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Abstract

Corrosion plays a major role in decreasing a tool’s lifespan during abrasive applications. The
main focus of this study was to investigate the effect of the binder compositions on the wear,
corrosion and tribocorrosion resistance of the WC-Co by varying the binder contents. The
study involved a characterization of microstructures, grain size, hardness, and chemical
composition by using energy X-ray dispersion in the SEM. The corrosion and tribo-corrosion
behaviour of the WC-Co was investigated using an electrochemical and cyclic
potentiodynamic polarization test in 3.5% NaCl at pH 2, 3 and 5 of acetic and sulphuric acid
solutions, respectively. Electrochemical corrosion resistance was determined by performing
the OCP for 1 hour followed by a potentiodynamic scan at a scan rate of 0.17 V/s for the
samples exposed to both acidic salt solutions. Furthermore, the tribo-corrosion characteristics
were investigated by assessing the electrochemistry while samples were exposed to a ball-on-

disc test.

The density of the WC-Co alloys was between 13.93 to 14.45 g/cm3 with microhardness
values ranging from 1400 to 1730. The alloys had shown a fine microstructure, 6.4%Co-
3.2%Ni-2.0%Cr-4.8%V had more fine-grained structure with high HVo3 value of 1730.
During the cyclic polarization test, the additions of chromium and nickel had shown to have
an effect in stabilizing the cobalt binder phase at pH 2 and 5. The grain size had little
influence on the corrosion behaviour of the alloys. Positive hysteresis loop was observed at
higher pH levels, where it was dictated that the presence of chloride ions in acid might
accelerate the growth of pits during the cyclic potentiodynamic polarization test. Negative
hysteresis loop was also observed at lower pH levels for an alloy with <1%Co as the reverse
scan had shown a decreasing current density. During the tribocorrosion test, it was found that
the wear conditions, alloy, and acid electrolyte controlled the wear-corrosion interaction.
While some alloys had shown dominant corrosion behaviour, the hardmetals did not show
any wear. The varied pH conditions had a great influence on the wear rates of the alloys

which in turn accelerated the corrosion attack with increasing acid strength.
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1. Introduction

1.1. Background

Cemented tungsten carbide (WC-Co) has been a material of choice in mining, rock drilling,
underground drilling, and tunnelling because of the outstanding blend of wear and corrosion
resistance properties (Katiyar, 2020). It has a high hardness and low fracture toughness
(Allen & Wentzel, 1995). Tungsten carbide can be utilized as a coating material for
protection against wear and high temperature oxidation because of high hardness and thermal
stability (Thanjekwayo, 2009); (Human & Exner, 1996) & (Palomar, et al., 2009).

These WC-Co materials were introduced to the woodcutting industry because of their high
wear resistance and hardness which gives a tool an increased lifetime (Ramasamy &
Ratnasingam, 2010) & (Sacks, 2002). WC-Co cutting tools have high wear resistance which
makes it possible to employ higher cutting speeds compared to when using High Speed Steel
(HSS) cutting tools. The cutting speeds are at least ten times higher than when using HSS
cutting tools, thereby increasing production rates (Bailey, et al., 1983) & (AZoM, 2002).
However, these cutting tools are susceptible to corrosion which reduces the tool life.
Furthermore, alloying tungsten carbide with elements such as titanium and tantalum make the
metal an essential cutting tool which makes it economically viable in the industry because of
its improved hardness (Upadhyaya, 1997). These elements tend to be employed because of

their high electron affinity for carbon which promotes the formation of stable carbides.

Corrosion plays a major role in decreasing the tool life during abrasive applications in the
presence of wood extracts. Research has shown that the organic extractants can decrease the
performance of the tool by influencing the mechanical properties of WC-Co. This decrease in
performance is evaluated to be caused by the corrosive nature of organic extractants present
in wood which in turn accelerate the wear rate of the cutting tool (Pugsley, et al., 2001).
Previously, studies have been conducted on the improvements of the WC-Co’s strength and it
has been found that in order for improvements to be made corrosion Kkinetics and
thermodynamics must be understood when the material is used in corrosive environments
(Sutthiruangwong & Mori, 2003). Kosters, et al., (2005) reported that chromium in the binder
of WC-Co increases corrosion resistance by stabilizing the cobalt-based passive oxide layer.



Tribocorrosion is a process whereby the corrosion and wear effects are combined on the
degradation of a material. During this test it is important to consider the synergistic behaviour
of the tribocorrosion as the study have shown that a metal binder that is optimum in one
degradation process is not optimum when both corrosion and wear are in place. For example,
nickel performs best for corrosion alone but performs poorly in tribocorrosion conditions, this
is assumed to be caused by the passive layer which takes time to form and is mechanically
weak causing it to be removable when a certain load is applied. However, there has been
limited research on the effect of WC grain sizes on the wear, tribocorrosion and corrosion of

this hard metal when it is exposed to organic acid environments (Wood, et al., 2017).

1.2. Problem Statement

Cemented tungsten carbides are heterogeneous materials. They suffer from galvanic
corrosion in the presence of aggressive corrosive media which preferentially attacks the
cobalt binder material while the tungsten carbide itself remains immune. This material has
been used in the wood and timber industry as a woodcutting tool. The degradation of
woodcutting tool is not always well understood or defined. The number of parameters related
to the machining of different wood materials obstructs the prediction of the evolution of
wear, corrosion and tribocorrosion of tools. These parameters include but are not limited to
temperature, wood pH and wood abrasives. It is a challenge to determine the magnitude of
each mechanism so that improvements of the woodcutting tools can be made (Gauvent, et al.,
2006) & (Darmawan, et al., 2012). Much of the research that has been conducted broadly
investigates the corrosion behaviour of WC-Co as a cutting tool, but strong acid and alkali
solutions are typically used. However, there is little information when the cutting tool is
exposed to organic acid solutions, such as acetic acid. In addition, research proved that wood
moisture and multi-component nature of wood play an important role in the kinetics of the

tool’s degradation (Ramasamy & Ratnasingam, 2010) & (Sutthiruangwong & Mori, 2003).

This study will focus on the effect of the binder compositions on the wear, corrosion and
tribocorrosion resistance of the WC-Co by varying the binder contents. The WC-Co will be

exposed to the organic acid environments.

1.3. Objectives

This study aims to investigate and understand the effect of binder contents on the corrosion

resistance and tribocorrosion resistance of WC-Co in organic acid environments.



The objectives of this study are as follows:

e Determine the influence of Cr and Ni additions on the microstructure of WC-Co.

e Investigate the effects of different binder compositions on corrosion resistance of
WC-Co in different media.

e Study the combined action of wear-corrosion (tribocorrosion) of the developed WC-
Co with binders.

1.4.  Hypothesis

There are two hypotheses that were mapped out for this study. The first hypothesis will be
constructed on the theory that the presence of chromium in the binder increases the corrosion
resistance by stabilizing the cobalt-based passive oxide layer alongside with nickel. The
second hypothesis will be based on the theory that the presence of nickel is not optimal for
tribocorrosion. Wood, et al., (2017), assumed that this can be caused by the passive layer
which takes time to form, and is mechanically weak which makes it susceptible to the

removal due to the applied load.

1.5. General Layout

This dissertation is comprised of six chapters. This chapter has provided the background of
the study. The next chapter, chapter 2 provides the literature review, an overview description
of the tungsten carbide as a hardmetal as well as its corrosion behaviour when exposed to
organic acid environments. Chapter 3 comprises provides a detailed experimental procedure,
equipment and software used in this work. Chapter 4 includes the results and short
discussion, and Chapter 5 provides a full discussion. Chapter 6 provides conclusions and

recommendations that could be considered for future research.



2. Literature Review

2.1. Woodcutting Tools

The wood industry has poor knowledge of the degradation of the tools in contact with wood
and the woodcutting processes are very difficult to explain and describe. Therefore, good
understanding of the material behaviour during machining is required for economical and
productive reasons (Gauvent, et al., 2006); (Cristovao, 2013) & (Eyma, et al., 2004). There
are many factors that influence the woodcutting processes such as wood properties, cutting
tool geometry and cutting parameters. The woodcutting tools during the interaction with
wood are subjected to severe loads and transverse vibrations, hence, different wear
characteristics and mechanisms are produced. It is generally accepted that different wear
mechanisms occur during woodcutting; and the dominant wear mechanism may be different
under different cutting conditions (Cristovao, 2013); (Naylor & Hackney, 2013) & (Sacks,
2002).

High carbon steels (about 1.0%C) or high-speed steels (T or M series) were the most used
cutting tool materials in the wood industry before the introduction of WC-Co. The tool life
and performance had usually been good because of the excellent wear characteristics. The
enhancement of the tool life and performance was obtained by the use of WC-Co cutting
tools, this material has the wear resistance that is superior to that of steels and is used
extensively in the machining of high strength ferrous and non-ferrous alloys. However,
researchers suggested that when WC-Co is used in wood products with high moisture
contents it shows a rapid degradation and high wear rates compared to the aforementioned
steels under same conditions (Bailey, et al., 1983) & (Naylor & Hackney, 2013).

Studies have shown that wood moisture and multi-component nature play an important role
in the kinetics of the tool’s degradation. Moreover, further understanding of corrosion
kinetics and thermodynamics is essential for the development of the cemented carbide cutting
tool when used in corrosive environments. However, there is limited information on the
behaviour of cutting tools when machining different wood materials under different

conditions (Ramasamy & Ratnasingam, 2010) & (Sutthiruangwong & Mori, 2003).



2.2. Woodcutting Tool Wear

The cutting process is impenetrable with many influencing factors which include material
properties, cutting tool geometry and cutting parameters (Cristovao, 2013). Hence, basic
understanding of wood machining properties that the industry employs to assess the cutting
tool wear comprise of cutting tool wear, cutting forces, power consumption and tensioning of
cutting tools. This will give the possibility of enhancing product quality, increasing
production efficiency, or otherwise improving the machining process (Cristovao, 2013) &
(Sacks, 2002).

Research on woodcutting tool wear done up until the present time is centred on the cutting
tool itself, the type of wood, tool performance and cutting conditions. The following sections

will give a review of the woodcutting tool wear trends.

2.2.1. Properties of Wood during Woodcutting

Wood is promptly available heterogeneous material with plenty of varieties. This material is
used in the furniture, packing, building constructions, flooring and panelling, window frames
(Bendikiene & Keturakis, 2017). Wood consists of organic constituents such as cellulose,
hemicellulose, lignin and extractives (Ramage, et al., 2017). Furthermore, it also consists of
small substances such as gums, fats, resins, sugars, oils, starches, alkaloids and tannis
(Darmawan, et al., 2011) & (Darmawan, et al., 2012). However, these substances occur in
small amounts, they play a big role in wood properties. It has been reported that a number of
organic acids were found that they exist in wood which include tannic acid, acetic acid, citric
acid and formic acid (Sacks, 2002) & (Gibson & Watt, 2010). Moreover, mild acids such as
acetic acid have little effect on strength, in contrast strong acids, such as sulphuric acid; cause

substantial strength losses (Winandy & Rowell, 1984).

The physical and mechanical properties of wood are determined by moisture content as well
as temperature (Chiniforush, et al., 2019) & (Winandy & Rowell, 1984). Studies have shown
that if the temperature increases to a point where the pH of the environment changes, this can
lessen the strength properties of wood. Furthermore, it has been found that these effects are
further aggravated by time and moisture (Winandy & Rowell, 1984).

Hardwoods are known to emit more acetic acid than softwoods. Additionally, the acetic acid
source is due to the hydrolysis of acetyl group esters in the hemicellulose, which is one-third

of the total carbohydrate in the wood (Gibson & Watt, 2010). From literature, hardwoods are
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found to be usually more susceptible to degradation by either acids or alkalis than softwoods
are. This effect is assumed to be due to hardwood’s lower lignin content and higher

proportion of pentosan hemicelluloses (Winandy & Rowell, 1984).

2.2.2. Tool Wear Mechanism

Research had shown that the tool wear and blunting of cutting edges can occur by either one
of two ways. It can occur by large scale fracturing of the tool edge, and it is generally caused
by the poor tool design or operating processes. Lastly, this is a not easy to avoid type of wear
that takes place on a smaller scale where particles are removed by abrasion (Sacks, 2002) &
(Sheikh-Ahmad & Bailey, 1999).

The performance of the cutting tools differs as they are used. The range in performance of the
cutting tools can be monitored by observing the change in the edge geometry of the cutting
tool, change in the forces acting during cutting and change in power consumption (Cristovao,
2013). Therefore, a study on the interconnection of the tool, wood and machining
environment is essential in the measurement of tool wear and blunting of cutting edge with an
aim of identifying the predominant wear (Sacks, 2002). Further and more accurate study can
be conducted, once the relationship between the tool, wood and machining environment is

known, that will focus on the impact of changing the cutting parameters (Sacks, 2002).

Researchers proposed various parameters such as nose width, edge recession in rake face,
edge recession in clearance, edge radius, etc to evaluate tool wear and blunting of cutting
edges (Cristovao, 2013). However, there is still a misunderstanding to which wear parameter
is the most representative of the state of bluntness of the tool (Sheikh-Ahmad & McKenzie,
1997) & (Cristovao, 2013).

2.2.2.1. Natural Wood

Studies had shown that the amount and chemical nature of the extractives found in natural
wood are the most contributing factors to the tool wear (Sacks, 2002). The chemicals that are
mostly found in natural wood are tannic and acetic acid. These types of acids can lead to
corrosion, and this is dependent on the moisture content and they eventually lead to the
degradation of the cutting tool. Green wood is one of the natural woods that have been

investigated extensively by many researchers. It was found to be the natural wood that



contains high moisture content and is more aggressive to the WC-Co as compared to the
HHS.

Bailey, et al., (1983) conducted a similar investigation using different types of cemented
tungsten carbide tools to machine oak. The wear mechanism that was observed involved the
leaching of the binder (cobalt) through a chemical reaction that lead to the mechanical loss of
tungsten carbide grains as the strength of the hardmetal deteriorated due to the removal of the
binder (Bailey, et al., 1983).

Mohan, et al., (1981) investigated the susceptibility of cemented tungsten carbide
woodcutting tool to corrosive wear when machining green wood. It was observed that a
major part of the tool wear was due to corrosion. It was also found that the electrochemical
action that was used to measure the corrosion susceptibility of the material can be influenced
by changing the tool binder material and the amount of the tool binder material composition
as well as the carbide grain size (Mohan & Klamecki, 1981). Another study was conducted
on the wood products that contained high and low moisture contents which were green and
cured wood, respectively. It was observed that the wear rate of the hardmetal was greater
when it was exposed to high moisture content as compared to low moisture content

(Ramasamy & Ratnasingam, 2010).

2.3.  Tungsten Carbides

2.3.1. Hardmetals

Hardmetals are composite materials with one or more hard but relatively brittle components
(tungsten carbide, titanium carbide, tantalum carbide) and a ductile binder (cobalt, nickel,
iron) that gives a certain degree of toughness to the material without impairing the high
hardness of the carbide components. The WC-Co are usually referred to as hardmetals. This
distinctive combination of hardness and toughness makes them exceptional as tool materials
in the industry (Ettmayer, 1989) & (Lassner & Schubert, 1999). Commercial hardmetals of
the type [(WC-M); where M = Fe, Ni or Co] or their mixtures which are prepared in different
ratios of binders, they normally give desired properties for a particular application such as
electrolytic properties and corrosion resistance (Scholl, et al, 1992). The cemented carbides
are of great importance in the manufacturing industry and are widely used for cutting,
drilling, and grinding tools (Zhang & Chen, 2017).



2.3.2. WC-Co Manufacture

Cemented carbides are obtained by liquid phase sintering of a well-mixed and compacted
powder mixture of alloyed or unalloyed carbides of the transition metals such as (WC, TiC,
TaC) with cobalt (Ettmayer, 1989). The powders of the tungsten carbide and cobalt are milled
to achieve the desired grain size, there are then mixed and compacted. After compaction, the
hardmetal is sintered via liquid phase sintering under controlled sintering atmosphere, where
densification takes place inorder to obtain a pore-free microstructure and final dimensions of
the component (Fang & Eso, 2005) & (Garcia & Strelsky, 2010).

Cobalt is used as a primary binder because it has improved wettability with WC at high
temperatures as well as its excellent mechanical properties (AZoM, 2002) & (Garcia &
Strelsky, 2010).

The manufacturing processes are linked, which means that any changes that will occur in any
manufacturing step in the production chain will have an impact on the following process and
the quality of the final product (Garcia, et al., 2019). Figure 2.1 below illustrates the summary
of the manufacturing of WC-Co.
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Figure 2.1: Manufacturing of WC-Co (Stefaniak, et al., 2007)

2.3.3. Applications of WC-Co

The tungsten carbide phase provides the alloy with exceptional hardness as well as superior

wear resistance whilst the binder gives the composite material with strength and toughness
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(Sun, et al., 2020). The logic behind the metal-matrix composite such as WC-Co is to form a
material with the most prevailing mechanical properties such as high hardness and toughness
as well as wear resistance (Sockel & Pugsley, 2004) & (Fangab & Llanesb, 2020). These
properties makes the composite material to be more suitable for a wide range of applications
in the industry, that is, as cutting tools and wear parts for machining of components in the
automotive and aerospace industry; as drill bits or road headers in the rock and mining
industry or sharp cutting teeth for the wood industry (Garcia & Strelsky, 2010). Tungsten
carbide is used as a coating material because of its high hardness, corrosion resistance and

wear resistance (Palomar, et al., 2009).

2.3.4. Limitations

Certain applications demand the WC-Co materials to remain in service for some years. These
materials are exposed to corrosion and oxidation, as corrosion plays a major role in damaging
the cemented tungsten carbide components making them more susceptible to wear, thus
decreasing the tool life (Imasato, et al., 1995) & (Zhang, et al., 2019). Therefore, for longer
service life and prevention of premature failure, the corrosion properties play a major in
influencing the overall performance of the tool. However, corrosion resistance is not a
primary requirement for the composite materials, nonetheless, it is still a very important
requirement for industrial uses (Tarragod, et al., 2016) & (Thanjekwayo, 2009). Since the
binder phase cobalt is susceptible to the corrosive media, it has been observed that the
reduction on the cobalt content or substitution of cobalt by another element has a major effect
on the corrosion resistance (Kim, et al, 2005).

2.3.5. Grain Growth Inhibitors

Grain growth inhibitors are used to produce finer carbide grain size microstructure which
increases hardness, thus, wear resistance of the hardmetals (Sacks, 2002). Cubic carbides
such as CrsC,, TaC, NbC or VC are added to WC-Co hardmetal mixtures to inhibit the
growth of the tungsten carbide grains during sintering and they have been found to be the
most effective grain growth inhibitors (Stanciu, et al., 2017). Furthermore, the alloying
elements such as CrsC, and VC have proved to be excellent grain growth inhibitors when
alloyed into the binder as they improve corrosion resistance and fracture toughness of the
hardmetal (Wood, et al., 2017).
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In order for the grain growth inhibitor to be effective it is dependent on factors such as the
inhibitor concentration and the sintering temperature. The latter plays a role in producing the
final microstructure due to the solid state and liquid phase sintering effects. In addition, it has
been observed that the carbon concentration in the cobalt binder have a visible effect on the
WC grain growth (Morton, et al., 2005).

2.4. Corrosion

Corrosion is the deterioration of a material due to the chemical reaction with the
environment; it is regarded as a reverse extractive metallurgy which is dependent on

temperature and concentration of the environment (Kruger & Begum, 2016).

Corrosion resistance of the WC-Co is dependent on the binder composition, binder content
and the size of the carbide grains (Sutthiruangwong & Mori, 2003) & (Ktiz & Bricin, 2017).
Since the cobalt binder phase is mostly affected by corrosion, it follows that making
improvements of the corrosion resistance of the binder by adding other metallic alloy
compositions will have a major influence on the overall corrosion resistance (Human &
Exner, 1997) & (Wentzel & Allen, 1996). Therefore, the understanding of corrosion kinetics
and thermodynamics is necessary for the improvement of the cemented carbides in such

environments (Sutthiruangwong & Mori, 2003).

2.4.1. Introduction to the Corrosion of WC-Co Hardmetals

Tungsten carbide hardmetals have replaced the high speed and high carbon steels materials as
woodcutting tools (Bailey, et al., 1983). However, the tungsten carbide hardmetals suffer
corrosive wear and the high-speed steels are regarded as better corrosive resistant alternatives
even though they are also sensitive to wood with high moisture (Naylor & Hackney, 2013). It
has been observed that corrosion progresses by oxidation leaving only the tungsten carbide
skeleton which is broken down by mechanical action (Sutthiruangwong & Mori, 2003);
(Jacobson, 2018) & (Human & Exner, 1997). Therefore, this critically limits their use in
extreme conditions as it decreases the hardmetal service performance (Guo, et al., 2020) &
(Kellner, et al., 2009). Generally, WC-Co does not passivate (Kosters, et al., 2005). Studies
have shown that tungsten (W) and cobalt (Co) show opposite behaviours when considering
the influence of the environment acidity; W have shown to be more stable than Co when it is
exposed to acidic environment and Co have shown to be more stable than W when it is

exposed to alkaline environments (Santos, et al.,, 2020) & (Kellner, et al., 2009). In
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applications where corrosion or oxidation resistance is required, the WC-Ni has shown to
have better properties than the WC-Co hardmetals but fully or partially replacing the cobalt
binder can compromise the mechanical properties of the hardmetal (Santos, et al., 2020).

2.4.2. The Mechanism of Corrosion

Most studies have shown that the corrosion response of tungsten carbide hardmetals has been
conducted using the weight loss measurement from immersion tests with electrochemical
procedures when it is exposed to various aqueous solutions (Sacks, 2002). Sutthiruangwong
et al., (2003) reported that the hardmetals suffer galvanic corrosion (Sutthiruangwong &
Mori, 2003). Furthermore, it has been studied that there are different electrode potentials
found in these hardmetals where the hard WC grains acts as cathode and the soft binder phase
acts as anode which leads to the formation of the micro galvanic couples between these
phases in many aqueous environments causing corrosion (Katiyar, 2020). Studies have stated
that this happens due to the large surface area covered by ceramic particles as a result
corrosion is enhanced in the anodic sites of the hardmetal (Tarrago, et al., 2016). Although
these tests have been conducted years ago on the different hardmetals, there lies a question on

the exact mechanisms of corrosion and microstructural influence on the binder properties.

24.2.1. Galvanic Corrosion

Galvanic corrosion is known to take place whenever dissimilar metals come in contact in the
presence of a corrosive electrolyte. This type of corrosion is driven by an electrode potential
difference between two metals and each of the metals acts as either the anode or cathode
(Kosaba, et al., 2021) & (Jones, 1996). This corrosion behaviour can be inhibited by
substituting a cathodic material with one higher in the galvanic series than the binder (Gant &
et al., 2004).

2.4.2.2. Corrosion of Cobalt

Cobalt has two main oxidation states which include Co?* and Co®*. The Co®" ion is unstable
and easily reduces to Co?* because of that, the Co®* can be overlooked for the consideration
of the corrosion behaviour in acidic solutions. These equations show the potential-voltage
versus the saturated calomel electrode (SCE) of cobalt.

Co = Co*" + 2¢, E®=-518 mV vs SCE
Co**=Co®* +¢, E® = 1567 mV vs SCE
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The Pourbaix diagram for cobalt shown in figure 2.2, cobalt is shown that it actively corrodes
in acidic media and oxide formation occurs at pH levels around 7 in oxygenated
environments (Human, et al., 1998) & (Sacks, 2002).

25

(Co{OH)5}

14 16

g 0 2 4 6 8 10 12

Figure 2.2: Pourbaix diagram for the cobalt-water system at 25°C (Garcia, et al., 2008).

2.4.2.3.  Corrosion of Tungsten Carbide

Tungsten carbide (WC) is chemically more stable than cobalt when exposed to acidic
environments. However, WC when it is exposed to alkaline solution it tends to behave
differently as it becomes less stable when compared to cobalt (Human & Exner, 1996);
(Kellner, et al., 2009) & (Potgieter, et al., 2011).

There has been a theory on the formation of an oxide WOs at the surface when it is exposed
to sulphuric acid (Thanjekwayo, 2009); (Human & Exner, 1997) & (Bozzini, et al., 2004).
This is demonstrated in the following equation:

WC + 5H,0 = WO3 + CO + 10H* + 10e

In acidic and neutral environments, the pure WC-Co alloys show pseudopassivity
(Thanjekwayo, 2009). Sutthiruangwong et al., (2003) investigated the cause of
pseudopassivity and found that in WC-Co with high tungsten (W) content in the binder form
the corrosion products such as WOs at the surface of the binder. Therefore, this decreases the
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dissolution of rate by inhibiting further dissolution of the binder (Sutthiruangwong & Mori,
2003) & (Kosters, et al., 2005).

2.4.3. The Effect of the Binder Content on the Corrosion

Studies on the influence of binder compositions and binder content on WC-Co have been
conducted; however, there are still debates of the literature on whether to increase or reduce
the binder contents for a particular application. Gant et al., (2004) mentioned that the exact
binder content will be dictated by the particular corrosive media encountered by an alloy.
Furthermore, they suggested the material loss can be reduced by reducing the volume fraction
of the binder. Sutthiruangwong et al., (2003) studied the corrosion properties of the cobalt-
based cemented carbides in acidic solutions (Sutthiruangwong & Mori, 2003). It was
observed that the reduction of the cobalt binder content it results to better corrosion
resistance. However, Human et al., (1996) studied the electrochemical behaviour of the
tungsten carbide hardmetals, where they were discussing the effect of the binder content
ranging from 6 to 15 wt% and the WC grain size ranging between 1 to 5 um. The material
was exposed to sulphuric acid. It was observed that there was no significant change in the

corrosion rate of the binder phase with varying binder content (Human & Exner, 1996).

Partial or total substitution of cobalt has been a subject of interest since few decades ago.
The substitution of cobalt has been an aim and it was promoted because cobalt is a hazardous
substance to human health. Nickel and its alloys as well as iron have been used and proved
to be alternative binders to cobalt for increasing corrosion resistance. Both iron and nickel
have been studied as candidates, since they are closest transition metals to cobalt in the
periodic table and by consequence; they have similar affinity with carbon and tungsten
(Sandoval, et al., 2019) & (Roulon, et al., 2020). However, fully replacing cobalt with nickel
may be detrimental to the mechanical properties of cemented tungsten carbide. It can
compromise the hardness, wear resistance and strength of this hardmetal (Zhang, et al.,
2019).

Another study was conducted on the improvements of WC-Co, and it was also found that the
addition of chromium into the binder phase improves the corrosion resistance of WC-Co in
acidic solutions; however, it is detrimental to its mechanical properties (Zhang, et al., 2019).
Cobalt can also be partly replaced by nickel-chromium, nickel-chromium-molybdenum
(Human & Exner, 1996) & (Fazili, et al., 2020). The effect of each binder is outlined below.
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2.4.3.1. Nickel

Various studies have been conducted on the effect of nickel as an alternative binder.
Tomlinson et al., (1988), Scholl et al., (1992) and Wentzel et al., (1996) investigated the
effect of nickel when it is exposed to acidic environments. It was reported that nickel is more
corrosion resistant compared to cobalt (Tomlinson & Linzell, 1988); (Scholl, et al., 1992) &
(Wentzel & Allen, 1996). Studies have observed that tungsten carbide-nickel in acidic
environment is much better than tungsten carbide-cobalt (Tracey, 1992). However,
mechanical properties such as hardness and strength are lower than that of cobalt when it is
fully substituted. Furthermore, the substitution of cobalt with nickel, in whole or part, has
been studied to strengthen the binder phase, as well as reducing the costs associated with the

limited supply and the high market price of cobalt powder (Li, et al., 2020).

2.4.3.2. lron

Studies have shown that iron has been identified as the promising candidate to substitute
cobalt. It is induced by its ability to suppress the WC grain growth resulting from high
affinity for carbon during thermal cycle required to sinter the alloys, together with its non-
toxicity and low price (Zhao, et al., 2019). However, it has not gained much attention in the
industry; it could be that the binder has the tendency to form martensite during cooling cycle
(Ettmayer, 1989). Moreover, it was observed that it has not been attractive from aesthetic
point of view because of possible rusting and also the hardness and strength of tungsten
carbide-iron appears to be inferior to that of tungsten carbide-cobalt (Tracey, 1992) & (Zhao,
etal., 2019).

2.4.3.3.  Other binder compositions

Various studies have been conducted on the addition of chromium/chromium carbide into the
binder phase. According to (Allen & Wentzel, 1995) & (Li, et al., 2020), chromium addition
into the binder phase of WC-Ni improves the corrosion resistance, they also reported that
chromium carbide can refine the WC grains. While Kosters, et al., (2005) and Roa, et al.,
(2020) reported that chromium in the binder of WC-Co increases corrosion resistance by
stabilizing the cobalt-based passive oxide layer but also produces a refinement of the WC
(Kosters, et al, 2005) & (Roa, et al., 2020).

It has recently been reported that the addition of ruthenium (Ru) in the WC-Co can stabilize

the crystal structure of the cobalt binder and improve the corrosion resistance of the
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hardmetal while a small addition of vanadium carbide (VC) reduced it (Potgieter, et al.,
2011). While Guo, et al., (2020) studied the role of Y,05, Cu, Mo and Mo,C additives on
optimizing the corrosion resistance of WC-6wt%Co in acidic (HCI) and alkaline (NaOH)
solutions. It was found that Y, 05, Mo and Mo,C can decrease the grain size and improve the
hardness of the cemented tungsten carbide, however, Cu behaves differently. Furthermore,
Y,05, Mo and Mo, C have been reported to improve corrosion resistance in both acidic and
alkaline solutions. In comparison, Mo additive was found to be the most effective in
improving corrosion resistance cemented tungsten carbide in both solutions whereas Cu only
improves corrosion resistance when the hardmetal is exposed to the alkaline solution (Guo, et
al., 2020).

2.4.4. The Influence of Various Parameters on Corrosion

Studies have shown that the corrosive environment is one of the last factors that influence the
corrosion behaviour of cemented carbides (Bricin, et al, 2019). Temperature and pH can have
influence on the corrosion of WC-Co. Bricin, et al., (2019) have found that the use of cobalt
binder for woodworking where the pH of wood moves from a value of 3 to that of 8 is
detrimental to the cutting tool life. Additionally, they found that the fine-grained WC-Co
straight carbide structure degraded when it was exposed to sulphuric acid environment, a loss

of hardness was observed (Bricin, et al., 2019).

Sheikh-Ahmad & Bailey (1999) conducted an investigation on the machining of fibreboard
and particleboard. They found that the tool material is exposed to reactive gases and vapors
produced from thermal decomposition of wood fibers and other board additives at high
temperatures. Furthermore, the presence of these reactive agents may be disadvantageous to
tool wear (Sheikh-Ahmad & Bailey, 1999).

2.4.5. Effect of organic acid on WC-Co

Cemented tungsten carbide can be used as a cutting tool that can be used to cut a wide variety
range of materials including metal, plastic, fibreboard and wood. It is therefore exposed to a
variety of environments that may contain highly aggressive compounds. In woodcutting,
organic acids such as tannic, acetic acid and others are found in wood and they tend to be
highly corrosive, thus, they reduce the tool life. Additionally, studies have shown that the
performance of a cutting tool is not determined by its mechanical properties but its dependant

on the nature of the environment in which it is being exposed to (Sockel & Pugsley, 2004).
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Studies have been conducted on the corrosion of WC-Co in different woodcutting
environments. Pugsley, et al., (2001) studied the influence of a corrosive wood-cutting
environment on the mechanical properties of hardmetal tools. The materials that were used to
investigate this effect were the straight carbide phase (WC-Co) with 10wt%Co and a mixed
carbide phase (WC-Co + (WC/TiC/Ta(Nb)C) with 6wt%Co and they were exposed to tannic
acid under static load conditions. The formation of defects at the surface of the hardmetals
was observed and defects are known that they act as stress raisers that could lead to the
reduction in strength of the material. It was reported that the mixed carbide phase hardmetal
exhibited a further decrease in strength during the static load conditions. The strength of the

straight carbide hardmetal remained unaffected during the static load (Pugsley, et al., 2001).

Gauvent, et al., (2006) studied the corrosion of materials used as cutting tools of wood where
carbon steels and tungsten carbide-based alloys were compared to each other exposed to the
juice of oak. It was observed that the mechanical resistance of these two cutting tools
decreased drastically when the corrosive agents of wood dissolved the metallic matrix. It was
proposed that the corrosion behaviour of WC alloys is determined by the composition and the
amount of a binder while the corrosion behaviour of carbon steels was determined by nickel
and chromium contents in the alloy (Gauvent, et al., 2006). However, studies have not

focused yet on the corrosion of WC-Co when it is exposed to an organic acid salt solution.

25. Wear

Wear is defined as material removal or surface damage on the one or two surfaces while
rolling, sliding or impact motion relative to one another (Jeyaprakash & Yang, 2020). It is
part of a wider field called tribology which involves wear, friction, and lubrication (Sacks,
2002) & (Jeyaprakash & Yang, 2020).

Wear processes are usually illustrated in terms of a tribosystem in figure 2.3. The tribosystem
often consist of a solid body, a counter body, an interfacial element, and the environment
(Sacks, 2002). In addition, the interaction between parameters involved in the tribosystem
leads to different types of wear which include rolling, sliding and impact wear (Sacks, 2002).
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Figure 2.3: Tribosystem (Massola, et al., 2016).

2.5.1. Wear mechanism of WC-Co

Tool wear is a very important aspect for the wood industry because it reflects the tool
performance during the cutting of composite materials (Cristovao, 2013) & (Guo, et al.,
2014). It was suggested that wear can be divided into two groups depending on the wear
mechanisms involved. The first group involves mechanical wear which comes from the
mechanical interaction only between counter-faces. The second group involves the chemical
interaction such as oxidation or tribo-chemical reaction between counter-faces, as an active
wear component (Krakhmalev, et al., 2007). It has been found that the tool geometry,
workpiece and cutting parameters influence the wear mechanism greatly. The performance of
the cutting tool differs as it is used; the difference in performance can be monitored by
observing the change in the edge geometry of the cutting tool and different forces acting on
the tool during cutting (Cristovao, 2013) & (Guo, et al., 2014). In addition, the wood
moisture which is regarded as the corrosive media plays an important role in the degradation
of the cutting tool (Pugsley, et al., 2001) & (Engqvist, et al., 2000).

25.1.1. Abrasion Wear

Abrasive wear happens while asperities of a rough and hard particles slide on a softer surface
and removes the softer material, and it damages the surface through fracture or plastic
deformation (Jeyaprakash & Yang, 2020) & (Affatato & Brando, 2013). This type of wear is
often classified according to the type of contact and the contact environment, the type of
contact regulates the modes of abrasive wear. There are two modes of abrasive wear which

include two-body and three-body abrasive wear (Affatato & Brando, 2013).
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The two-body abrasive wear occurs when one surface (often the one with the higher hardness
than the other) cuts the material away from the other surface. Furthermore, this mechanism
changes to three-body abrasion as the wear debris acts as an abrasive between the two
surfaces. The three-body abrasive wear occurs when particles are not restricted but are free to
roll and slide down a surface. Therefore, they lead to fissuring, scratching and microcutting
of their surface layers, the particles randomly get trapped into one of the layers leading to
wear by microcutting (Affatato & Brando, 2013) & (Siczek, 2016). The aforementioned
modes of wear experiences the three types of material stresses which include gouging, high
and low stress abrasion wear. Gouging happens when the coarse particles impact and cut into
the material displacing fairly large material fragments (Sacks, 2002). The high stress abrasion
wear occurs when the crushing strength of the abrasive particles is overreached, and they are
fragmented during the wear process. In the low stress abrasion wear the particles remain the
same (Hutching & Shipway, 2017).

The abrasion resistance of WC-Co is dependent on the material’s ability to withstand
penetration by abrasive particles and the degree of difficulty in removal of material by
fracture or plastic flow (Sacks, 2002). Studies have shown that the abrasive wear mechanism
depends on the p