, 1942, reported the first preparation of a cermet coating using an arc spray
thermally process. Large parts which for technical and economic reasons cannot be
produced by powder metallurgy can be coated by cermets using thermal spray processes
(Ortner et al. 2014).

Cermet coatings are mainly applied to protect engineering components from
various forms of wear in different industry sectors. Currently HVOF has become the
most widely used industrial coating process to deposit thermal cermet coatings. The
main commercially available hardmetal feedstock powders are WC-12Co, WC-17Co,
WC-10Co-4Cr, WC-20CrC-7Ni and Cr3C,—(20-25) NiCr. The main difference
between sintered hardmetals and thermally sprayed cermet coatings is that the coating
microstructures are not as exactly as for the same composition of a sintered body.
However, developments in thermal spray technology and feedstock materials have now
narrowed the coating property ranges of individual compositions (Berger 2007; Berger
2015).
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2.1.3 Wear

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

chemical and mechanical processes play a role (Stachowiak 2006).

There are many efforts to predict sliding wear rate. The majority of the related

scientific studies states Archard’s wear formula as the most recognised in the field of

sliding wear:
k.s.F 1
W=——"-1 1)
Where:
W Is the wear volume
k Is the dimensionless wear coefficient
S Is the sliding distance
Fy Is the normal load
H Is the Vickers hardness number of the softer material

Lancaster (1967) proposed the modified empirical wear formula:

w (2)
F,.s

k =

This wear coefficient k with units of mm® N m™ is more useful for the
comparison of the wear behaviour of different materials than Archard’s equation. Wear
coefficient k is the indicator of material wear rate under specific conditions and is
different for different materials (Pirso et al. 2006).
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Figure 2-8 illustrates the range of values of k seen in different types of wear.
Under unlubricated sliding conditions (dry sliding), k will be in the range 10 to 1072
Frequently, two dissimilar regimes of wear are distinguished, termed mild and severe.
These different regimes are not only due to different wear rates; however, they also
represent significantly different mechanisms of material loss. In metals, for instance,
during mild wear the debris is finer and formed of oxide particles. Whereas severe
sliding wear is linked with large metallic debris particles. However, with ceramics mild
wear results from the removal of reacted surface material, while the severe wear is

mostly related to brittle fracture, ‘(Stachowiak 2006).
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Figure 2-8: Schematic representation of the range of wear coefficient K exhibited under
different conditions of wear. HL = hydrodynamic lubrication; EHL = elasto hydrodynamic

lubrication (Stachowiak 2006).

2.1.3.1 Wear mechanisms and modes

A wear mechanism is a wear process classification by which material is removed

from the contact surface. Common wear mechanisms are adhesive, abrasive, fatigue and
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chemical wear. In actual contact it is very common that different wear mechanisms are
acting at the same time. This depends on the contact conditions and will result in a
specific type of wear. A wear mode is an organisation of contact type, which is
characterised by a detailed kind of movement, geometry or environment. Wear modes
are including sliding wear, rolling wear, fretting, erosion, impact wear and cavitation.

The most common basic wear mechanisms are shown in Figure 2-9.

Adhesive (sliding) wear

Asperity junctions form when asperities of one surface contact with asperities of
the counter surface and they might adhere to each other, as illustrated in Figure 2-9a.
Bulk of the softer asperities is separated and material is removed due to the relative
tangential motion of the surfaces. In adhesive (sliding) wear the surface material
properties, protecting surface films and contaminants, play essential roles (Holmberg
and Matthews 2009).

Abrasive wear

In abrasive wear the plastic deformation takes place during asperity deformation,
as shown in Figure 2-9b. In contacts when one of the surfaces is significantly harder
than the other, abrasive wear occurs also when hard particles are introduced between
two surfaces. Asperities of harder surface are pressed into the softer surface, this results
in plastic flow of the softer material around the hard one. Ploughing and removal of
softer material takes place when the harder surface moves tangentially, resulting in
grooves or scratches in the surface. Depending on the degree of penetration and the
geometry of the harder surface, the removal of material can take different forms, such as

ploughing, wedge formation or cutting.
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Figure 2-9: The basic mechanisms of wear are (a) adhesive, and (b) abrasive, (c) fatigue and (d)
chemical wear, (Holmberg and Matthews 2009).

2.1.3.2 Factors Influencing Sliding Wear

There are several factors which can influence the sliding wear behaviour. As
illustrated in Figure 2-10, sliding wear behaviour depends mostly on three main factors,
namely, counterface nature, specimen and sliding condition. Material composition and
microstructure influence both counterface and specimens properties. Furthermore,
surface finish is an essential factor. Wear behaviour mainly depends on contact pressure
and test environment, resulting in a wide range of wear rates and mechanisms in all
types of materials. Moreover, wear behaviour depends on sliding distance, contact area,
test duration and sliding velocity. Furthermore, the mechanical properties of materials
are affected by test temperature and can cause thermally activated chemical processes
(Sudaprasert 2002).
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Figure 2-10: Factors influencing sliding wear, (Sudaprasert 2002).

2.1.4 Scratch test

Scratch tests are mainly used to measure thin coatings adhesion. However,
recently there has been an attempt to use scratch test with thick thermally sprayed

coatings to investigate their fracture mechanism, assess the cohesion between the

coating layers and to predict their wear behaviour.

According to Holmberg et al. (2003) the scratch test is a pulling of diamond stylus
over sample surface under a normal force. This force is raised either regularly or
constantly till observing failure. This last happens when the normal load reaches the
critical value. Figure 2-11 illustrates the schematic representation of the scratch test

apparatus. Using the scratch test for coatings with thickness of 0.1 to 20 um is in the

main accepted which comprises a considerable number of applications.
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Figure 2-11: Schematic of the scratch test apparatus (Holmberg et al. 2003).

The diamond stylus has a Rock-well C geometry with a 120° cone and a 200 pm
radius sphere-shaped tip described in the European Standard EN 10109-2. The
suggested loading rates are fluctuated from 10 to 100 N/min with 10 mm/min indenter
transverse speed. For more details about the scratch test procedure, the reader is referred
to (Holmberg and Mathews 1994; Jacobs et al. 2003).

Figure 2-12 illustrates the scratch stylus sliding along the coated sample. The
figure shows also the material loading and response conditions which can be divided,
according to (Holmberg et al. 2006) into three independent phases, namely: ploughing,
interface sliding and pulling a free-standing coating. This can help to explain the

complicated contact and distortion procedures.

The first phase illustrates the ploughing of a stylus in the substrate material. The
layer material is distorted by plastic or elastic deformation and a groove is created. In
the case of being the stylus frontage surface sliding in contrast to the coating is
frictionless; the plastic distortion is the only performed work to be considered. The

second phase shows the bending and drawing of an isolated coating corresponding a
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sheet between a frictionless roller and a fixed sphere-tipped cone which has an
equivalent geometry to the sliding stylus. The higher surface of the coating rubs against
the stylus frontage surface. The needed force for pulling the coating is similar to that of
the frictional force on the coating. The bending movements produce stresses and stress
issue in the coating when represented between the surfaces. In the last phase, the work

carried out for overcoming friction is taking into consideration.

Diamond stylus

Coating pulling 2 Interface sliding 1 Ploughing
e @ | -
— fracture — friction ——plastic deformation

- P +EL

Figure 2-12: A schematic illustration of the stylus sliding on a coated sample. The material
loading and response conditions have been divided into three independent phases: ploughing,
interface sliding, and pulling the coating (Holmberg et al. 2006).

Scratch test is one of extensively used, quick, and effectual techniques to achieve
the critical loads associated with adhesion properties of coating. The test can be divided
into two main tests, namely: scratch hardness test and scratch adhesion test. The first is
a scratch with constant normal load on the tested sample and on a reference sample
using a stylus. The sample scratch hardness is specified based on the scratch width data.
The second test is carried out by applying either a regularly increasing or constant load.
Number of scratch tests is carried out with constant normal loads on a coating to

provide the critical load with which the coating shows failure. Acoustic emission and
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electrical surface resistance are observed instantaneously throughout the constant load
scratch test to check the failure. From constant load test, higher statistical confidence
can be achieved but it involves more processing time (Bull 1991; Bull 1997; Kuiry
2012).

In the progressive load scratch test, a stylus is moved over a sample surface with a
linearly rising load till failure happens at critical loads. The failure actions are inspected
by an optical microscope. Normal and tangential force are detailed and Acoustic

Emission is also observed.

Kuiry (2012) reports that critical load depends on several factors, such as
adhesion of coating-substrate, radius of stylus-tip, load up rate, mechanical features of
substrate and coating, coating thickness, coating residual stress, flaw size distribution at
substrate-coating interface, and friction between stylus-tip and coating. Progressive load
test is appropriate for fast evaluation and quality confidence of coating. Consequently, it

iIs more common for research purposes and development work on coating area.

2.2 Previous studies on thermally sprayed WC-M cermet coatings

In this section of chapter 2, the previous published studies related to the objectives
of this study will be illustrated. This will include giving critical reviews showing the
gaps in these studies which lead to the need for more investigations in this area. This
critical review will include the metal binder type, WC grain size and metal binder
content and their effects on the microstructure, mechanical properties and wear

behaviour of thermally sprayed WC-M cermet coatings.

2.2.1 Effect of metal binder type

The developments in cermet coatings focus to finding alternative materials for
replacing cobalt as the metal binder phase is very crucial due to the shortage of Co
increases its price also the main ore areas are less reachable to the industrial areas.
Furthermore, the low corrosion resistance of WC-Co cannot meet the increasing

requirements under different working conditions. Moreover, Co is classified as toxic
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and carcinogenic and the Co dust is principally responsible for work-related diseases of
plant maintenance personnel. However, the lack of knowledge about WC-Ni cermet
coatings compared to WC-Co cermet coatings is very obvious, as can be seen from

following literature review.

The developments have been mainly focused to replace the cobalt binder
completely or partially. The most expected alternative binders are the transition metals
iron and nickel. Most attention was directed to the nickel as an alternative metal binder
of cobalt. Its structure and properties are mostly similar, and the lattice parameter of fcc
nickel (0.352 nm) is only slightly less than fcc cobalt (0.354 nm). The major differences
are, fcc cobalt is metastable and can transform to hcp below 417 °C, also cobalt is much
more strongly magnetic. Cobalt melting point is 1493°C however; it forms a ternary
eutectic with W-C-Co system at only 1275°C. Even though, nickel melting point is
lower than cobalt at 1453°C, the ternary eutectic temperature with W-C-Ni system is
70°C higher at 1342°C. Both cobalt and nickel wet WC and produce full density
cermets without anomalous grain growth indicating good wetting. The complete
replacement of cobalt by nickel has been reported to cause a fall of coating hardness
100 HV to 200 HV (Tracey 1992).

Guilemany et al. (1995; 1997) have investigated the microstructure of WC-
17wt%Ni thermally sprayed HVOF coatings. The powder used in these studies was
formed by coating WC particles with nickel. Both studies focus on examining the
coating microstructure, which about similar to the WC-Co coatings microstructure.
However, researchers do not show how the nickel metal binder can improve the

mechanical properties and enhance the wear performance of cermet coatings.

Voyer and Marple (1999) have investigated the sliding wear performance of
agglomerated-sintered WC-12Co and fused and crushed WC-10Ni cermet coatings
deposited on steel substrates using both of high velocity oxy-fuel HVOF and high
power plasma spraying HPPS. The wear of both the coatings was determined by
measuring the weight loss following the test. HPPS-deposited coatings, which had a
higher level of porosity, exhibited better wear resistance than the HVOF-processed

coatings. However, it shows lower hardness. Through their discussion researchers do
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not discuss the effect of different metal binder. Furthermore, the study looks to compare
high velocity oxy-fuel (HVOF) with high power plasma spraying (HPPS) coating
processes rather than studying metal binder effect. Also, it is hard to compare the
coatings according the metal binder type, since the metal content is different (12Co and
10Ni). Moreover, they state that the average size of the carbide grains in the WC-10Ni
coating appeared to be smaller than that of the WC-12Co coating and this can effect
results in a significant way. Finally, they present the microstructure images for each of
the coatings at different magnifications, which make it really hard to compare between

both coatings.

Celik et al (2006) and Culha et al. (2009) evaluated the microstructural and
mechanical properties of WC-13wt%Co and WC-12wt%Ni cermet coatings for a roller
cylinder, and the effect of indentation size on mechanical properties of HVOF cermet
coatings. Both coatings were fabricated on NiAl deposited on 316 L stainless steel
substrates by using HVOF technique. Microhardness, surface roughness and adhesion
strength of the coatings were measured. The metallographic observations showed that
all coatings had a similar coating microstructure and good contact to the substrate,
highly dense structures, and low oxide and porosity contents. In addition to structural
and microstructural results, microhardness values of WC—Co, WC-Ni, NiAl coatings
and stainless steel were measured to be 1700, 1750, 450 and 220 HV, respectively. It
was found that the adhesion force value of WC—Co coating (125.9 MPa) is higher than
WC-Ni coating (76.2 MPa). In order to determine wear loss, friction coefficient and
wear mechanism, wear tests were performed for the WC—Co and WC—Ni coated NiAl
deposited on stainless steel substrates at 50 and 100 N loads under dry sliding
conditions through a pin-on-plate arrangement against AISI 303 L steel counter body.
The total wear loss of the WC—-Co coating is more than the WC-Ni coating on NiAl
deposited stainless steel substrates. However, the WC-based cermet powders were not
completely identical, since the metal binder content is deferent (13wt% Co and 12wt%
Ni). Also, there is NiAl bond coat between the WC-based cermet coatings and the 316 L
stainless steel substrate. Furthermore, the coating thickness of WC-Co was 250 pum and
315 um for WC-Ni coating. All these factors make it hard to compare the mechanical
properties and the wear behaviour of WC-Co and WC-Ni coatings in the right way.
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Berger (2008) studied the erosion and oscillating sliding wear resistance of
HVOF-sprayed WC-12wt%Co and WC-12wt%Ni based coatings alloyed with
different amounts of chromium. WC-12wt%Co and WC-12wt%Ni as well as five
chromium alloyed feedstock agglomerated and sintered powders were sprayed with a
liquid fuelled HVOF-spray process. Starting feedstock powders of both WC-Co and
WC-Ni consist of WC and metallic (Co/Ni) phases, while there coatings represent W,C
and metallic tungsten in addition to retained powder phases. The WC—Co coating shows
higher hardness than the WC-Ni coating. Using cobalt as metal binder improved the
erosive wear resistance. A dependence on the chromium content was not detected.
Metal binder type and chromium content do not show significant effect on the sliding
wear against a hardmetal counter body. This could be the only study comparing the
WC-based cermet coatings due to the metal binder type. However, it does not discuss

the reasons why the WC-Co shows better hardness and wear resistance.

The literature survey undertaken reveals that, except for the work done by Berger
(2008), even with its limitations, there is no systematic study focusing as main task on
the effect of metal binder type in the coating microstructure, mechanical properties and
sliding wear behaviour. Therefore, this gap can be fulfilled during this study by
evaluating the effect of metal binder type in WC-M cermet thermally sprayed coating in
the coating microstructure, mechanical properties such as microhardness, fracture

toughness and scratch test, and also its effect on the sliding wear behaviour.

2.2.2 Effect of carbide grain size

Carbide grain size is one of the greatest vital parameters that effects mechanical
properties and wear behaviour of carbide based coatings. Abrasive wear performance of
cermet coatings shows an improvement by reducing the carbide grain size (Jia and
Fischer 1996b). The binder mean free path is decreased as the carbide size becomes
smaller, consequential in higher resistance against deformation and material loss.
Reducing the WC grain size to the nano scale to investigate the wear resistance of
HVOF WC-Co has been pursued by many researchers, (Stewart et al. 1999; Watanabe
et al. 2006; Yang et al. 2003a). On the other hand, for thermal spray coatings, different

researchers have shown sometimes contradictory wear resistance results for the effect of
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reducing carbide size from conventional to nano, (He et al. 2002; Shipway and Hogg
2005). The following are some available studies related to the subject on the literature.

Chivavibul, P. et al. (2007) examine the effects of carbide grain size and cobalt
binder content on the microstructure and mechanical properties of HVOF-sprayed WC-—
Co coatings. Twelve feedstock WC—Co powders with different WC grain sizes (0.2, 2,
and 6 pum) and metal binder contents (8, 12, 17 and 25 wt%) were sprayed by High
velocity oxy-fuel (HVOF) on carbon steel substrates. They report that the increasing of
Co content decreased the hardness of the coating due to the reduction of WC and W,C
phase. This agrees with a general trend observed for HVOF coatings and sintered
materials. Hardness of the coating does not increase with carbide grain size reduction in
starting powders. Microstructure properties such as porosity and amount of W,C phase
and the peening effect show a great influence on the coating hardness. While the
hardness and Young's modulus decreased with increasing cobalt content from 1600 to
1100 Hv and from 400 to 300 GPa respectively, the fracture toughness remained in the
range from 4 to 6 MPa m*?.

Watanabe et al. (2006) evaluated the interface fracture toughness of HVOF
sprayed coatings of WC-12 wt.%Co powders on carbon steel substrates with different
W(C grain sizes of 0.2 to 7.0 um by the pre-notched four-point bending test to study the
WC grain sizes effect high adhesion mechanisms of this coating system. The connection
between the splat microstructure and the toughness variation was examined by using the
focused-ion-beam (FIB) to inspect the cross-section of WC-Co splats around the
interface. The interface fracture toughness of WC-12 wt.% Co coating/carbon steel
substrate increases from 600 to 1800 J/m? as the WC nparticle size increases. The
intrusion of WC particles into the substrate, compaction of the underlying
microstructure, and the volume fraction of the metallic binder phase in the coating are

main features in achieving the exceptional adhesion of this coating system.

Usmani et al (1997) have investigated the effect of the carbide grain size and
cobalt content of thermally sprayed WC-Co on the microstructure and mechanical
properties of the coatings. An effort has been made to relate these properties to the wear

behaviour. Three experimental WC-17wt%Co powders with fine (1.2 um), medium (3.8
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pm) and coarse (7.9 um) carbide size distributions were prepared by spray drying an
aqueous slurry of WC and Co powders under identical processing conditions. For
comparison purposes, a fourth commercial WC-17wt% powder was used, which was
produced by a slightly different production process. All the coatings were deposited by
using a high velocity oxygen fuel (HVOF) system onto mild steel substrates. The
thickness of as sprayed coating was about 450um, followed by grinding and polishing
to 300 — 400 pm for the sliding wear test. The results show that a finer carbide size in
starting powder leads to a higher degree of decomposition of the WC to W,C phase, this
consequently leads to higher hardness and lower indentation fracture toughness
coatings. The carbide grain size does not have a major effect on the sliding friction
performance of the coatings. Due to the low fracture toughness of the coatings with fine
carbide size, the coatings fracture during sliding wear occurs by matrix crack
propagation with minimum tortuosity. Coating fracture occurs by propagation of cracks
at the carbide/matrix interface and into the coarse carbides with coarse carbide grain

size distributions.

Q. Yang et al. (1996b) have examined the effect of carbide grain size on sliding
wear behaviour of WC-12wt%Co thermally sprayed coatings. Agglomerated spherical
WC-12wt%Co powders in three different carbide grain sizes (1.2-1.8 pm fine, 3.0-4.2
pMm medium and 7.5-12.0 um course) were prepared. High velocity oxy-fuel system was
used to deposit the powders onto steel substrate, with 70% acetylene and 30%
propylene as the fuel gas. The as coated coating thickness was about 400um, followed
by grinding and polishing to about 300-250 um for sliding wear test. Coating
microstructure, hardness and plate-on-plate dry sliding wear behaviour using Al,O3
counterpart have been examined. Coating characterization shows that a decrease in
carbide grain size in the starting powder led to a slightly higher degree of WC
decomposition, an increase of low load hardness, and a decrease of high load hardness
and indentation fracture toughness, thus a decrease of splat cohesion. The coating wear
rate was very low and increased with increasing carbide grain size. Due to the retention
of the soft and ductile cobalt matrix in the coatings, cobalt extrusion followed by
carbide removal, or carbide fracture is the main material removal mechanisms of the
WC-Co coatings instead of splat delamination and binder/carbide interfacial fracture.

The extruded cobalt acts as binder to form a ductile and adherent tribofilm by the
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reattached debris on the worn surface to protect the surface from further damage.
Therefore, the coatings showed a very low wear rate. Because a pull-out of single
carbide particle provides less damage to the finer coating and also because the debris
consisting of finer carbides are less effective as the third-body abrasives, the sliding

wear rate decreases with decreasing carbide size in the coatings.

Ghabchi et al. (2005) have investigated the possible advantages in mechanical
properties and wear behaviour by reducing WC grain size. Two WC-CoCr powders;
conventional with 1-3 pm WC grain size and sub-micron with 0.4 um WC grain size
were used. HVOF DJ-Hybrid gun was used to deposit all coatings, using the hydrogen
as the fuel gas. Coatings were deposited on stainless steel substrates. Two set of spray
parameters were selected, parameter “A” provides higher temperature with lower
velocity, while parameter “B” provides lower temperature with higher velocity. Dry and
wet abrasion wear behaviour of the coatings was evaluated. As a comparative tool
W,C/WC ratio was measured to examine the dissolution of WC into the matrix. In sub-
micron powder WC dissolution is more sensitive to spraying parameters. In contrast, for
conventional powder dissolution of WC is not sensitive to the spraying parameters. No
correlation between W,C and wear performance in wet and dry abrasion test was
observed. However, the hardness value was higher for higher W,C content.
Furthermore, wear mechanisms under both wet and dry abrasion conditions were
investigated. There is no significant change in dry wear behaviour with reducing carbide
grain size. In contrast, the wear was reduced by 50% by reducing carbide grain size
during wet abrasion test. To achieve the best wear-resistant carbide-based coatings,
modifying the carbide size will be more effective if we have sufficient information on

abrasive particle characteristics (size, hardness, and shape).

The literature survey undertaken reveals that, except the work done by Chivavibul
et al. (2007) there is no systematic study focusing as main task on the effect of carbide
grain size in the mechanical properties and sliding wear behaviour. Consequently, this
gap can be fulfilled during this research by evaluating the effect of carbide grain size in
WC-Co thermally sprayed coating in the mechanical properties such as microhardness,

fracture toughness and scratch test, and also its effect on the sliding wear performance.
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2.2.3 Effect of metal binder content

It is well known that the hardness of the WC-Co cemented carbides decreases

with increasing cobalt content (Milman et al. 1999; Saito et al. 2006).

For thermally sprayed WC-M cermet coatings, even though, most coatings
materials are WC-12Co and WC-17Co, there is no systematic study analysing the effect
of the metal binder content on the coating microstructure, mechanical properties and
wear performance except the full systematic study delivered by Chivavibul et al. (2007).
Therefore, this gap can be fulfilled through this study by evaluating the effect of Co
content in WC-Co thermally sprayed coating in coating microstructure, mechanical

properties and the sliding wear performance.

Chivavibul et al. (2007) evaluated the effect of WC grain size and Co content on
HVOF WC-Co coatings. Twelve WC—Co powders with different WC grain sizes and
cobalt contents, (Table 2-2), were deposited on carbon steel substrates using HVOF

spraying process.

Table 2-2: Powder properties (Chivavibul et al. 2007).

Type  Powder Composition Apparent density
(wt.%) ( g-"'cm3)

Carbide Co Content W Co C

Size (umy  (Wt.%)
F8 0.2 8 86.5 7.7 5.8 5.63
F12 0.2 12 83.5 11.0 55 497
F17 0.2 17 77.5 174 5.1 448
F25 0.2 25 704 249 47 413
M8 2 8 86.5 76 58 443
MI12 2 12 82.0 124 5.6 4.50
M17 2 17 717.8 170 5.2 3.94
M25 2 25 71.7 234 438 3.65
C8 6 8 86.0 82 58 451
Cl12 6 12 81.5 130 54 409
C17 6 17 76.9 17.7 53 3.71
C25 6 25 71.0 242 47 3.61
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To understand the effect of Co content on coating microstructure and mechanical
properties, it was noted that the particles surface temperature is decreased (from 1680°
to 1580 °C) with increasing Co content, while the particles velocity almost remained

constant (Figure 2-13).
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Figure 2-13: Effect of Co content on thermal spray particles velocity and temperature
(Chivavibul et al. 2007).

Moreover, as the powder temperature upon impact is higher than the melting point
of Co (1495 °C), the latent heat needed to melt the Co is higher when Co content is
higher. Increasing Co contents lead to reduced coatings porosity since Co has lower
melting point compared to WC and is easier to be melted and fill the pores in the
coating. Furthermore, the mean free path of binder matrix is increased with increasing
Co content. The coating hardness also decreased with increasing Co content for all the
carbide sizes. Also, Young’s moduli of the coatings with fine and medium carbides
decreased with increasing Co content, and the fracture toughness is slightly increased

with increasing Co.
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2.2.4 Previous studies of scratch testing

The scratch test was first suggested for coating adhesion measurements by Perry
(1981; 1983) and Steinmann and Hintermann (1985). Scratch testing consists on the

whole of moving a stylus on the surface of a material with an increasing normal load.

Critical load, in scratch testing, can be identified as the load as a result of which a
particular failure mechanism is detected and repeated regularly with increasing the load
over the critical load. Based on this definition of critical load, Laukkanen et al. (2006)
introduced first observable crack on the surface of material under scratch testing to

extract the fracture toughness of coated surfaces.

The failures which happen in scratch testing tend to be complicated and a function
of multiple simultaneously factors. However, the test helps for creating failure mode
maps as described by Bull (1997) when studying failure mode maps in the thin film
scratch adhesion test. The obtained map shows various failure modes happening

throughout the scratch testing.

Bull (1999) investigated whether scratch testing can be used as a model for the
abrasive wear of hard coatings. The correlation between abrasive wear rate measured by
the Taber test and hardness and scratch testing parameters for TiN coatings on 304
stainless-steel deposited by three various deposition technologies was investigated. The
relationship between abrasive wear resistance and hardness is found to be inadequate
compared to the correlation with interfacial shear strength determined in the scratch test
which is found to be slightly better. On the whole, when increasing the interfacial shear
strength, the abrasive wear rate of the system diminished. Nevertheless, the equilibrium
between the deformation mechanisms, plasticity and coating detachment changes as the
coating depth and substrate hardness raise. Tests showed that choosing a suitable
scratch test load to impersonate this is not achievable. The study illustrated that the
scratch test in form of testing period can be used to create the same damage mechanisms
as are experienced in abrasive wear but cannot be used in simple terms to provide a

quantitative calculation of wear rate.
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Borrero-Lépez et al. (2010) investigated the use of the scratch test to measure the
fracture strength of brittle thin films. The possibility of using the scratch test to measure
the fracture strength of brittle thin films was proved. Weibull analysis of the strength
data shows that the SiC film possesses higher strength and reliability compared with
DLC and TiO2 films.

Holmberg et al. (2003) developed a 3D finite element model to investigate
stresses, crack propagation and fracture toughness in scratched TiN coated steel
substrates. The contact situation in a scratch test is examined in the case of sliding a
spherical rigid diamond tip with an increasing load over an elastic—plastic steel plate
deposited with a 2 um thick hard ceramic TiN coating. They report that the highest first
principal tensile stress is created in the contact area tail part. After sliding of nearly 1
mm, a peak area of maximum first principal stress take shape in the back tail area at the
edge of the scratch channel. This generates the first noticeable angular cracks in the
coating. With considerable plastic deformation of the substrate, the maximum tensile
stresses were positioned behind the contact at a gap of 0.5-1 times the contact length
from the back edge of the contact. Such stresses have a “horseshoe shaped ridge of
maximum values with an opening in the sliding direction”. Changing the situation of
deformation from sliding mode on the coating to ploughing mode describes the loss of
load carrying capacity of the layered surface system. The model is used for finding out
the fracture toughness of the coating. In the case of the crack spacing being less than the
crack length, the critical fracture toughness is equivalent to the tensile stress multiplied
by the square root of half of the crack spacing. To find out the fracture toughness in the
case of a 2 um thick TiN coating on steel substrate, an opposite crack field turned out to
be the transversal tensile cracks in the scratched channel. Tests showed that the fracture

toughness of the TiN coating was determined to be 7 MPa m*.

Assessing wear performance together with the explanation of associated
mechanisms is a demanding attempt for thick films and overlay coatings, where the
majority of the wear testing methods depend on measuring of volume or mass loss of
the materials under testing. This provides quantitative instead of mechanistic
comprehension of the wear of material which requires careful and widespread post-facto
inspection on traces of wear event (Ghabchi et al. 2014).
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Other researches, (such as Choi et al. 2009; Gouldstone et al. 2007; Oliver and
Pharr 1992) have studied static indentation reaction of cermet materials without
translation of the contact bodies. The instrumented indentation technique is considered
as one of the methods for controlled loading of material with known geometry which
provides practical information related to elasto-plastic properties of materials that can
be used in material design. The instrumented indentation technique is principally a static
test and not designs for describing the collaboration of material surface with moving
indenter tip. As a consequence, and according to Zum Gahr (1998) and Ghabchi et al.
(2014), hardness or elastic modulus measured by indentation technique as individual

parameters are incapable to absolutely explain the wear performance of material.

The conception of instrumented indentation has been extended via controlled
scratch testing where synchronised load applying and sliding in lateral direction in
respect to contacting material surfaces are allowed. A careful evaluation of the damage
area caused by the test affords important information on the load reactions and dynamic
sliding influences. Therefore, there is an opportunity to clarify the dynamic contact
problem of the thick coatings using controlled scratch tests, which was the focus of the
study carried out by Ghabchi et al. (2014).

Ghabchi et al. (2014) studied the damage mechanisms and cracking behaviour of
thermal sprayed WC-CoCr coating under scratch testing. Detailed evaluation of the
resulting damage area offered repeatable cracking patterns. These last were classified
into five categories, namely: localized collapsing of material, angular cracks, primary
semi-circular and developed semi-circular cracks, and splat delamination. Linking
observed damage mechanisms with the process induced microstructural explanations
(such as carbide grain size and residual stresses) was investigated to find out any
correlation between delamination load for cracking and the process induced variable.
Quantitative correlations were found between particle properties as defined by non-
dimensional melting index idea and residual stresses. Melting index takes the collective
influence of particles thermal and moving history and accordingly coating porosity and
the process induced decomposition. The tests illustrate the significant role of coating
density and stress evolution throughout the coating creation. Crack patterns categorized
as localized collapsing of material and splat delamination are precisely detected in thick
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thermally sprayed composite coatings whereas angular cracks and primary semi-circular
and developed semi-circular cracks are common and comparable to those observed for
PVD and CVD thin coatings.

The tests, (Ghabchi et al. 2014), showed the significant role of stresses and
modulus on scratch resistance. Coatings with higher advancing stress and modulus
resulting from improved melting (quantified through melting index parameter) display
higher critical load for delamination. The methodology provides a strategy for using
theistic process monitoring as a tool for describing coating behaviour under contact load
situations. Moreover, achieving quantitative values such as different critical loads tends
to have inferences in the assessment of performance related properties of the coating.
An example of that is the critical load for splat delaminating which showed clear
correlation with growing stress. This can be used as a clear indication of splat cohesion
strength. Fracture toughness can be determined via the critical load for the formation of
angular or semi-circular cracks. The study introduces the scratch testing as an influential
assessment technique to describe contact reaction of thick thermal spray cermet coatings
comprising operative mechanisms. However, more efforts are required to show a
relationship between each critical load and developed stresses and mechanical
properties of coating. This can open the doors for the scratch testing to be used as
performance and reliability assessment tool for thick coatings.

Jaworski et al. (2008) used scratch test to characterise mechanical properties of
suspension plasma sprayed TiO, coatings. Thickness of the coatings has been
determined using optical microscope measurements of metallographic cross sections.
The coatings morphology and the phase composition have been measured with SEM
and X-ray diffraction method, respectively. Scratch test allowed for describing the
adhesion of coatings by finding out the critical force required to “peel off” the coatings
from the substrate as well as estimating their cohesion by the observations of the scratch
hardness. The hardness has been determined using the thickness of the coating and the
value of force applied. The design of experiments allowed for finding out the effects of
three principal parameters, namely: inputted electric power to plasma, spray distance,

and suspension feed rate onto coating adhesion speeded by critical force.
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Xie and Hawthorne (1999) studied the damage mechanisms of Al,O3, Al,O5-TiO;
and Cr,O3 ceramic thermal spray coatings with single point scratch tests using diamond
indenters. In the tests, three scratching types were studied, namely: single scratching on
fine virgin surface, repetitive scratching and parallel interacting scratching.
Furthermore, coatings surface and subsurface damage patterns by reason of the
scratching, microstructures of the coatings, and the prototypes of wear remains were
evaluated. Xie and Hawthorne found that the unique microstructure of the coatings
determined their wear and correlated damage mechanisms. The main mechanism of
material removal in the scratching of Al,O3 and Al,O3r 13% TiO, coatings was micro
fracture within the plastic area, which happens preferentially at the existed micro cracks.
The mechanism of material removal in the scratching of the Cr,0O5 coating is function of
contact load and geometry. When the contact load is smaller than a critical load, the
main mechanism of material removal is the same as that of Al,O3 and Al,O3r13% TiO,
coatings. However, when overcoming the critical value, the predominant mechanism of
material removal is macro-fracture controlled by lateral cracking. The study found out
that major damage mechanism is micro-fracture started from already existing cracks in

the microstructure.

Vencl et al. (2011) used the scratch testing on cross section of thick ceramic
coating to evaluate the adhesion/cohesion of coatings. The possibility of
adhesion/cohesion bond strength assessment of thick plasma spray coatings with scratch
tester using the 1SO working draft (ISO/WD 27307) was investigated compared to the
standard test method (ASTM C 633). Four different coatings deposited with
atmospheric plasma spraying were studied. They reported that scratch testing can be
utilized as an effective tool for the assessment of thick plasma spray coatings cohesion.
Using scratch testing in this matter is a comparatively simple and fast test method. The
test for practical application can also be used as a complement of standard test methods
such as a coating characterization and quality control technique.

Nohava et al. (2010) worked to enhance the understanding of using two methods
for the description of the mechanical properties of thermally-sprayed coatings, namely:
instrumented indentation and scratch tests. Although these two methods are relatively

famous, they are rarely used in the thermal spray area where their use is quite
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complicated. The mechanical properties of thermally sprayed coatings are known as
scale dependent where they possess a heterogeneous microstructure. The continuous
multi cycle (CMC) indentation method tends to be used with a wide range of thermally
sprayed coatings. This method established the subsistence of scale effects on thermally
sprayed coatings mechanical properties. Such effects are hard to be referred to the
recognised indentation size influence mechanism associated with strain gradient
plasticity. These effects point towards the lamellar structure of the coatings. Tests
illustrated also that the majority of the used coatings demonstrate a stable hardness
value at depths above ~2000 nm. Such threshold should be taking into account when
describing measurement criteria for the mechanical properties of thermally sprayed
coatings. In the case of cross section, the scratch testing introduces an easy and quick
qualified method for cohesion characterization. The study showed that the scratch
method can provide important data about the quality of the coating as well as the

mechanisms of cohesive failure.

The literature survey shows that, except the work done by Ghabchi et al. (2014),
there is no systematic study focusing as main task on using scratch test to evaluate
thermal spray thick coatings and if the scratch test could be used to predict the thick

coatings wear behaviour.

Therefore, this gap can be fulfilled during this research by studying the coating
fracture during scratch test and find the correlation between the scratch test critical load,

(where the coating failure occurs), and the coating wear behaviour.
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CHAPTER 3 Experimental Procedures

In this chapter, the specific materials and techniques used to produce the coatings
will be explained in details. The tests used to characterise the coatings will be also

described.

3.1 HVOF Sprayed cermet Coatings

Four types of WC-M feedstock powders have been deposited by HVOF spray
systems. These powders have been produced through an agglomeration and sintering
process with a similar nominal size (-45+15um). The starting powders and coatings
have been characterised by XRD and SEM techniques as described in the following

sections.

3.1.1 Materials

Two types of starting powders, Amperit 518.074 (WC-12wt%Co) and Amperit
547.074 (WC-12wt%Ni), denoted through this study as WC-12Co and WC-12Ni,
respectively, have been used to examine the effect of metal binder type on coating
microstructure, mechanical properties and dry sliding wear behaviour. Both powders
have been produced by H. C. Starck GmbH. The starting feedstock powders Woka 3202
(WC-17wt%Co) with coarse WC grain size, and Woka 3202 FC (WC-17wt%Co) with
fine WC grain size, which labelled in this study as WC-17CoC and WC-17CoF
signifying fine and coarse carbide size, respectively, have been used to study the effect
of WC grain size on coating microstructure, mechanical properties and dry sliding wear
behaviour. These powders have been manufactured by Sulzer Metco and their chemical
compositions are illustrated in Table 3-1. All the powders used during this study are
produced through an agglomeration and sintering process and have the same particle
size, -45+15. Substrates of mild steel, rectangular plates (60 mm x 12 mm x2 mm in
size), for microstructural analysis, and discs (® 38 mm x6 mm in thickness), for scratch

and wear testing, have been used for coating deposition.
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Table 3-1: Chemical Composition of the feedstock powders

Powder Composition (wt. %)

Co Ni C Fe w
WC-12Co 12 - 5 0.2 Balance
WC-12Ni - 12 5 0.2 Balance
WC-17CoC 17 - 5 0.04 Balance
WC-17CoF 17 - 5 0.04 Balance

3.1.2 Deposition Procedure

In order to provide a roughened surface, on which the coating will be deposited,
the substrates had been grit-blasted with Al,O3 before spraying has been applied.
Coatings have been sprayed using a Metallisation MET-JET 4L (Figure 3-1), which is
the latest development of kerosene fuelled HVOF system. The fuel and oxygen are
burnt in a combustion chamber, before emerging as a free jet. The resultant hot gas
passes through a converging-diverging throat along a 100 mm nozzle, and the powder is
radially injected downstream of the throat. The gun vertical velocity was 5 mm s™.

Fuel Combustion Radial powder feed

Chamber / (twin ports)

Oxygen Converging/diverging
throat

Figure 3-1: Schematic illustration of the HVOF kerosene liquid fuel spray gun, adapted
from (Zhang et al. 2003).
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The substrates were fixed on the circumference of a horizontally-rotating turn-
table with a radius of 120mm, giving a surface velocity of 1 m s™. A compressed air jet
has been used to cool specimens during and after spraying. The coating parameters are
shown in Table 3-2 and the average thickness of all coatings with these parameters has

been about 350 um as-sprayed coating.

Table 3-2: Coating parameters

Spraying Parameter Value
Oxygen flow rate (I min™) 950
Fuel (Kerosene) flow rate (I min™) 0.4
Nozzle length (mm) 100
Spray distance (mm) 300
Powder ports 2
Carrier gas (N,) flow rate (I min™) 6
Powder feed rate (g min™) 70
Number of passes 30
Substrate velocity (m s™) 1
Gun traverse speed (mm s™) 5

3.1.3 Microstructure Characterisation

Coating microstructure is an essential factor which affects its mechanical
properties, such as hardness, fracture toughness, and the coating wear behaviour.
Powders and coatings microstructure have been examined by the X-Ray Diffraction
(XRD) and the Scanning Electron Microscope (SEM) during this study as will be

explained in the next two sections.
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3.1.3.1 X-Ray Diffraction (XRD)

In order to identify the phases present in the powders and coatings, the Bruker
D500 Diffractometer has been used for X-ray diffraction (XRD) with CuKo
(A=0.15406 nm) radiation. The diffractometer has been operated at 40 kV and 25 mA,
with diffraction angles (20) between 30° to 90° and a 0.02° step size where the dwell
time has been 2 sec per step. Three disc samples of each coating have been scanned as-
coated. The same samples have been rescanned after they had been grinded and
polished. The International Centre for Diffraction Data - Powder Diffraction File
(ICDD-PDF) has been used to identify the phases presented in the spectra (Appendix
A).

Quantitative X-ray diffraction analysis (Appendix B) is used to measure the level
of decomposition during the coating process. Although, the accuracy of this method is
not so precise since it does not account for the fraction of the metal binder (Co/Ni) and
amorphous phases. However, it still gives an idea about the weight percentage of the

crystalline tungsten-containing phases in the coatings.

3.1.3.2 Scanning Electron Microscopy (SEM)

Environmental scanning electron microscopy - field emission gun (ESEM-FEG,
FEI-XL30) - which provides a high resolution has been used to investigate the
microstructure of powders and coatings. Powders have been sprinkled on a carbon tab,
which attached to an aluminium stub, to examine its morphology. Powders cross
sections have been prepared by mixing the powder with hot-mounting resin. In contrast,
the cross sections of the coatings have been prepared by sectioning normal to the
coating by a precision diamond blade. To this end, an automatic cut- off machine
(Accutom-5) has been performed, with a cutting rate of 0.005-0.02 mm s™ and cutting
speed 3000 rpm. After cutting, the specimens have been cleaned with acetone and
mounted in hot-mounting resin. Grinding is used to prepare samples for microscopic
evaluation. The cutting process results in mechanical deformation below the sample
surface. This deformation must be removed by consequent grinding with silicon carbide
papers. In this study carbide papers with four different grit size (240, 400, 800 and
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1200) have been used on rotating discs with continuous water flushing to reduce
frictional heat, dust formation and wash away abrasion debris. The sample has been
turned 90 degrees after each stage, until the grinding marks from the previous step
disappeared. The samples were then polished with 6 pm and 1 pum diamond paste to
remove any remaining surface scratches. The microstructures of both powders and
coating cross sections have been observed by SEM utilizing secondary (SE) and
backscattered electron imaging (BSE). All SEM investigations on powders and coatings
have been performed at 20 kV.

3.1.4 Mechanical properties characterisation

Coating mechanical properties play an important role in coating applications.
These properties can be used to predict the coating wear behaviour. In the present study,
microhardness, fracture toughness and scratch test are the mechanical properties which
have been used to investigate the coatings.

3.1.4.1 Microhardness

Using a BUEHLER microhardness tester, the microhardness test has been
performed on polished cross-sections of all coatings employing a 0.3 kgf load and a
dwell time of 15 s. During this process, forty Vickers indentations have been taken
along the mid-plane of the coating section on each specimen and average hardness has

been quoted, along with standard error in mean.

3.1.4.2 Fracture Toughness

The fracture toughness of coatings has been determined by using an indentation
method. A Vickers indenter has been used on polished cross-sections of coatings with a
10 kg load and, in total; thirty indentations from each coating have been examined.
Indentations have been made along the mid-plane of the coating. Following indentation
no cracking has been seen in the plane perpendicular to the coating—substrate interface.
However, in most of the cases, these cracks have been seen parallel to the coating—
substrate interface. The lengths of the latter cracks have been measured by using SEM
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imaged in SE mode. Cracks parallel to the substrate—coating interface have been used in
order to calculate the fracture toughness (Kc) of the coatings. The Evans and Wilshaw
equation (3-1) has been employed. The recommended ¢/5 ratio for the use of this
equation is (0.6 < ¢/; < 4.5). The Evans and Wilshaw equation has been selected

because of its applicability to systems generating short cracks.

P 45a 3-1
a /2 C

Niihara equation (3-2) for Palmqvist cracks has been also employed to compare
the coating fracture toughness results. The recommended 1/a ratio for the use of this

equation is (0.25 < l/a <2.5).

7/
0.035 (3)
Kic = 3-2
(o) 5)
Ha'/2/ \E®
Where
Kic: Fracture Toughness
P: The applied indentation load
a: The indentation half diagonal
I: The length of the crack
c The length of the crack from the centre of the indent
H: The coating hardness
The coating Young’s modulus, which is taken 200 GPa according to Bansal
et.al. (2006).
@: The constraint factor (= H/oy, =~ 3, where o, is the yield stress)

The geometries of Palmqvist and median cracks around Vickers indentation are

shown in Figure 3-2 where a, 1 and c are illustrated.
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Figure 3-2: A fracture mechanics analysis of indentation induced Palmgvist crack. Adapted
from K. Niihara (1983).

3.1.4.3 Scratch test

Scratch testing has been performed on polished disc samples (Ra=0.04 pum), using
a diamond stylus with a spherical tip of 200 um radius. The normal load continuously
increased from 5 N preload to 50 N during scratching. The loading rate has been 50
Nmin? and the sliding speed has been 10 mm min™. Three scratches have been
undertaken on one sample for each coating, where the measured scratch length for all
samples has been about 8 mm. During scratching, the tangential force representing the
friction force has been continuously measured. Scratch test apparatus is shown in Figure
3-3. The optical profilometry (using a Bruker ContourGT Optical Profiler) and the SEM
have been used to study the coatings fracture mechanism during the scratch test.
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1 Motor

2 Normal load cell

— 3 Friction load cell

5‘% 4 Indenter
6

‘ ‘ 5 The sample

L 1! 6 Sample holder
T ! 7 Displacement sincere

8 Portable support

T e

Figure 3-3: Schematic shows the scratch test apparatus

3.2 Dry Sliding Wear Testing

The sliding wear test has been performed using the conventional ball-on-disc
apparatus, as displayed in Figure 3-4.

:4 585 ):
:H——-——- 244 _>: :
N ! :
H o) | ]
Pivot ' ’
Counterweight Coated Disc —| | Ball

Figure 3-4: Schematic exhibited the Ball-on-disc sliding wear test apparatus.

Weight (kg) * 585 mm * 9.81 ms 2

Load (N) = 244 mm
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Coated disc samples of 38 mm in diameter and 6 mm in thickness have been
prepared for wear testing by grinding them with a diamond discs (with grit sizes of 120,
220 and 1200). These samples have been then polished with 9 pm and 3 pm diamond
discs. Struer’s LabForce3 machine has been used in the grinding and polishing
processes by applying load of 30 N and a rotation speed of 300 rpm during grinding and
150 rpm during the polishing process. The average roughness of polished coated discs
has been about (Ra = 0.04 um). To obtain the transition load between mild and severe
wear, the ball-on-disc wear test has been performed under different loads, (three
samples have been run with each load). The wear track diameter has been 26 mm, the
sliding speed has been 60 rpm (0.082 m s %) and the sliding distance has been 1500 m in
most of the cases. The test has been performed at room temperature without lubrication.
Due to its high hardness, (1610 kgf mm™2), sintered WC-6wt%Co ball with 9.525 mm
diameter (Spheric-Trafalgar Ltd., Ashington, UK) has been employed as the
counterface, with a new ball being used for each test. The friction force has been
monitored during the wear test by a linear variable differential transformer (LVDT)
connected to a data logger. After the wear test had been done, the volume loss of the
disc has been measured by stylus profilometry (Mitutoyo, Surftest SV. 600). Sixteen
single-line traces have been made across the wear track in case of mild wear. However,
in case of severe wear only eight single-line traces have been made across the wear
track. In both mentioned cases the cross-sectional area of wear scar has been measured,
using area under curve Cyber Solutions software. The wear volume has been calculated
by multiplying the cross-section area of wear scar by the track circumference. The
specific wear rate (mm® N'm™) (Stachowiak 2006) is given by the following

expression:
w. = \Y% 3-3
ST W.L
Where:  wy- Specific wear rate
V= Wear volume
W= Normal load
L= Total sliding distance

The wear of the ball has been assumed to represent the removal of a spherical cap
of material. The worn surface of the ball has been scanned by SEM to measure the
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spherical cap diameter. The volume of ball material loss has been calculated by the

following equations, (Polyanin and Manzhirov 2006), Appendix C.

h -
V= T[hZ(R—g) 3-4

h=R- JR= D) 35

Where: R= The radius of the ball
h= The height of a spherical cap
a= The radius of the spherical cap

The specific wear rate of the ball has been calculated by dividing the total volume
loss (mm?®) by the normal load (N) and the sliding distance (m), (see Appendix C).

The SEM has been used to inspect the plan-view of wear track on coated discs
and counterface balls. Cross sections, through the wear scar of the worn surfaces of
discs, have been made parallel to the sliding direction. These samples have been
prepared by cutting them with a precision diamond blade, mounting in hot-mounting
resin, grinding and polishing (as explained in section 3.1.3.2). The cross-sections of the
worn surfaces of coated discs have been examined by SEM. Energy dispersive
spectroscopy (EDX) has been employed for quantitative analysis in the wear scar cross-
section. The optical profilometry (using a Bruker ContourGT Optical Profiler) has been
used to investigate the wear scars of coated discs through mild and severe wear to

understand coating wear behaviour.
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CHAPTER 4 Effect of Metal Binder Type on
Microstructure and Properties of WC-Metal Coatings:

Results and Discussion

In this chapter the results and discussion of WC-12Co and WC-12Ni powders and
their coatings sprayed by high velocity oxy fuel (HVOF) spraying are investigated to
study the effect of metal binder type on the microstructure, mechanical properties and
dry sliding wear behaviour of these WC-metal coatings.

4.1 Experimental Results

4.1.1 Powder Characterisation

Feedstock powders are crucial for the thermally sprayed coatings and their
properties. To examine the effect of metal binder type on coating microstructure,
mechanical properties and dry sliding wear behaviour two powders, Amperit 518.074
(WC-12wt%Co) and Amperit 547.074 (WC-12wt%Ni), which denoted through this
study as WC-12Co and WC-12Ni, respectively, have been used. Both powders have
been produced through an agglomeration and sintering process with a similar nominal
size (-45+15um) by H. C. Starck GmbH. The XRD and SEM have been used to
investigate starting powders (WC-12Co and WC-12Ni), and their characterisation is

discussed in the next two sections.

4.1.1.1 X-Ray Diffraction (XRD)

The XRD pattern of the starting powders (WC-12Co and WC-12Ni) is shown in
Figure 4-1. From this figure, it can be seen that both powders consist of WC hexagonal
close-packed (hcp) crystal structure and metal binder (cobalt or nickel) with face-
centred-cubic (fcc) crystal structure. Appendix A presents the International Centre for
Diffraction Data — Powder Diffraction File (ICDD-PDF) of all phases appearing in this
study.
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4.1.1.2 Scanning Electron Microscopy (SEM)

The microstructure of WC-12Co and WC-12Ni powders are shown respectively in
Figure 4-2 and Figure 4-3. Both powders had a spherical morphology, with high levels
of porosity (typical agglomeration and sintering powder morphology), Figure 4-2a, and
Figure 4-3a. The high magnification in these last figures (top right corner) shows both
powders consist of angular WC grains embedded in metallic binder. The cross sections
of WC-12Co and WC-12Ni powders are seen in SEM-BSE high magnification images
illustrated respectively in Figure 4-2b and Figure 4-3b. Angular particles of WC
embedded in metallic (Co/Ni) binder can be seen in the cross-section microstructure of
both powders. Cracks in the WC particles and porosity can also be seen in both
powders. The WC grains size is in the same range (0.8 - 3 um) for both powders (WC-
12Co & WC-12Ni). Table 4-1 shows the range of WC grain size change between
powders and coatings.
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Figure 4-1: XRD pattern of WC-12Co and WC-12Ni powders and coatings. (ICDD-PDF for all phases is presented in appendix A).
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Figure 4-2: The microstructure of WC-12Co powder (a) Low magnification SEM-SE image
shows spherical morphology. The high magnification on right top corner shows angular WC
particles. (b) High magnification SEM-BSE image of the powder cross-section shows angular

WC embedded on Co matrix.
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Porosity
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Figure 4-3: The microstructure of WC-12Ni powder (a) Low magnification SEM-SE image
shows spherical morphology of the powder. The high magnification on right top corner shows
an angular WC grains. (b) High magnification SEM-BSE image of the powder cross-section

show angular WC embedded on Ni binder.
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Table 4-1: WC grain size change between the powders and the coatings of WC-12Co and

WC-12Ni
Coating W(C grain size range of W(C grain size range of
material powder / um coating / um
WC-12Co 0.8-23 0.7-21
WC-12Ni 0.8-29 0.7-2.7

4.1.2 Characterisation of HVOF Sprayed Coatings

Improvement of the coating for specific application requires finding suitable
combination of properties. One of the vital factors influencing the thermal spray coating
properties is the coating microstructure. The next two sections represent the
microstructure characterisation of WC-12Co and WC-12Ni coatings as determined from
the XRD and the SEM techniques.

4.1.2.1 X-Ray Diffraction (XRD)

Since the scratch test and sliding wear will be performed on polished samples, the
coated samples were scanned two times, as coated and after the polishing to make sure
that coating phases are same on the top surface and underneath (about 50 um of the
coating was grinded and polished). The as coated and polished X-ray patterns are very
identical in both WC-12Co and WC-12Ni coatings, as shown in Figure 4-1.

It has been feasible to observe the main peaks indexed to WC (hcp). The peaks are
obvious in the XRD pattern of WC-12Co and WC-12Ni as-sprayed and after polishing
coatings, (Figure 4-1). Furthermore, a number of microstructure changes can be seen in
both coatings. These changes are found in peaks related to W,C (hcp), and metallic
tungsten peaks (bcc), in both traces. In the XRD pattern of WC-12Ni coating, the nickel
crystal structure (fcc) is very apparent, despite the fact that it shifted slightly from its
position in the powder, and the peaks of the coating sample became broader. In contrast,
the cobalt peaks (fcc) do not appear in the XRD pattern of the WC-12Co coating.
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Nevertheless, the WC-12Co coating has a diffuse diffraction halo centred at about
20=43’, indicating an amorphous or nanocrystalline material. The ICDD-PDF of all

phases is present in Appendix A.

Table 4-2 shows the quantitative X-ray diffraction analysis, (Appendix B), of
WC-12Co and WC-12Ni coatings phases. Even though, there is some limitation of this
method, however, it provides useful information about relative portions of crystalline
tungsten-containing phases. These measurements provide evidence of the higher level
of decomposition of the WC-12Co coating, because there is a decrease in the WC
content and higher weight percent of metallic tungsten and W,C phases comparing with
WC-12Ni coating.

4.1.2.2 Scanning electron microscopy (SEM)

The microstructure of both WC-12Co and WC-12Ni coatings are demonstrated in
Figure 4-4 and Figure 4-5, respectively. Low magnification images of SEM-BSE in
Figure 4-4a, and Figure 4-5a shows common lamellar structure of HVOF thermally
sprayed coatings in both WC-12Co and WC-12Ni coatings, which exhibit different
features. Molten and semi-molten matrix areas are presented in both coatings. Porosity
can be seen in both coatings along with a homogeneous distribution of carbide particles,
some of which have rounded edges. Table 4-1 shows there is no significant reduction in
WC grain size after coating for both materials. The selected areas "b™ in Figure 4-4a,
and Figure 4-5a, for WC-12Co and WC-12Ni coatings respectively are demonstrated by
high magnification images of SEM-BSE in Figure 4-4b and Figure 4-5b in order. In
these last figures, WC core surrounded with a thin brighter spotty rings and clusters of
small particles which related to W,C and metallic tungsten have been found. Some
intergranular cracks and cracks in WC grains in both WC-12Co and WC-12Ni coatings

exist and they are depicted in Figure 4-4c and Figure 4-5c respectively.

Quantitative X-ray diffraction analysis in Table 4-2, (see Appendix B), represent
the relative portions of phases weight percentage excluding cobalt and nickel phases.
This method is not so accurate since it does not account the fraction of amorphous phase
and the metal binder (Co/Ni) phase as well. However, it still gives an idea about the
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weight percentage of carbide phases. It shows that the W,C and metallic tungsten
phases are higher in WC-12Co coating comparing to WC-12Ni coating. This means that
WC-12Co coating experience higher decomposition than WC-12Ni coating.

Table 4-2: Quantitative X-ray diffraction analysis of the crystalline tungsten-containing phases
in WC-12Co and WC-12Ni coatings.

Coating WC (wt %) W,C (wt %) W (wt %)
WC-12Co 87 10 4
WC-12Ni 91 7 3

~ee50
o

- Semismelted s UL T
,;mla.trix : "‘V>J'_~ Tnt <

[~ aNee)/” Spot Magn
2000 V005 S000X S BS
N3g. o

Acely, Spot Mool Del WD =—————f 2 /m AccV  Spet Magn Del WO p———————e 2ym
200NV 4 0032000 BSE 1001 o § 2000V 40 320000 BSE 10,0 b

Figure 4-4: The microstructure of WC-12Co coatings. (a) SEM-BSE low magnification image
shows different features. (b) Shows WC particles surrounded by brighter rings of W2C and/or
metallic W particles. (c) Represent an intergranular cracks and cracks in WC grains.
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Figure 4-5: The microstructure of WC-12Ni coatings. (a) SEM-BSE low magnification
image shows different characteristics. (b) Shows bright spotty rings and clusters
particles related to W,C and/or metallic W surrounding WC grains. (c) lllustrates cracks

in WC grains.

4.1.3 Mechanical properties of coatings

The performance of cermet coatings depends mainly on its mechanical properties,
such as hardness and fracture toughness. The following three sections represent the
results of mechanical properties of WC-12Co and WC-12Ni coatings, including
microhardness, fracture toughness and scratch test. However, the focus in this section
will be largely on scratch test as it is represented as an innovative method to predict the

wear behaviour of thick thermally sprayed coatings.
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4.1.3.1 Microhardness

In order to assess the mechanical properties of the coatings, forty Vickers
indentations have been taken along the mid-plane of the coating cross-section to
measure the microhardness. The results showed an average value of HV( 315 =1257 +
27kgf mm™ for the WC-12Co coating and HVg 315 =1010 + 20 kgf mm™ for the WC-
12Ni coating, Table 4-3. The + values represent the standard error in the mean. Figure
4-6 illustrates the cumulative distribution of microhardness where the median values are
equal to 1256 kgf mm™ for the WC-12Co coating and 1005 kgf mm™ for the WC-12Ni

coating.

4.1.3.2 Fracture toughness

In order to measure the coatings fracture toughness, indentations have been
performed by using the Vickers hardness method, the indentation load has been 10 kg.
It is worth mentioning that the same load has been applied on both WC-12Co and WC-
12Ni coatings.

Figure 4-7 demonstrates intergranular cracks formed parallel to the
coating/substrate interface, with the majority of cracks formed at the corner of the

indent (although several formed some distance from the corner).

Table 4-3: Microhardness and fracture toughness of WC-12Co and WC-12Ni coatings

Coating Microhardness Fracture toughness Fracture toughness
powder HVo.3/15 Kic (Evans & Wilshaw) Kic (Niihara)
kgfmm™ MPam*/2 MPam*/2
WC-12Co | 1257 £ 27 56+0.2 54+0.2
WC-12Ni | 1010 £ 20 46%0.2 50£0.2

Fracture toughness equations, (Evans and Wilshaw) and (Niihara), explained in details in

section 3.1.4.2 (+values represent the standard error in the mean i.e. o/+/n).
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Figure 4-6: Cumulative distribution plot of WC-12Co and WC-12Ni coatings microhardness
shows the median values for both coatings.

Figure 4-7: Indentation of fracture toughness with load 10 kg of (a) WC-12Co coating and (b)
WC-12Ni coating, show intergranular cracks generated parallel to the coating/substrate interface
formed at the corner of the indent.

61



Chapter 4 Effect of Metal Binder Type — Results & Discussion

Fracture toughness values have been calculated from measurements of the
indentations and the associated cracks on cross-sections of the coating. It has been
found that the c/a values always matched the range of 0.6<c/a<4.5, for which the
Evans and Wilshaw equation is valid. In order to achieve comparative results, the
fracture toughness for both WC-12Co and WC-12Ni coatings has been calculated by
employing the Niihara equation. The results of coating fracture toughness are presented
in Table 4-3, where the + values represent the standard error in the mean. The plot of
cumulative distributions of these data is shown in Figure 4-8 (Evans and Wilshaw
equation) and Figure 4-9 (Niihara equation). The median fracture toughness values are
presented in both last figures.
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Figure 4-8: Cumulative distribution plot of WC-12Co and WC-12Ni coatings fracture
toughness, calculated by Evans and Wilshaw equation shows the median values for both

coatings.
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Figure 4-9: Cumulative distribution plot of WC-12Co and WC-12Ni coatings fracture

toughness, calculated by Niihara equation shows the median values for both coatings.

4.1.3.3 Scratch test

The scratch test has been performed on polished disc samples with surface
roughness Ra = 0.04 um of both WC-12Co and WC-12Ni coatings. In order to
understand the coating failure mechanism during the scratch test, related to the loading
conditions, three scratches were produced on the polished sample. Scratch grooves have
been examined using the optical profilometry (using a Bruker ContourGT Optical
Profiler) and the SEM. The parameters of the scratch setup have been a preload of 5 N
and the load increased continually up to 50 N. The total sliding distance has been
approximately 8 mm for both coatings. The loading rate has been 50 N min™ and the
sliding speed has been 10 mm min™. According to coating fracture, the total length of
scratch can be divided into five sectors. In the two following sections the coating failure

mechanism of WC-12Co and WC-12Ni coatings will be discussed in details.

Figure 4-10 and Figure 4-11 depicted the schematic of coating fracture
mechanism map along the scratch track of both WC-12Co and WC-12Ni coatings
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respectively depending on the progressive of the normal load and the distance where
these failures appears. The graphs in Figure 4-10 and Figure 4-11 illustrated the changes
of scratch depth and width according to the progressive load, with a critical load starting

at 17 N for WC-12Co coating and at 11 N for WC-12Ni coating.
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Starting section

The scratch starting section commences at the starting point of the scratch with
preload 5 N and continues until observation of the first crack on the coating. The high
magnification SEM-BSE image taken from the middle of the scratch track of this
section, Figure 4-12, proves that there are no cracks in both WC-12Co and WC-12Ni
coatings at this stage. The scratch width and depth were about 50um and 0.6 pm

respectively for both coatings in this section.
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Figure 4-12: SEM-BSE images taken from the middle of the scratch track at starting section. (a)
WC-12Co coating and (b) WC-12Nicoating.

Critical load section

The normal load at which the initial cracks of the coating can be observed is
termed as the critical load. For the WC-12Co coating, the initial cracks have appeared at
approximately 2.7 mm from the starting point with normal load around 17 N, (Figure
4-10), where for the WC-12Ni coating these cracks appeared at about 1.8 mm from the
starting point with normal load about 11 N, (Figure 4-11).

The average width of the scratch track for both WC-12Co and WC-12Ni coatings
in this segment have been approximately 78 um and 76 um respectively, where the
average depth of the scratch groove for both WC-12Co and WC-12Ni coatings were
about 2 um and 1.8 pm in order.
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Low magnification images of SEM-BSE in Figure 4-13 demonstrate the mode of
these initial cracks which are short and have no specific shape. SEM-BSE high
magnification images in Figure 4-14 represent these narrow primary intergranular
cracks in the matrix. There have been few noted cracks in the WC grains in WC-12Co
coating. However, there no cracks in the WC grains have been noticed in WC-12Ni

coating.

Figure 4-13: The critical load section of scratch track. The low magnification images of SEM-
BSE show the mode of the cracks (arrows). (a) WC-12Co coating and (b) WC-12Ni coating.
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Figure 4-14: The critical load section of the scratch. SEM-BSE high magnification images
represent the narrow initial matrix cracks. (a) WC-12Co coating, few cracks in WC grains
observed (red arrows), and (b) WC-12Ni coating, no cracks in WC grains seen.
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Semi-circular cracks section

As the normal load increased, the cracks in the coating increased. About 4 mm
from the starting point of the scratch of WC-12Co coating, where the normal load
exceeds 25 N; the cracks take semi-circular shape. This happens with WC-12Ni coating

as the normal load exceeds 17 N, about 2.7 mm from the starting point of the scratch.

The 2D Bruker ContourGT Optical Profiler images in Figure 4-15 represent these
semi-circular cracks in both coatings (arrows). The average width and depth of the
scratch in this sector have been approximately 83 um and 2.4 um respectively in WC-
12Co coating. These values within the WC-12Ni coating were 85 pm and 2.7 pym
respectively.

The scratch width increased compared to the previous section. The high
magnification SEM-BSE images in Figure 4-16 exhibited that these semi-circular
cracks still follow the boundaries of the coating grains, (i. e. travel through the matrix)
in both coatings. However, in WC-12Co coating these cracks start to break the WC
grains in their path. Few cracks appear in the WC grains in both WC-12Co and WC-
12Ni coatings.
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Figure 4-15: The 2D Bruker ContourGT Optical Profiler images represent the semi-circular
cracks (arrows). (a) WC-12Co coating and (b) WC-12Ni coating.
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Figure 4-16: The SEM-BSE high magnification images exhibited the semi-circular cracks. (a)
WC-12Co coating, the semi-circular cracks go through the matrix and WC grains as well
(arrows) and (b) WC-12Ni coating, the cracks still travel through the matrix and few cracks

appears in WC grains (arrows).
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Developed semi-circular cracks section

As the normal load increases, the semi-circular cracks developed to cover
(approximately) the whole scratch width and the intensity of these cracks increased until
the end of the scratch. These developed semi-circular cracks have been seen with WC-
12Co coating when the normal load is exceeds 35 N and this occurs at approximately
5.6 mm from the starting point of the scratch (see Figure 4-10). However, with WC-
12Ni coating these cracks appear when the normal load is above only 27 N and this seen

at about 4.3 mm from the starting point of the scratch of this coating (see Figure 4-11).

The average scratch width and depth at this section for WC-12Co coating were
approximately 93 pum and 3.4 pum respectively, while with WC-12Ni coating the
average scratch depth and width at this section were about 95 pum and 3.6 pm,
respectively. The WC-12Ni coating scratch shows slightly wider scratch track and
deeper scratch groove through in this section; although the normal load with this coating
(WC-12Ni) here is less than that of WC-12Co coating, Figure 4-17. The high
magnification SEM-BSE images in Figure 4-18 illustrated these developed semi-
circular cracks for both WC-12Co and WC-12Ni coatings travelling through the matrix
and the carbide grains. These scratch cracks become wider than the cracks in previous
section. The cracks in the WC grains are very obvious in this section in both WC-12Co
and WC-12Ni coatings.
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Figure 4-17: The plot of scratch profile of WC-12Co and WC-12Ni coatings at the developed
semi-circular cracks section. WC-12Ni coating shows slightly wider scratch track and deeper

scratch groove with lower normal load.
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Figure 4-18: The high magnification SEM-BSE images show the developed semi-circular
cracks going through the matrix and the WC grains. The cracks in the WC grains are very
obvious in both coatings. (a) WC-12Co coating and (b) WC-12Ni coating.
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Coating splats delamination section

The coating splats begin to delaminate at the edges of the scratch track when the
normal load exceeds 47 N, about 7.5 mm from the starting point of the scratch of WC-
12Co coating. The same thing is happen with WC-12Ni coating when the normal load

goes above 39 N, approximately 6.2 mm from the starting point of the scratch.

The 3D Bruker ContourGT Optical Profiler images in Figure 4-19 illustrates the
scratch profile at this section shows the coating splats delamination at the scratch edges.
The average scratch width and depth at the end of the WC-12Co coating scratch have
been about 109 pm and 4.3 pum, in order. These values with the WC-12Ni coating
scratch were about 109 pum and 4.9 pm respectively.

The SEM images in Figure 4-20 represent the delamination of coating splats at the
edges of the scratch and the cracks at this sector. The SEM high magnification images
detailed the coating fracture behaviour of both WC-12Co and WC-12Ni coatings. The
developed semi-circular cracks travel through the matrix and the carbide grains on both
coatings. The cracks in WC grains have been seen in this section of the scratch with
both of WC-12Co and WC-12Ni coatings.
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Figure 4-19: The 3D Bruker ContourGT Optical Profiler images exhibited the coating splats
delamination at the scratch edges. (a) WC-12Co coating and (b) WC-12Ni coating.
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Figure 4-20: The SEM images illustrated the coating splats delamination at the edges of the
scratch and the cracks at this section. The high magnification SEM images show the coating
fracture behaviour and the cracks modes. (a) WC-12Co coating and (b) WC-12Ni coating.
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4.1.4 Sliding wear behaviour

A dry sliding wear test has been employed on polished disc samples with surface
roughness Ra = 0.04 um, and the results obtained from the ball-on-disc dry sliding wear
test of both coatings, WC-12Co and WC-12Ni, under different loads, are summarised in
Table 4-4, £ values represent the standard error in the mean. Figure 4-21 shows the
wear rate of the WC-12Co and WC-12Ni coated discs (plotted on a log scale) versus the
applied loads. The wear rate of the counterface sintered WC-6Co ball sliding on coated
discs (also plotted on a log scale) versus the applied loads is shown in Figure 4-22. An
investigation on wear scars has been performed using the SEM and the optical
profilometry (using a Bruker ContourGT Optical Profiler), in order to gain an
understanding of wear behaviour. This investigation shows that the difference in the
wear mechanism of both coatings is insignificant. However, the WC-12Co coating, as
shown in Table 4-4, can withstand a higher applied load in the sliding wear test before

the transition from mild to severe wear occurs.
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Table 4-4: Results of dry sliding wear test of WC-12Co and WC-12Ni coated discs and WC-6Co sintered balls.

Coating Normal Sliding Disc wear Disc wear rate Disc wear Friction Ball wear rate
load distance scar depth  coefficient
N m 10° mm? 10° mm*/N.m Hm m 10° mm*/N.m
141 1500 139 0.0007+0.00001 0.13 0.17 0.15+0.03
212 1500 1187 0.004+0.0007 0.15 0.27 0.2+0.04
WC-12Co
282 1500 327310 0.8+0.1 2.50 0.59 0.91£0.2
353 100 392736 11+2 4.60 0.08 16+3
71 1500 430 0.004+0.0005 0.08 0.18 0.035+0.005
118 1500 723 0.004+0.0003 0.10 0.19 0.01+0.001
WC-12Ni
141 1500 66821 0.32+0.02 14.00 0.62 0.045+0.004
212 100 2350017 111+9 31.40 0.16 2.3+0.2
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Figure 4-21: Plot of wear rate of WC-12Co and WC-12Ni coatings. The error bars represent the

standard error in the mean.
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Figure 4-22: Plot of wear rate of sintered balls WC-6Co sliding against WC-12Co and WC-

12Ni coated discs. The error bars represent the standard error in the mean.

81



Chapter 4 Effect of Metal Binder Type — Results & Discussion

4.1.4.1 Wear behaviour of WC-12Co coating

In order to assess the wear behaviour of the WC-12Co coating, a plan view of
worn surfaces of WC-12Co coating under loads of 212 N and 282 N has been captured
and demonstrated in Figure 4-23 and Figure 4-24 respectively. The reason behind
choosing these particular loads is referred to the fact that the transition from mild to

severe wear takes place somewhere in between these two loads.

The plan view of the surface of the WC-12Co coating worn under a load of 212 N
(below the transition load) is illustrated in Figure 4-23. The worn surface of the coating
shows a smooth surface with a number of pits as illustrated in low magnification SEM-
SE image in Figure 4-23a. The wear track has been around 1.5 mm in width; this is after
a sliding distance of 1500 m. Figure 4-23b shows a SEM-BSE image from the middle of
the wear track. It has been found that a number of localised transfer layers had been
generated during the dry sliding test. Selected area "c" from previous figure is
demonstrated in high magnification SEM-SE image in Figure 4-23c which shows the
fracture of some of the brittle oxide layers. The selected area "d" in Figure 4-23b is
illustrated in high magnification SEM-BSE image in Figure 4-23d shows narrow
intergranular cracks (indicated by red arrows) propagate in the coating layer during the

mild wear of WC-12Co coating.

Cross-section has been made through the mild wear track to investigate the wear
behaviour of WC-12Co coating in this stage. Figure 4-23e shows the wear scar cross-
section below the transition load (212 N) which shows thick localised transfer layer on
the top. Narrow intergranular subsurface cracks are propagating in the WC-12Co

coating during mild wear (red arrows in Figure 4-23e).

The energy dispersive X-ray analysis (EDX) of the transferred layer, shown in
Figure 4-23f demonstrates the presence of tungsten, cobalt, and oxygen. The increase of
the weight percent of the oxygen in the transferred layer made it clear that this layer is

an oxide layer.
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Figure 4-23: Mild wear behaviour of WC-12Co coating. (a) Top view of wear scar of WC-12Co
coating worn under normal load 212 N. (b) SEM-BSE image taken from the middle of the wear
track shows the localised oxide layers, selected areas ¢ & d are shown in next figures,

respectively. (Sliding direction is from top to bottom).
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Figure 4-23 (Cont.): Mild wear behaviour of WC-12Co coating. (c) SEM-SE image shows the
fracture of some of the brittle oxide layers during the mild wear. (d) SEM-BSE high
magnification shows narrow intergranular cracks generated in the coating surface during the

mild wear (red arrows).
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Figure 4-23 (Cont.): Mild wear behaviour of WC-12Co coating. (e) Cross-section through the
wear track of WC-12Co coating during mild wear (normal load = 212 N) shows the localised

oxide layer and very narrow intergranular subsurface cracks (red arrows).
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Figure 4-23 (Cont.): Mild wear behaviour of WC-12Co coating. (f) EDX analysis of transfer
layer (spectrum 1). The increase in the oxygen weight percent proves that this transfer layer is
an oxide layer.
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In contrast, the surface of the same coating (WC-12Co) worn under a load of 282
N (above the transition load) shows more severe wear as can be clearly seen in Figure
4-24.

The surface of the WC-12Co coated disc worn under the load of 282 N reveals
more severe wear as exhibited in low magnification SEM-SE image in Figure 4-24a.
The wear track has been about 2 mm in width, this is after a sliding distance of 1500 m.
Selected area "b" in previous figure from the middle of the wear track is presented in
SEM-SE image in Figure 4-24b. It shows very severe wear and approximately the
whole wear track is covered by the transfer layer. The selected area "c" in Figure 4-24b
is illustrated in high magnification SEM-SE image in Figure 4-24c shows the fracture of
the brittle oxide layer during the wear test. The angular WC grains in high
magnification SEM-BSE in Figure 4-24d are indication that the top coating layer
(which means the brittle oxide layer in this stage) has been fractured. Wider cracks have
been seen in the transfer layer presented in Figure 4-24d.

Cross-section was made in the severe wear track to examine the wear behaviour of
WC-12Co coating during severe wear. The wear scar cross-section above the transition
load (282 N) is depicted in Figure 4-24e and shows a thin transfer layer covering the top
surface of the worn coating surface. Wider intergranular subsurface cracks are
propagating in the WC-12Co coating through severe wear. In this case, cracks in WC

grains are observed.

The energy dispersive X-ray analysis (EDX) of the transferred layer during severe
wear is illustrated in Figure 4-24f reveals the existence of tungsten, cobalt, and oxygen.
The increase of the weight percent of the oxygen in the transferred layer made it clear

that this layer is an oxide layer.
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Figure 4-24: Severe wear behaviour of WC-12Co coating. (a) Top view of wear scar of WC-
12Co coating worn under normal load 282 N. (b) SEM-SE image taken from the middle of the
wear track shows very severe wear. The transfer layer is about to cover the whole wear track.

Selected areas c is shown in next figure. (Sliding direction is from top to bottom).
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Figure 4-24 (Cont.): Severe wear behaviour of WC-12Co coating. (c) SEM-SE image illustrates
the fracture of the brittle oxide layer. (d) SEM-BSE high magnification image if selected area
"d" shows the angular WC grains which indicates the fracture of the top oxide layer.
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Figure 4-24 (Cont.): Severe wear behaviour of WC-12Co coating. (e) Cross-section in the
severe wear scar of WC-12Co coating (normal load = 282 N) shows thin transfer layer
covering the whole top surface and wider intergranular subsurface cracks. Cracks are seen in the

WC grains (red arrows).
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Figure 4-24 (Cont.): Severe wear behaviour of WC-12Co coating. (f) EDX analysis of transfer
layer (spectrum 1). The increase in the oxygen weight percent indicates that this transfer layer is

an oxide layer.

The morphology of the wear debris of WC-12Co coating worn with severe wear,
(282 N), is demonstrated in Figure 4-25. The wear debris consists of plate-like debris
which has resulted from the delamination of the transferred layer. Agglomerated fine
particles can also be seen. The wear debris during mild wear has been extremely little,

which cannot be collected for investigation.
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Figure 4-25: The wear debris of WC-12Co coated disc worn with a severe wear shows the plate
like debris.

The optical profilometry (using a Bruker ContourGT Optical Profiler) has been
used to investigate the wear scar of WC-12Co coating. The 2D Bruker ContourGT
Optical Profiler image of mild wear sample, below the transition load (212N), is
illustrated in Figure 4-26a, that shows low wear. However, the 2D Bruker ContourGT
Optical Profiler image of severe wear, above the transition load (282 N), is exhibited in
Figure 4-26b that shows high wear. Figure 4-26¢ represents the wear scar profile of
WC-12Co coating with mild wear, below the transition load (212 N), where the wear
scar depth is about 0.15 pum and the scar width is around 1.5 mm. The wear scar profile
with severe wear, above the transition load (282 N), is illustrated in Figure 4-26f with a

wear scar depth of about 2.5 pm and wear scar width of nearly 2 mm.
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Figure 4-26: Bruker ContourGT Optical Profiler investigation of wear scar of WC-12Co
coating. (a) 2D Bruker ContourGT Optical Profiler image during mild wear (normal load = 212
N) shows low wear. (b) 2D Bruker ContourGT Optical Profiler image during severe wear

(normal load = 282 N) shows high wear.
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Figure 4-26 (Cont.): Bruker ContourGT Optical Profiler investigation of wear scar of WC-12Co
coating. (c) The plot of mild wear profile shows the width and the depth of wear scar. (d) The
plot of severe wear profile shows the width and the depth of wear scar.

The variation of the friction coefficient with sliding distance for WC-12Co
coating during mild and severe wear is demonstrated in Figure 4-27. During the mild
wear (normal load = 212 N), through the running-in period from starting to about 250 m

the friction coefficient increased to p=0.2. The curve then start to increase gradually
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until the friction coefficient has been about p = 0.35 at 1100 m, where it becomes steady

state.

The friction coefficient increased sharply during running-in period with the severe
wear (normal load = 282 N) to reach around p = 0.74. Then the curve start to decrease

gradually until the p = 0.56 about 1100 m, where the steady state start.
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Figure 4-27: Variation of the friction coefficient with sliding distances for WC-12Co coating

during wear test.

The worn surface of the counterface sintered WC-6Co ball which sliding against
the WC-12Co coated disc during the mild wear, (below the transition load, 212 N), has
been examined by the SEM. Figure 4-28a shows a very smooth worn surface with a
little debris stuck on it. Figure 4-28b is the high magnification SEM-BSE image of
selected area "b" which illustrates the small amount of wear debris transformed from the
coated disc and stuck on the worn surface of the ball. Figure 4-28c is the high
magnification SEM image which illustrates the selected area "c" from the middle of the
ball worn surface proving that there has been no significant change in the microstructure

of the ball worn surface through the mild wear.
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Figure 4-28: Mid wear behaviour of sintered WC-6Co ball sliding against WC-12Co coated
disc. (a) Low magnification SEM-BSE of the ball worn surface. (b) SEM-BSE image of elected
area “b” shows the debris stuck on the ball worn surface. (c) High magnification SEM-BSE

image of selected area “c” from the middle of ball worn surface shows smooth surface.

The wear behaviour of the sintered WC-6Co ball sliding counter to the WC-12Co
coated disc through the severe wear is illustrated in Figure 4-29. The selected area "b"
in Figure 4-29a, is exhibited in SEM-BSE image in Figure 4-29b. This last shows
unworn ball surface, the debris generated during sliding wear and the worn surface with
some dislocated WC grains. Figure 4-29c¢ represents the high magnification SEM image
of wear debris morphology which shows the mix of tribofilm matrix (grey colour) with
fine WC particles (bright colour). Furthermore, Figure 4-29d shows the high
magnification SEM image of the ball worn surface where the dislocation of some WC

grains is very obvious (arrows).
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Figure 4-29: Severe wear behaviour of sintered WC-6Co ball sliding against WC-12Co coated
disc. (a) Low magnification SEM-BSE image of ball worn surface. (b) SEM-BSE image of

selected area "b" shows worn and unworn surface of the ball.
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Figure 4-29 (Cont.): Severe wear behaviour of sintered WC-6Co ball sliding against WC-12Co
coated disc. (c) The morphology of the wear debris shows fine WC particles embedded in oxide
matrix. (d) High magnification SEM-BSE of ball worn surface shows bull-out of WC grains.
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4.1.4.2 Wear behaviour of WC-12Ni coating

To examine the dry sliding wear behaviour of WC-12Ni coating, the worn surface
of WC-12Ni coating below and above the transition load (118 N and 141 N,
respectively) has been captured and shown in Figure 4-30 and Figure 4-31 in order.
These loads have been selected because the transition from mild to severe wear takes

place somewhere in between.

The plan view of the WC-12Ni coating worn under a load of 118 N (below the
transition load) is illustrated in Figure 4-30. It shows a smooth surface with a number of
pits as illustrated in low magnification SEM-SE image in Figure 4-30a. The wear track
width has been about 0.6 mm; this is after a sliding distance of 1500 m. Figure 4-30b
shows a SEM-BSE image from the middle of the wear track. It has been found that a
number of localised transfer layers had been generated during the dry sliding test.
Narrow intergranular cracks propagate in the coating top surface are observed. Selected
area "c" in Figure 4-30b is demonstrated in high magnification SEM-SE image in
Figure 4-30c which illustrates the narrow crack propagating through the coating grain
boundaries (noted by red arrows). The polished surface of WC grains (flat WC grains)

proves there is no fracture in the coating yet.

Cross-section has been made through the mild wear track to investigate the wear
behaviour of WC-12Ni coating in this stage. Figure 4-30d shows the wear scar cross-
section below the transition load (118 N) which shows thick localised transfer layer on
the coating top surface. There are no subsurface cracks observed in this stage.

The energy dispersive X-ray analysis (EDX) of the transferred layer is shown in
Figure 4-30e and indicates the presence of tungsten, nickel, and oxygen. The increase of
the weight percent of the oxygen in the transferred layer made it clear that this layer is
an oxide layer.

99



Chapter 4 Effect of Metal Binder Type — Results & Discussion

I % |
da | > |
| —1- | A
e Ty |
Rt '
| V{Iearscar i
!widtbfz_ 0.6 mm !
o A <3 . |
By S |
PR R S |
i AN
I Rt 1
] ]
| |
I |
I |
| |
I |
| |
| |

ccV SpotMagn Det WD

200kV 4.0 120x SE 10.0

AT S DA TG S WO
k\::';si;‘f’,t;“. ‘:\“ﬂ‘\‘ .\“. l( v “1 v"", }.!

-~

.'l‘ .
e L
o w

Det WD
200KV 4.0 4000x BSE 10.1
PE5 23 N 3 P D ot g . et AR 8
) L7 e LR RN SO Y A X b

Figure 4-30: Mild wear behaviour of WC-12Ni coating. (a) Top view of wear scar of WC-12Ni
coating worn under normal load 118 N. (b) SEM-BSE image taken from the middle of the wear
track shows the localised oxide layers, selected area ¢ shows in next figure. (Sliding direction is

from top to bottom).
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Figure 4-30 (Cont.): Mild wear behaviour of WC-12Ni coating. (c) SEM-BSE high
magnification shows narrow intergranular cracks propagate in the WC-12Ni coating surface
during mild wear (red arrows). (d) Cross-section in the mild wear scar of WC-12Ni coating

(normal load = 118 N) shows localised oxide layer on the top surface.
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Figure 4-30 (Cont.): Mild wear behaviour of WC-12Ni coating. () EDX analysis of transfer
layer (spectrum 1). The increase in the oxygen weight percent indicates that this layer is an
oxide layer.
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In contrast, the surface of the same coating (WC-12Ni) worn under a load of 141
N (above the transition load) shows more severe wear as can be clearly seen in Figure
4-31.

The surface of the WC-12Ni coating worn under the load of 141 N shows more
severe wear as demonstrated in low magnification SEM-SE image in Figure 4-31a. The
wear track has been about 1 mm in width; this is after a sliding distance of 1500 m.
Selected area from the middle of the wear track is presented in SEM-BSE image in
Figure 4-31b. It shows very severe wear and almost the whole wear track is covered by
the transfer layer (grey colour areas). The WC grains crushed during severe wear of
WC-12Ni coating. The selected area "c" in previous figure is illustrated in SEM-SE
image in Figure 4-31c shows wide transgranular cracks on the brittle transfer layer
which lead to the fracture of this layer during the wear test. The angular WC grains in
high magnification SEM-BSE in Figure 4-31d are proving that the top coating surface
(which meanly the brittle oxide layer) has been fractured.

Cross-section made in the severe wear track to investigate the wear behaviour of
WC-12Ni coating during severe wear. The wear scar cross-section above the transition
load (141 N) is shown in Figure 4-31e and shows a thin transfer layer covering the
entire wear track top surface. It can be seen that a significant amount of fine tungsten
carbide particles embedded in the transferred layer exists, and there is a large amount of
fine debris stuck in the wear track. There are no subsurface cracks and no cracks in WC

grains are observed in this cross-section.

The energy dispersive X-ray analysis (EDX) of the transferred layer during severe
wear of WC-12Ni coating is illustrated in Figure 4-31f and reveals the presence of
tungsten, nickel, and oxygen. The increase of the oxygen weight percent in the

transferred layer made it clear that this layer is an oxide layer.
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Figure 4-31: Severe wear behaviour of WC-12Ni coating. (a) Top view of wear scar of WC-
12Ni coating worn under normal load 141 N. (Sliding direction is from top to bottom).
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Figure 4-31 (Cont.): Severe wear behaviour of WC-12Ni coating. (b) SEM-BSE image taken
from the middle of the wear track shows very severe wear. The transfer layer is approximately
covering the whole wear scar. (¢) SEM-BSE image shows the fracture of the brittle transfer

layer. The wide transgranular cracks are very obvious in this layer.
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Figure 4-31 (Cont.): Severe wear behaviour of WC-12Ni coating. (d) SEM-BSE image shows
the angular WC grains prove the fracture of the top oxide layer. (e) Cross-section in the severe
wear scar of WC-12Ni coating (normal load = 141 N) shows thin transfer layer covering the top

surface.
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Figure 4-31 (Cont.): Severe wear behaviour of WC-12Ni coating. (f) EDX analysis of transfer
layer (spectrum 1). The increase in the oxygen weight percent indicates that this layer is an

oxide layer.

The wear debris during mild wear has been extremely little, which cannot be
collected for investigation. The morphology of the wear debris of WC-12Ni coating
worn with severe wear, (141 N), is demonstrated in Figure 4-32. The wear debris
consists of plate-like debris which has resulted from the delamination of the transferred

layer. Agglomerated fine particles can also be seen.
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Figure 4-32: The wear debris of WC-12Ni coated disc worn with a severe wear (normal load =
141 N) shows the plate like debris.

To inspect the wear scar of WC-12Ni coating the optical profilometry (using a
Bruker ContourGT Optical Profiler) has been used. The 2D Bruker ContourGT Optical
Profiler image of mild wear sample, below the transition load (118 N), is illustrated in
Figure 4-33a shows low wear. However, the 2D Bruker ContourGT Optical Profiler
image of severe wear, above the transition load (141 N), is shown in Figure 4-33b
which represents high wear. Figure 4-33c illustrates the wear scar profile of WC-12Ni
coating with mild wear, below the transition load (118 N), where the wear scar depth
and scar width of approximately 0.1 um and 0.6 mm, respectively. The wear scar profile
with severe wear, above the transition load (141 N), is illustrated in Figure 4-33d with a

wear scar depth and width of almost 14 um and 1 mm, respectively.
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Figure 4-33: Bruker ContourGT Optical Profiler investigation of wear scar of WC-12Ni coating.
(a) 2D Bruker ContourGT Optical Profiler image during mild wear (normal load = 118 N)
shows low wear. (b) 2D Bruker optical image during severe wear (normal load = 141 N) shows

high wear.
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Figure 4-33 (Cont.): Bruker ContourGT Optical Profiler investigation of wear scar of WC-12Ni
coating. (c) The plot of mild wear profile shows the width and the depth of wear scar. (d) The

plot of severe wear profile shows the width and the depth of wear scar.

The changing of the friction coefficient with the sliding distance for WC-12Ni
coating through mild and severe wear is illustrated in Figure 4-34. Throughout the mild
wear (normal load = 118 N), the friction coefficient curve increased gradually until the
friction coefficient has been about p = 0.19 at 1200 m, where it become approximately
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steady state. The friction coefficient increased sharply during running-in period with the
severe wear (normal load = 141 N) seen to reach around p = 0.7 at about 300 m. Then
the curve start to decrease gradually until the u =0.6 about 700 m, then the curve

increase gradually to reach pu = 0.7 at 1200 m where the steady state starts.
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Figure 4-34: Variation of the friction coefficient with sliding distances for WC-12Ni coating

through wear test.

The SEM has been used to examine the worn surface of the sintered WC-6Co ball
sliding against the WC-12Ni coated disc during the mild and severe wear. Figure 4-35
represents the wear behaviour of the sintered ball during the mild wear of WC-12Ni
coating. Figure 4-35a, illustrates the SEM low magnification of ball worn surface. The
selected area b is exhibited in Figure 4-35b which shows unworn and worn surfaces and
the little debris transformed from the coated disc, and stuck on the ball surface. Figure
4-35¢ is the high magnification SEM image of worn surface of counterface ball. The
last figure shows a very smooth surface proving that there has been insignificant change

in the ball microstructure.
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Figure 4-35: Mid wear behaviour of sintered WC-6Co ball sliding against WC-12Ni coated
disc. (a) Low magnification SEM-BSE image of the ball worn surface (sliding direction from
right to left). (b) SEM-BSE image shows worn and unworn ball surfaces and the debris stuck on
the ball surface. (c) High magnification SEM-BSE from the middle of ball worn surface shows

smooth ball surface.
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The wear performance of the sintered WC-6Co ball sliding against the WC-12Ni
coated disc during the severe wear is demonstrated in Figure 4-36. The selected area “b”
from the middle of the ball in Figure 4-36a, is exhibited in SEM-BSE image in Figure
4-36b. This figure shows high severe wear of ball worn surface which approximately
covered by brittle oxide layer. The fracture of the brittle oxide layer is very obvious.
The selected area “c” in Figure 4-36b is presented in high magnification SEM-BSE
image in Figure 4-36¢ which demonstrates the brittle oxide layer. The angular WC

grains prove the fracture of the outer layer of the ball during the severe wear.
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Figure 4-36: Severe wear behaviour of sintered WC-6Co ball sliding against WC-12Ni coated
disc. (a) Low magnification SEM-BSE image of the ball worn surface (sliding direction from
right to left). (b) SEM-BSE image of selected area “b”. The brittle oxide layer is about covering
the entire ball worn surface. (c) High magnification SEM-BSE image of selected area “c”. The
angular WC grains indicate the fracture of the brittle oxide layer during the wear test.
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4.2 Discussion

The main aim of this section is to discuss the results of the tests carried out in this
chapter to investigate the effect of the metal binder type (Co/Ni) of both WC-12Co and
WC-12Ni coatings on the coating microstructure and their mechanical properties. This
will also include discussing the influence of coating microstructure and the mechanical
properties of these two coatings on the dry sliding wear behaviour. The section will start
with the coatings microstructure, including: brief description of the thermal spray
coating mechanism, discussing the results of X-Ray diffraction and Scanning Electron
Microscopy (SEM), and final conclusion reflecting the differences between the two
metal binders (Co/Ni). Then, the mechanical properties of both WC-12Co and WC-
12Ni coatings will be discussed, including the microhardness, fracture toughness,
scratch test and a conclusion of these mechanical properties will be given. After that, the
dry sliding wear behaviour of the corresponding coatings will investigated and
discussed in the light of coating microstructure and their mechanical properties,
followed by related conclusions. Finally, general conclusions for the whole tests will

give by the end of the section reflecting the main aim behind this section.

4.2.1 Coating Microstructure

Coating microstructure is an essential factor that affects its mechanical properties,
such as hardness, fracture toughness, and the coating wear behaviour. The coating
microstructure is mainly affected by the deposition process and process parameters. The
starting powder type and its size range are also very essential. For the specific
application, the right powder and process control are required to guarantee the
production of a coating with the suitable microstructure and the needed properties. In
this study, to investigate the metal binder effect, two powders of similar types and size

range are selected (see section 4.1.1).

Microstructure formation mechanism

During HVOF thermal spraying process, the starting powder is injected into a

flame, where it melts or semi-melted and is accelerated toward the component surface to
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create the coating layers. The microstructure formation of HVOF thermally sprayed
WC-M coating mechanism is described as follows:

As a WC-M powder particle enters the hot gas, its temperature increases and the
metal binder will begin to melt. WC will begin to dissolve in the metal binder when this
latter is molten. Moreover, more WC will dissolve as the temperature of particles
continues to rise. The decomposition of a powder particle expected to proceed as
follows. The metal binder will melt and WC will dissolve into the liquid as the
temperature increases. Carbon removed from the melt both by reaction with oxygen at
the melt/gas interface or during oxygen diffusion into the rim of the molten particle,
resulting CO formation. The reduction of carbon from the melt will consequently be
controlled to a shell area, the depth of which is affected by carbon movements, oxygen
and the reaction kinetics. Conversely, additional dissolution of WC grains in this shell
area will be driven by reduction of carbon from the melt as the system tries to recreate
local equilibrium in the WC—melt system. Because of dissolution, the general outcome
will be WC grains, which are significantly less angular in the outer rim of a powder
particle. The other results are a reduced WC volume fraction compared with the central
areas of the particles and a W:C atomic percentage in the melt greater than unity.
During rapid solidification of the splat, W,C, W and the M(W, C)
nanocrystalline/amorphous phase are generated, where M in this case is Co/Ni.
Nevertheless, carbon loss leads to the melt composition much closer to the phase of
M,C (W-C), on rapid cooling, nucleation of W,C and consequent W,C growth could be
kinetically preferred mostly if WC acted as an effective nucleation substrate for W,C.
The M(W, C) liquid phase will be under cooled under the liquids temperature due to the
high cooling rates. It is expected that the liquid can transform to an amorphous phase
where the nucleation kinetics of the complex crystalline phases MgC and M1,C are
probable to be inactive. The nanocrystallinity might be attributed to crystallization of an
originally amorphous matrix as a result of reheating throughout successive gun passes

to create a thick coating (Stewart et al. 2000).

This proposed mechanism is supported by the XRD results. From the powders
patterns (Figure 4-1), it is very clear that the WC-12Co and WC-12Ni powders are
similar. Both of them contained only hexagonal close-packed (hcp) WC and face-
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centred-cubic (fcc) metal binder peaks (cobalt in WC-12Co powder, and nickel in WC-
12Ni powder). The cobalt and nickel peaks are approximately at the same position (20 =
44.2" for Co and 20 = 44.8" for Ni). Also, both WC-12Co and WC-12Ni powders have a
similar particles size (-45+15um), both produced by agglomeration and sintering
process and have similar WC grains size range (0.8-2.5 um). This similarity in starting
powders will ensure that there is no effect driven from the difference in starting powders

structure.

The high magnification SEM-BSE images of both powders cross-section in Figure
4-2b and Figure 4-3b shows only two phases. Angular WC grains (bright colour) are
surrounded by metallic binder which is cobalt in WC-12Co powder and nickel in WC-
12Ni powder (grey colour). This fact is supported by the results of x-ray scan of these

powders, Figure 4-1; where only WC and cobalt/nickel are appear.

The broadening of the diffracted beams of metal binders in both coatings, (Figure
4-1), is a result of their very small crystals plus micro strain, i.e., the thickness of the
crystal is inversely proportional to the width of the diffraction curve, (Cullity and Stock
2001). The XRD results of WC-12Ni coating show a retained nickel phase, which is in
good agreement with the published results of WC-Ni thermally sprayed coatings
(Berger et al. 2008; Celik et al. 2006; Guilemany et al. 1995; Stachowiak 2006).

Furthermore, patterns of WC-12Co coating (Figure 4-1) show a broad diffraction
halo centred at about 26=43" which indicates the presence of amorphous or
nanocrystalline phase in this coating. This has been identified previously by many
researchers such as (Karimi et al. 1993; Stewart et al. 2000; Verdon et al. 1998) and can
be related to a nano-crystalline phase containing cobalt, tungsten and carbon, Co(W, C),
which corresponds to the matrix. The fact that the cobalt peaks are detected in the
powder and not in the coating, suggests that most of the cobalt is present as nano-

crystalline binder phase.

The main difference between the XRD scans for both of WC-12Co and WC-12Ni

coatings is that the Ni crystalline phase is still exist where the Co crystalline phase does
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not appear clearly. This could be attributed to the higher WC solubility in a Co based
liquid than in a Ni based one, and the temperature at which liquid forms in the W-Co-C
system is lower than that in the W-Ni-C system, Figure 4-37, (Gapriel et al. 1986). The
W(C solubility in liquid Co is high and strongly varies depending upon the temperature.
With decreasing carbon content, the solubility of tungsten in cobalt increases and has
been reported to vary between 2 and 15 wt.% at about 1250 °C. The tungsten solubility
in cobalt binder at ambient temperature has been reported to be 3.5 wt.%. The solubility
of cobalt in tungsten carbide is very small and can be neglected. With regard to the solid
solubility of carbon in the binder, a typical range reported for WC-Co was 0-0.2 wt.%
at elevated temperatures, with the higher values at the lower tungsten levels. Solid
solubility of tungsten and carbon in cobalt binders are inversely related. The solubility
of W and C in the liquid Ni of the W-C-Ni system were reported to be about 5.0 and
2.0 wt.%, respectively at 1350 °C. The solubility of tungsten in Ni at ambient
temperature has been reported to be 5.4 wt.% (Fernandes and Senos 2011; Tracey 1992;
Uhrenius et al. 1995).

The knowledge of the phase diagrams for WC and different binders will be
extremely useful and opportune regarding the need to choose initial compositions.
Using Thermo-Calc software, with SSOL5 database, Figure 4-37 depicts two vertical
sections through ternary systems; one for the Co-W-C system (Figure 4-37a), the other
for the Ni-W-C system (Figure 4-37b). Both phase diagrams calculated at 12 wt%
Co/Ni, 5 wt% C and 83 wt% W which are the powders stoichiometric composition.
Figure 4-37 represents the effect of substitutions of the Co