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ABSTRACT

Ceramic metal composites, or cermets, currently have widespread applications in the chemical,
automotive and oil and gas sectors, due to their combination of high wear resistance, and
aqueous corrosion resistance. In the present study, a family of novel titanium carbide (TiC)-
stainless steel cermets has been produced as potential materials for use as erosion and corrosion
resistant materials. The development of the TiC-stainless steel cermets is based on a simple melt
infiltration technique, with the stainless steel “binder” contents varied from 5 to 30 vol.%, using
the austenitic grades 304L and 316L, and the martensitic grade 410L. These materials have
subsequently been evaluated for their wear and corrosion response, as well as characterisation of

their basic mechanical properties and microstructure.

Reciprocating wear tests involved a ball-on-flat geometry (using a WC-Co counter face sphere),
with loads varied from 20 to 80 N, for up to 120 minutes. The wear tracks were assessed using a
high-resolution optical profilometer, in order to determine the wear volume. The specific wear
rate of the cermets was found to increase with both the applied load and the steel binder content.
To investigate the morphology of worn surfaces, scanning electron microscopy (SEM), and
associated energy dispersive x-ray spectroscopy (EDS) were used, in order to fully understand
the operative wear mechanisms. A transition from two- to three-body abrasive wear was
observed, together with the formation of a oxygen-rich tribolayer, indicating that adhesive wear

was also occurring on the cermets.

In order to assess the electrochemical behaviour of the cermets in a simulated seawater
environment, the samples were evaluated using potentiodynamic, cyclic and potentiostatic
polarisation tests, with basic corrosion parameters and rates subsequently determined through
Tafel extrapolation and weight loss measurement. Each stage of electrochemical assessment was
then evaluated by characterising the corroded surfaces and solution using SEM, EDS and
inductively coupled plasma optical emission spectrometry. Microstructural observations using
SEM images revealed significant degradation of the samples, with steel binder preferentially
dissolved while TiC remained relatively unaffected. The corrosion rate of the cermets increases

with steel binder content, which is attributed to the preferential dissolution of the binder.
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1 Introduction

The use of ceramic metallic composites (or cermets) has gained increasing acceptance in a wide
variety of industrial applications, due to their outstanding potential for use in mechanically
demanding, highly corrosive, and extreme tribological environments. Among the various
ceramic components used in cermets, titanium carbide (TiC) is considered as a highly promising
reinforcing material due to its high hardness, melting point, chemical and thermal stability, and
wear resistance. TiC also has good wettability by many potential metallic binder materials when
they are molten. As a consequence, TiC-based cermets are finding widespread applications in the

manufacturing (i.e. machining), chemical processing, transportation, and defence industries.

TiC-based cermets are becoming more prominent due to their improved capabilities when
compared to the more traditional ‘hardmetals’, based on tungsten carbide-cobalt (WC-Co) [1].
This is an obvious comparison, between TiC and WC-Co cermets, as WC-Co is already used
widely throughout the industrial sectors previously outlined, having been developed for
approaching 100 years. However, in spite of that extensive developmental period, TiC-based
cermets have several properties that are superior to those of WC, such as increased hardness and
toughness, as well as a lower mass (the density of WC is ~3 times that of TiC [2]). These
properties, in addition to TiC having lower raw materials and hence fabrication costs, could lead

to TiC-based cermets replacing WC for many applications.

TiC-based cermets are prepared with a metallic binder, which can significantly increase the
materials toughness, forming a ceramic-metal composite, and imparting the beneficial properties
of both phases without incorporating the more detrimental characteristics. A variety of binders
have been used in TiC-based cermets, including Ni, Fe and Co [3-5]. More recently, ductile
intermetallic alloys such as Fe- and Ni-based aluminides have been employed, which offer
increased potential for use at elevated temperatures [6, 7]. Fe based alloys are widely used
metallic materials because of their low cost and good mechanical properties. Fe alloys,
particularly austenitic stainless steels, can exhibit higher strength, stiffness, and ductility when
compared to the lightweight alloys such as those based on Al. The use of stainless steels as a
binder for TiC is proposed when a combination of good corrosion and wear resistance, as well as

high toughness of the composite, are the ultimate requirements. Despite the previously outlined



potential benefits that may be derived by using steel metal binders in the development of TiC-
based cermets, little attention has been given to this class of material to date. The present work
has focused on the development of a family of novel TiC-based cermets using stainless steel
binders, including the austenitic (304L and 316L) and martensitic (410L) grades. A particularly

important aspect of this work has been assessment of the resulting wear and corrosion behaviour.

A simple melt infiltration technique (i.e. a method by which the molten metallic phase of a
cermet is introduced to the ceramic phase through capillary action from outside the initial
ceramic preform) was employed to densify the cermets, utilising porous TiC preforms prepared
using a combination of uniaxial and cold isostatic pressing. Following the melt infiltration
process, the infiltrated samples are ground and polished, prior to wear and electrochemical
testing. The reciprocating wear tests involved a ball-on-flat geometry (using a WC-Co counter
face sphere), with loads varied from 20 to 80 N, for periods of up to 120 minutes. The resultant
wear tracks were assessed using a high-resolution optical profilometer and scanning electron
microscopy (SEM). In order to assess the electrochemical behaviour of the cermets in a
simulated seawater environment (3.5 wt. % NaCl), the samples were evaluated using
potentiodynamic, cyclic and potentiostatic polarisation tests, with basic corrosion parameters and
rates subsequently determined through Tafel extrapolation. Each stage of electrochemical
assessment was then evaluated by characterising the corroded surfaces using SEM, with
associated energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). In
addition, the remaining solutions following testing were characterised using inductively coupled

plasma optical emission spectrometry (ICP-OES).

The present thesis is divided into nine chapters, which follow the progression of the work
throughout the project. Chapter 2 presents a background literature review and the associated
theory necessary for a general understanding of the principles covered in the present research,
together with an overview of the current status of cermet research. Chapter 3 provides additional
information relating to the raw and processed materials, together with details of the experimental
procedure not fully accounted for in the submitted journal papers (i.e. the material presented in
Chapters 4 to 8). In terms of the subsequent chapters, Chapters 4 and 5 focus on the wear
response of TiC-304L cermets and the effects of grain size on the wear behaviour of TiC-316L

cermets respectively. Chapters 6 to 8 detail various aspects of the corrosion behaviour of TiC-



steel based cermets. These focus on the corrosion behaviour of TiC-304L cermets (Chapter 6),
the effects of grain size on the corrosion behaviour of TiC-316L cermets (Chapter 7), and an
overall comparison of the corrosion response of TiC-based cermets with a variety of steel binders
(i.e. 304L, 316L and 410L), including comparison with the corrosion performance of the
baseline stainless steels (Chapter 8). Any additional results that is not presented and discussed in
Chapters 4 to 8, is provided in the Appendices. Finally, Chapter 9 provides a summary of the
overall conclusions gathered throughout this research study, an outline of the contributions to

original thought, and recommendations for future work.



2 Literature Review

This chapter presents the theory necessary for a general understanding of the principles covered
in the present research. It contains a general review of the types of material developed and
characterised in the present study, which includes an overview of cermets, titanium carbide (TiC)
and TiC powder fabrication methods, stainless steels, and the processing stages for cermet
fabrication. A detailed study of the characterisation approaches for the cermets (i.e. wear and
corrosion) has also been covered, with a brief overview on the wear and corrosion behaviour of

cermets in general.

2.1 Cermets

Ceramic-metal composites, or cermets, are a class of structural material that has the combination
of a hard ceramic phase and a tough, ductile metallic phase. The ceramic phases, which
constitute approximately 50-95% by volume, are embedded in a continuous matrix of elemental
metal or an alloyed binder. The combination of metal and non-metal in cermets occurs on a
microscale. Cermets incorporate the desirable qualities and suppress the undesirable properties of
both of the individual ceramic and metal constituents. The excellent wear resistance of cermets,
owing to the combination of a tough metal binder with hard carbide, has resulted in their
application as cutting tool materials [8]. Cermet cutting tools are light in weight when compared
to conventional “hard-metals” (i.e. tungsten carbide-cobalt (WC-Co)), which have densities
ranging from 12 to 15 gem™, while cermets more typically have densities of only around 6-7.5
gem™, which is even lighter than steel. Cermets invariably posses high mechanical strength,
toughness and thermal conductivity [9]. A high thermal conductivity leads to a low temperature
gradient during metal turning operations, resulting in less thermal stresses and cracks, and is thus

greatly preferred for high speed cutting tool materials [9].

Control of the properties of the cermets is generally performed through the addition of a metallic
‘binder’ phase, which may be customised in terms of composition. These binders can be chosen
from a wide variety of alloys, usually with Fe, Al, Ni and /or Co as the primary addition(s). The
metal binder will bring specific qualities to the cermets, such as corrosion resistance, ductility,

oxidation resistance, hardness, thermal conductivity, and/or thermal shock resistance. By adding



various amounts or compositions of the binder alloys, cermets can be tailored to specific
purposes. It should be noted that the mechanical properties or corrosion resistance of the metals
are not solely responsible for determining their effect on the cermets, and that their sintering
behaviour will greatly impact the final product. In other words, the wetting response of the
molten metal on the ceramic is a critical factor that determines the final properties of the cermets.
If the metallic binders fail to wet the ceramic particles during sintering, the mechanical
properties will be adversely affected, possibly resulting in the material being unsuitable for the
desired application. Cermets are used in the manufacturing, chemical processing, aerospace,
automotive, and oil and gas sectors, because of their unique combination of high wear resistance
and hardness, excellent strength characteristics, and good aqueous corrosion resistance. The
continuing development, characterisation and advancement of these high performance wear and
corrosion resistant composites has improved upon current performance standards, and they are
considered to be particularly promising materials in petroleum sector applications, for example

as coatings for erosion/corrosion protection, pump seals, etc [8-13].

2.2 Titanium Carbide (TiC) use in Cermets

The outstanding properties of transition metal carbides, which include high hardness, melting
point, thermal conductivity, strength (even at high temperatures), wear and corrosion resistance,
and a high degree of chemical stability, have led to their extensive applications in many fields
such as, wear-resistant parts and high-temperature structural materials [14-16]. It is generally
known that titanium carbide (TiC) is one of the most important compounds among the transition
metal carbides, because of its excellent combination of physical and chemical properties, such as
a high melting temperature (3067°C), boiling temperature (4820°C), Vickers hardness (28-35
GPa), Young’s modulus (410-450 GPa), resistance to corrosion and oxidation, abrasion
resistance, and high thermal shock resistance, as well as a low density (4.93 g/cm’), reasonable
flexure strength (240-400 MPa), and good thermal conductivity (21 W/m?xK) [14,17-20]. Due to
these favourable properties, TiC-based cermets are widely used as abrasive, anti-wear and
aerospace materials [13, 21-22]. At the same time, TiC can also be used as a substitute for WC in
cermets because they have similar properties of high hardness and wear resistance. In addition,
Ni is often successfully used as a metallic binder for TiC, which is significantly cheaper and less
toxic than Co, which is invariably used as a binder for WC [23-24]. Currently, approximately 10

% of the world’s consumption of Co is for use as a binder material for WC components [25]. Ni
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has more stable supply sources than Co, and at the time of writing costs only half as much [25-
26].

As with most of the refractory carbides, TiC possesses a face-centred cubic (FCC) unit cell, with
the carbon atoms occupying the interstitial positions [27]. TiC has the NaCl-type crystal
structure, as shown in Figure 2.1 [28]. In this case, the large light spheres represent the Ti atoms

and the small dark spheres represent the C atoms in the interstitial sites.
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Figure 2.1: The NaCl-type structure of TiC [29].

Since TiC is an interstitial compound, it does not have an exact stoichiometry. It has been shown
that it can exist as TiCy, with 0.47<x<1.0 [27]. The melting point of TiC varies from
approximately 1918 to 3067°C, which is dependent on the Ti:C ratio. The lattice parameter of
the stoichiometric TiC compound is 0.43305 nm [27]. It is established that some of the properties
of TiC are dependent on the stoichiometry, and these can therefore change considerably with
composition. Below the minimum Ti:C compositional ratio there is a mixture of TiC and Ti in
solid solution, while above the maximum ratio there will be a mixture of TiC and C. The Ti-C

phase diagram is shown in Figure 2.2 [14].
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Figure 2.2: The Ti-C phase diagram [14].

The high melting point of TiC makes it a potential material for high temperature applications
[14, 24]. Monolithic TiC, however, is brittle at ambient temperatures, and metals such as Ni, Co,
and Fe have been incorporated as a ductile second phase to improve its fracture toughness. TiC-
based composites with Ni alloys and Fe alloys are currently used in high performance
applications where wear and corrosion are the main sources of material failure [14]. A wide
range of metallic binders can be chosen for TiC-based cermets, depending upon the respective
applications. The potential use of stainless steels is advantageous relative to ‘pure’ Fe, due to
their superior corrosion resistance and tensile properties [30]. Fe-based alloys are widely used
metallic materials because of their low cost and good mechanical properties. In particular,
austenitic stainless steels exhibit good strength and stiffness. However, austenitic stainless steels
also have relatively poor wear resistance, due to their low hardness [31]. As stated previously, a
ductile second phase is used to improve the toughness of the cermets, and will also typically
result in improved wear resistance. In this way, a composite structure is created in which the
wear and corrosion resistance properties of the matrix carbide are combined with the enhanced
toughness of the metallic phase [32]. However, this form of ductile phase toughening typically
results in a decrease in the hardness values of the composites, due to the lower elastic modulus

and hardness of the ductile phase [33-34].



2.2.1 Titanium Carbide Powder Fabrication

TiC powders are typically synthesised by one of three processes: (1) the direct carbonisation of
Ti metal or titanium hydride (TiH;), or combustion synthesis of TiC, (2) gaseous pyrolysis of
titanium halide, such as TiCly, in a carbon-containing atmosphere, (3) the carbothermal reduction
of TiO,, with carbon, in a controlled atmosphere at high temperature [35]. Of these approaches,
the most widely used process for TiC production is carbothermal reduction of TiO, in the
presence of C. Carbothermal reduction produces large amounts of powder, makes use of
inexpensive precursor materials, and thus remains relatively inexpensive and cost effective.
Carbothermal reduction of TiO, takes place in the temperature range 1700-2100°C following
[23]:

TiOz(s) + 3C(S) o TiC(S) + 2C0(g) Equation 2.1

Other industrial-scale methods of production of TiC powder as well as their associated reaction

equations are outlined in Table 2.1.

Table 2.1: Typical reactions involved in the consolidation of TiC via powder metallurgy routes

[23,28].

Method Reaction

Direct reaction between metallic elements or | Tig) + Cg) — TiC)

metallic hybrids and graphite, under vacuum or TiHa) + Cs) — TiCes) + Hagg

inert gas

Reaction of the Ti with carburizing gas Tigs) + CoHin) — TiCs) + Hag
Chemical reaction between TiCly, H, and C TiCly) + 2Hy) + Cs) = TiCs) + 4HClgy
2.3 Stainless steels

Stainless steel is a generally accepted terminology applied to Fe-based alloys that have at least
10.5 % Cr. They are ferrous alloys containing enough Cr (usually ~12 %) to passivate in some

environment, such as air and/or water, and are expected to form a passive film, which is mainly




chromium oxide (Cr,0O3). During the production of stainless steel, chromium is usually added
during the melting stage, and forms a homogenous mixture with the Fe and other elements such
as Ni and Mo, which enhance the alloy’s corrosion resistance. There are several basic stainless
steel grades, such as 304 and 316. Grade 304, the basic ‘18-8” alloy (18 % Cr, 8 % Ni), is the
most commonly used of the 300 series steels, and has excellent corrosion resistance in most
applications. Grade 316 has superior corrosion resistance than 304, because of an addition of at
least 2 % Mo, which significantly increases the metal’s resistance to salt corrosion [36, 37].
Generally, ‘plain-carbon’ steel has at least 95 % Fe, with up to 2% C; the strength of steel is
determined by the carbon content. For stainless steel the C is low, usually less than 0.08 %. Their
strength is primarily obtained from metallurgical structure, rather than the carbon content; heat
treatment can be used to differentiate carbon steel and stainless steel to a certain extent. While
carbon steels can be strengthened by heat treatment, the 300 series stainless steels cannot. In
comparison, stainless steels can be strengthened by work hardening the structure. As stated
previously, the 300 series stainless steel grades (304 and 316) contain Ni (from 8 to 14 %), in
addition to the Cr that must be present to have adequate corrosion resistance. The addition of 2 to

3 % of Mo to Grade 316 stainless steels also makes it more resistant to pitting corrosion [36-38].

2.3.1 Classification of Stainless Steels
Three digit codes are currently used by the American Iron and Steel Institute (AISI) to identify

wrought stainless steels by their structure. The first digit defines the following classes:

AISI 300 Series: This class is the austenitic steels with Ni as the primary austenite stabiliser.
AISI 200 Series: This group is the austenitic steels that contain Mn and N as Ni substitutes.
AISI 400 Series: These are the ferritic and martensitic steels, with little or no Ni.
Another identifier for steels is the addition of “L”, which denotes a low C content, and is
important where intergranular corrosion is an issue. Generally, stainless steels are classified as

austenitic, ferritic, martensitic, duplex, and precipitation hardening [38-42].

2.3.2 Austenitic Stainless Steels

Austenitic stainless steels are the most corrosion resistant and widely used grades. In addition to
their Cr content, the presence of Ni strengthens the passive film and increases the resistance to

strong acids, while also stabilising the FCC crystal structure. They have excellent corrosion



resistance and low-temperature toughness, as well as very good formability. The common grades
of austenitic stainless steels work harden extremely well. They are nonmagnetic, unlike the other
groups of stainless steels, although cold working can produce enough ferrite to make them very
slightly magnetic [38]. They are heavily used in the pulp and paper industry. Types 304, 316L,
and 317 are used in the process vessels and piping, and for heat-exchanger tubing in evaporators.
When chlorides are present, higher Cr- and Mo-containing grades are required [37], because of
their superior corrosion resistance. Types 316 and 317 have a greater resistance to pitting in
marine and chemical industry environments than type 304. Other variations of type 316 include a

low C grade (316L), and a N-containing grade for increased strength (316N).

2.3.3 Ferritic Stainless Steels

Ferritic stainless steels have the body-centered cubic (BCC) structure, and as such cannot be
hardened by heat treatment, and will harden only moderately with cold work. They are generally
straight Cr types, with 11-27 % Cr and a low C content. They have good corrosion resistance,
with an almost total immunity to stress corrosion cracking (SCC). Despite having poor tensile
strength (in the 400-650 MPa range), they can also be successfully used at elevated temperature,
when high strength is not required. They also possess good ductility and formability, together
with excellent weldability. The type 430 ferritic stainless steel grade is the basic alloy that is
subsequently modified with further alloying additions for specific applications [38].

2.3.4 Martensitic and Precipitation Hardening Stainless Steels.

Martensitic and precitipitation hardenable classes of stainless steels are chosen for mechanical
strength. The corrosion resistance of these steels is lower than the other grades of stainless steel,
and applications are generally limited to mildly corrosive environments. Because of the high
strength levels, both types are susceptible to hydrogen induced cracking [37]. The basic

martensitic alloy is Type 410, with modifications made to it for special purposes.

2.3.5 Duplex Stainless Steels

Duplex stainless steels are Cr-Mo alloys of Fe with sufficient austenite stabilisers (i.e. Ni and N),

to achieve a balance of ferrite plus austenite. This results in a favorable combination of two
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phases. The austenite confers ductility, and the ferrite, resistance to SCC. Mo strengthens the
passive film and improves pitting resistance. Carbides tend to precipitate at the austenite-ferrite
interface, preventing sensitisation to intergranular corrosion by grain boundary precipitation.
These steels are used in more severe conditions of temperature and chloride content, where the

usual austenitic grades are susceptible to pitting, crevice corrosion, and SCC [37].

2.4  Processing stages for cermet fabrication

2.4.1 Powder Pressing

Powder pressing is one of the most common forming processes used in the development of
ceramic-based materials. The two main pressing approaches are (i) uniaxial and (ii) isostactic
pressing. Uniaxial pressing in a die and isostactic pressing are both used for the compaction of
dry powders, which typically contain < 2 wt. % water, and semi-dry powders, which contain
approximately 5 to 20 wt. % water [43, 44]. In the ceramic industry, die compaction is one of the
most widely used operations, allowing the fabrication of simple shapes rapidly and with accurate
dimensions. In essence, powder (usually containing a small amount of water or other compaction
binder to reduce die wall friction) is compacted into the desired shape by pressure. By using
coarse and fine particles mixed in appropriate proportions during compaction, the degree of
compaction is maximised and fraction of void space is minimised. There is usually no plastic
deformation of the particles during compaction, converse to the case with ductile metal powders.
One function of the binder is to lubricate the powder particles as they move past one another in
the compaction process, thereby minimising the die wall and inter-particle friction, the former of

which can cause damage to the pressing equipment.

For uniaxial pressing operations (i.e. where the pressure is applied in one direction), the powder
is compacted in a hardened die. The formed piece takes on the configuration of the die and
platens through which the pressure is applied. This method is employed to shapes that are
relatively simple. However, the production rates are high, and the process is relatively
inexpensive [43-46]. Despite having the above-mentioned benefits, uniaxial die compaction has
its own drawbacks. These problems include improper component density or size, die wear,
sample cracking and density variations. The green body formed during die compaction should

ideally be free of macroscopic flaws and with minimal density gradients, the latter of which can
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lead to the development of crack-like voids in the sintered body, and potentially cracking and
warping during sintering. Density gradients can also enhance the formation of flaws in the
compact on ejection from the die. One way to minimise density gradient in powder compaction
is by uniform die filling which reduces the amount of internal movement of the powder during
compaction. In addition, as noted earlier, lubricants can aid in reducing the friction between the
particles as well as die-wall friction. Stress gradients (and hence density gradients) due to die-
wall friction are reduced as the ratio of the length to diameter (L/D) of the compact is decreased,
as illustrated in Figure 2.3 [47]. For a single-action mode press, the ratio should be less than 1. In
order to reduce the degree of flaw formation during uniaxial compaction, the following measures
are recommended. The use of binder to increase the compact strength, reduction of the applied
pressure to minimise the extent of elastic springback, slow release of the pressure to reduce the

rate of springback, and the use of a lubricant to reduce die-wall friction [43-46].

12



~
oo
/
(=
(=]
%

90
5

Z

2
AN
Y

(@) L/D=045

g}

/

B
O

|
A
WY
Z

— e ———
20

i PP,

i

{b) L/D= 175

Figure 2.3: Pressure variations in uniaxial pressing due to die-wall friction and particle-particle

friction, which lead to non-uniform density of the pressed compact [47].

In comparison, isostatic pressing (shown in Figure 2.4 [43]) involves the application of a uniform

hydrostatic pressure to the powder contained in a flexible rubber container. There are two modes
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of isostatic pressing: (i) wet-bag pressing and (ii) dry-bag pressing. In wet-bag pressing, a
flexible rubber mould is filled with powder, submerged in a pressure vessel filled with oil, and

compacted through the application of high pressure (where the fluid is the pressure-transmitting

medium).
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Figure 2.4: Two modes of isostatic pressing: (a) wet-bag pressing and (b) dry-bag pressing [43].

Following the pressing operation, the mould is removed from the pressure vessel and the green
body is retrieved. Wet-bag pressing is used for the formation of complex shapes and for large
component sizes. For dry-bag pressing, the mould is fixed in the pressure vessel and need not be
removed. The pressure is applied to the powder situated within a fairly thick rubber mould. This

pressing technique is easier to automate than wet-bag pressing. It is used in the formation of
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spark plug insulators, by compressing a porcelain powder around a metal core, as well as for
plates and hollow tubes. Compared to die compaction, the formation of flaws in isostatically
pressed compacts is much less severe, but delamination and fracture (caused by elastic
springback) can still occur if the applied pressure is released too rapidly. In the production of
cermets, uniaxial and isostatic compaction are followed by a firing operation (i.e. sintering), in
order to fully densify the component. During firing the formed piece shrinks, and experiences a
reduction of porosity and an improvement in mechanical integrity. These changes occur by

coalescence of the powder particles into a more dense mass [46].
2.4.2 Sintering

Sintering is a technique used for the powder processing of ceramics or ceramic-metallic
composites (i.e. cermets), where powder compacts are consolidated via thermal energy. This
consolidation causes the powder preforms to shrink, with a concurrent reduction in porosity, and
an increase in mechanical integrity. This is brought about by the coalescence of the powder
particles into a more dense mass, due to diffusion occurring at and across the grain boundaries.
The basic mechanism of sintering is illustrated in Figure 2.5 [46]. After pressing, many of the
powder particles touch one another (Figure 2.5(a)). During the initial sintering stage, necks form
along the contact regions between adjacent particles, in addition, a grain boundary forms within
each neck, and every interstice between the particles eventually becomes an isolated pore (Figure
2.5(b)). As sintering progresses, the pores become smaller and more spherical in shape (Figure

2.5(c)).
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Figure 2.5: Illustrative images showing the stages of microstructural change during sintering (a)
Powder particles after compaction. (b) Particle coalescence and pore formation as sintering

begins. (¢) As sintering proceeds, the pores change size and shape [46].

The driving force for sintering is the reduction in total particle surface area, as surface energies
are larger in magnitude than grain boundaries energies. Sintering is carried out below the melting
temperature of the material; so that a liquid phase is normally not present (liquid phase sintering
is discussed in the following section). The mass transport necessary to effect the changes shown
in Figure 2.5 is accomplished by atomic diffusion, from the bulk region of the particles to the
neck [46].

The simple two-sphere sintering model can be used to explain the sintering theory. Consider two
spherical particles in contact, as shown in Figure 2.6 [48]. In powder compacts there are many

such contacts on each particle. The bonds between contacting particles enlarge and merge as
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sintering progresses. The two sphere sintering model demonstrates the development of the
interparticle bond during sintering, starting with a point contact. Neck growth creates a new grain

boundary at the particle contact and, if time is sufficient, the two particles will eventually

coalesce into a single larger particle [48].

Two Sphere Sintering Model

initial
point
contact

spherical particle
D = diameter

early

stage

neck
growth
(short time)

late

stage
neck
growth
(long time)

terminal
condition
fully
coalesced
spheres
(infinite time)

Figure 2.6: Schematic images of the two sphere sintering model [48].
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At each contact, a grain boundary grows to replace the solid-vapour interface. As shown in
Figure 2.6, prolonged sintering causes the two particles to coalesce into a single sphere, with a
final diameter approximately 1.26 times the original diameter [48]. The primary characteristic of
initial stage of sintering is the rapid growth of the interparticle neck. During the intermediate
stage, the pore structure becomes less rough, and has an interconnected, cylindrical character.
Grain growth can occasionally occur in the later portion of the intermediate stage of sintering,
giving a larger average grain size with fewer grains. By the final stage of sintering, the residual

pores are largely spherical and closed, and grain growth may become evident [48].

As outlined previously, solid state sintering occurs as a result of the formation of interparticle
bonds between two touching particles. In other words, for powder particles to effectively sinter
properly mass must be moved in between them. Mass transport encourages the formation of a
neck between the two touching particles and, as sintering advances, the neck grows and the
particles coalesce. Different thermally activated mass transport mechanisms arise during solid
state sintering, which help to explain the densification through the movement of atoms or
vacancies to/from the boundary between the two powder particles that form the neck. These
mechanisms are surface transport and bulk transport mechanisms [48]. An illustrative diagram
showing the various types of surface and bulk transport mechanism is presented in Figure 2.7

[49].
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Figure 2.7: An illustrative diagram showing the various mass transport paths that provide neck
growth and pore shrinkage. Surface diffusion (provides no densification) and bulk transport

(gives densification) are the two transport mechanisms [49].
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In surface transport mechanisms, there is transport of atoms from one surface to another leading
to neck growth without shrinkage or densification. Furthermore, surface transport is the
coarsening mechanism that involves the movement of material from particle surface to the neck
thereby reducing the surface energy; as such there would be a resultant increase in neck growth
(with concurrent reduction in overall surface area) but no densification, as there is no mass
transfer between the particles. It occurs mostly at lower temperature. There are three types of
surface transport mechanisms: evaporation-condensation, surface diffusion and volume diffusion

[48, 50].

However, the bulk transport mechanism is more prevalent at higher temperatures and includes
volume diffusion and grain boundary diffusion. This is a transport mechanism where atoms are
transported from the bulk of the particle (grain boundary and/or particle interior) to an external
surface (usually at the pore surface near the neck). It is the densification mechanisms (i.e. leads
to shrinkage) in which the contacting plane between adjacent particles serves as the source for
diffusional transport and the neck is also the sink. In other words, diffusional transport takes

place along the grain boundary or through the lattice, as illustrated in Figure 2.7 [48-50].

It should be noted that volume diffusion exists as both surface and bulk transport mechanisms,
but these are not depicted in Figure 2.7 [49]. Figure 2.8 [51] illustrates volume diffusion existing

as both surface and bulk transport mechanisms.
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Figure 2.8: An illustrative diagram of transport mechanisms in solid state sintering showing

volume diffusion existing as bulk and surface transport mechanisms [51].
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2.4.3 Liquid Phase Sintering

Liquid phase sintering (LPS) is a process for forming high performance, multiple-phase
components from powders. It involves sintering under conditions where solid grains coexist with
a liquid phase that wets the solid material [52]. An illustrative diagram showing the various

stages in liquid phase sintering is shown in Figure 2.9 [48].

base

additive

green

liquid
spreading

solution
reprecipitation

solid skeleton

Figure 2.9: A schematic diagram showing the stages of LPS processing using a mixture of two
powders. The base powder remains solid during sintering and the additive powder is responsible

for liquid formation [48].



Many variants of LPS are applied to a wide range of engineering materials. An example
application of LPS is in the production of high-speed metal cutting inserts. LPS is applied to
alloys and composites that melt over a range of temperatures. It is important that the solid grains
are at least partially soluble in the liquid. This solubility causes the liquid to wet the solid. A
capillary force is generated that pulls the grains together. The solid material also softens at high
temperature, which further assists densification. Liquids are associated with high-diffusion rates,
providing a rapid sintering response or the potential to lower sintering temperatures. Since the
final product is a composite with customised properties, LPS is the dominant commercial

sintering process [52].

The coarsening process in LPS is shown in Figure 2.10 [48]. In LPS, once the liquid is formed it
will flow to wet the particles. Initially, particle rearrangement contributes to densification. With
continued heating, the solid phase dissolves into the liquid and the amount of liquid grows until
it is saturated with solid component. The liquid phase then becomes a carrier for the solid phase
atoms in a process termed solution-reprecipitation (or Ostwald ripening), wherein the small
grains dissolve and the material is reprecipitated on to the surface of the larger grains. Solution
reprecipitation allows for grain growth by the dissolution of the smaller grains with subsequent

solid phase precipitation on the larger grains.

solution
reprecipitation

liquid

i grain growth and
solid shape accommodation

Figure 2.10: Illustrative diagram showing the process of solution-reprecipitation [48].
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Besides grain growth, the process provides grain shape accommodation, which in turn allows for
a better packing of the solid and release of liquid to fill any remaining pores. The solubility of
solid grains is inversely proportional to the grain size; hence small grains preferentially dissolve

in the liquid phase and, over time, the grain count decreases while the grain size increases [48].

Generally, the densification during liquid phase sintering is dependent on the melt contact angle
(and consequently dihedral angle) and excellent liquid phase sintering is obtained when both
angles are small [53]. The liquid should have a low contact angle [48]. The contact angle is
simply the transition point between the wetting and non-wetting of the liquid as illustrated in
Figure 2.11 [50, 52]. Unlike in solid state sintering, the densification rates are faster in liquid
phase sintering because of the presence of the liquid phase, which results in more rapid material
transport through enhancing the diffusion rate. The liquid must wet and spread over the solid

grains for effective liquid phase sintering to occur.

good solid poor
wetting wetting

Figure 2.11: An illustrative diagram showing good (left) and poor (right) wetting conditions. A

low-contact angel promotes wetting, while a high contact angle resists wetting [52].

The wetting liquid should have small contact angle 0, which is defined by the equilibrium of

surface energies (wetting occurs when the total free energy is reduced) by the formula [53].

Cosf = Vol
Vs

Equation 2.2

where 7, Vs and 7, represent the solid-vapour surface energy, solid-liquid surface energy,

liquid-vapour surface energy, respectively. As presented in Figure 2.11 [52], the low-contact
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angle promotes liquid spreading over the solid grains, thereby providing a strong capillary
attraction that helps in the densification of the system. Factors that influence the surface
chemistry or solubility have an effect on the contact angle. For instance it is reported that the
addition of Mo to TiC-Ni cermets decreases the contact angle from 30° to 0°, hence improving
densification [52]. Generally, good wetting occurs because of the solubility of the solid grains in
the liquid and the presence of the liquid aids faster diffusion of the atomic species in the liquid,
hence leading to better densification, as noted previously. There are many known systems that
exhibit these favourable features, including cermets like TiC-steel (present system) [54-55], TiC-

Ni and WC-Co cermets [48].

However, Figure 2.11 [52] also shows a scenario with a high contact angle, inferring poor
wetting characteristics (i.e. the liquid retreats from the solid grains), which leads to swelling of
the compact; in other words, a low contact angle encourages densification whereas a high contact
angle can lead to swelling [52]. An illustrative example, showing a system with non-wetting

characteristics (i.e. high contact angle), is presented in Figure 2.12 [52].

Figure 2.12: An illustrative scanning electron microscopy image showing the surface of a

sample where the non-wetting liquid exuded to the compact surface to form small spheres [52].

Another parameter that influences the densification during LPS is the dihedral angle. Figure 2.13
[52] shows the dihedral angle and surface energy equilibrium between two intersecting solid
grains with a partially penetrating liquid phase (smaller value of dihedral angle favours liquid

phase sintering) [53].
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Figure 2.13: An illustrative diagram showing the dihedral angle for a solid-liquid system, and
the surface energy equilibrium between two intersecting solid grains with a partially penetrating

liquid phase [52].

As can be seen in Figure 2.13 [52] the dihedral angle ¢ is formed at the intersection of the solid —
solid grain and the liquid. Dihedral angle is determined by the ratio of the grain boundary energy
to the solid-liquid surfaces by the given formula [53]:

2y, Cos l:%} =Vss Equation 2.3

where v, and yg are interfacial surface energies for the solid and liquid, respectively.

Generally, if the energy ratio (i.e. solid-solid to solid-liquid energy ratio) is greater than 2, then

the dihedral angle is 0°, which means that there would be penetration of liquid between the grain
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boundaries of the two solid phase particles. For instance, in Figure 2.14 [53], it can be seen that
as the energy ratio is close to 2, the dihedral angle approaches 0°, inferring a better penetration of

the liquid between the grain boundaries of the solid phase.
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Figure 2.14: An illustrative diagram showing the relationship between dihedral angle and solid-
solid to solid-liquid energy ratio [53].

2.4.4 Melt Infiltration

Melt-infiltration is another technique that can be used to densify a ceramic, by filling or partially
filling the porosity of a particular compact or a porous ceramic with a liquid that subsequently is
solidified (Figure 2.15 [48]). This process is essentially a variation of the LPS method. However,
it is generally not a production technique that is performed to obtain the hard phase in cermets,
but is a method of applying the binder phase into the cermet structure once a green body has
been formed from the hard phase. In this approach, LPS must occur to sinter the piece (to gain
further densification when the infiltrated liquid volume is significantly less than the porosity
prior to infiltration), as the liquid binding phase must be free to move in order to infiltrate the

green body.
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Figure 2.15: Schematic illustration of the infiltration sequence where capillary forces pull a

molten metal into the open pores of a sintered compact [48].

Melt infiltration is used for improving the density of cermets, which is achieved by infiltrating
the ceramic pore structure with a metallic binder (for instance using a molten steel binder for TiC
ceramics, as in the present work). In the production of cermets, for instance TiC-steel based
cermets, the TiC is the ceramic phase and offers hardness and wear resistance but lacks ductility.
The toughness is improved through the melt infiltration process by infiltrating the steel metal
binder into the porous compact of TiC, thereby leading to a highly dense TiC-steel composite

with improved properties.

Capillary wicking of the liquid occurs, due to small pore sizes and a low contact angle of the
liquid on the solid. As shown schematically in Figure 2.15 [48], the capillary pressure causes
liquid to flow into the porous compact. In some instances the infiltrant will completely fill the
pore space, exhibit good flow and wetting of the pore structure, and will not leave a residue.
Despite the beneficial effect of infiltration outlined previously, there are some problems
encountered with melt-infiltration. Generally, the infiltrant is formed on one surface of the
sintered material and capillary action draws the liquid into the pores. Because of the directional
flow of the liquid, it may erode the surface from which the infiltrant is fed (until the amount of
dissolved solid phase reaches the solubility limit). Swelling of the compact can occur as

metallurgical reactions take place. For that reason, infiltration cycle times are often short, to keep
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dimensional changes to less than 2 %. density is the most improved property obtained by

infiltration [48].

TiC grain

316L stainless

steel binder
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Figure 2.16: SEM images showing complete melt-infiltration for a TiC-20 vol. % stainless steel

cermet.

2.5 Characterisation and Properties of Ceramic-Metal Composites

Following review of the development of the TiC-steel based cermets using the melt infiltration
techniques, the literature review in the next section is focused on the wear and corrosion

behaviour of cermets (i.e. characterisation and properties of developed cermets).

2.5.1 Wear

Wear is simply surface damage that is encountered when one or both of two solid surfaces are in
rolling, sliding or impact motion relative to one another and is mostly observed through surface
interactions at asperities. During the process of wear, material on the contacting surfaces could
be displaced so that properties of the solids, at least near the surface, are altered, although little or
no material may actually be lost. As the wear process advances, some material may be removed
from a surface and could result in the transfer to the mating surface (adhesion) or break loose as

a wear particle (three-body wear). Wear is generally observed when material is lost and also
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involves damage due to material displacement on a given body with no net change in weight or

volume [56].

The study of tribology is comprised of three important components; wear, friction and
lubrication. The dissipation of surface materials leads to wear, dissipation of load between two
surfaces moving relative to each other leads to lubrication, while dissipation of energy leads to
friction [49-50]. The wear processes can also be explained in terms of an “tribosystem”, which
includes a solid body, a counter-body, an interfacial element and the environment. The overall
interaction between the different parameters in the tribosystems will lead to different wear types,
which could be sliding, rolling and impact wear [57-58]. A schematic illustration of a

tribosystem is shown in Figure 2.17 [57].

There are many operative wear mechanisms but the most studied ones are abrasive, adhesive,
fatigue, impact (by erosion and percussion), chemical (sometimes known as corrosive wear) and
electric-arc-induced wear. Summarily, the adhesive wear process involves the interaction of
asperities on two opposed surfaces in motion, leading to fusion of the metals and subsequently
fracture of the asperities. Abrasive wear on the other hand, is the removal of material from one
surface by the harder asperities of another surface. Fatigue wear is observed due to a cyclic stress
state on the metal surface leading to a mechanical damage to surface and sub-surface regions.
The damage that is accumulated would eventually lead to failure via fracture. Lastly, corrosive
wear is the synergistic interaction between chemical reactions and wear processes occurring

simultaneously [56-58].
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Figure 2.17: Schematic representation of a tribosystem [57].

Abrasive and adhesive wear are the major themes for this present research and as such would be

discussed in further detail in the following sections.

2.5.2 Adhesive Wear

Adhesive wear is simply the interaction of asperities on two opposed surfaces in motion. For

instance, when two flat solid bodies are in sliding contact, adhesion occurs at the asperity

contacts at the interface, leading to sharing of these contacts. This sharing could result in

detachment of a fragment from one surface and attachment to the other surface. As the sliding

process progresses, the transferred fragments may eventually come off the surface on which they

are transferred and be transferred back to the original surface, or they could potentially form

loose wear particles. In addition, some of these transferred fragments could be fractured by
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fatigue as a result of repeated loading and unloading action resulting in formation of loose

particles or wear debris [56].

There are situations where adhesive forces could be minimised. For instance, the presence of
adsorbed gases, lubrication, oxidation, or an oxide layer (passive films) can all slightly reduce
the adhesive forces of the two surfaces during sliding motion by potentially acting as a barrier
that reduces the amount of real contact area [59]. Electron transfer also promotes the formation
of adhesive bonds. For instance, if two different metals are adhered together, it is stated that the
metal with higher electron density will donate its electrons to the other in the process known as
the “Jellium model” [60]. The principle of adhesion and transfer due to material contact is
illustrated with a schematic diagram shown in Figure 2.18 [59, 60]. The adhesive wear
mechanism is believed to take place by the following steps. In the first instance, sliding
commences and friction is relatively low as a result of surface contamination. The frictional
force increases with the rate at which the surface contamination is removed from the sliding
interface. When the surface contamination is completely removed, then adhesion of contacting
asperities will occur, leading to an increase in friction force provided that tribochemical

oxidation does not occur.
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Figure 2.18: An illustrative diagram showing contact, adhesion, material transfer due to electron
transfer, and adhesive bond formation. Typically the softer or weaker material is transferred to

the stronger material [59-60].

Subsequently the weaker material will fracture and transfer to the stronger material could occur,

as illustrated in Figure 2.18 [59-60]. This could potentially lead to the formation of a transfer
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layer or film. Fracture and transfer film formation are not the only possible adhesive wear
mechanisms following adhesion of sliding asperities, other mechanisms could be the asperity
fracture following adhesion by brittle fracture of the weaker asperity, as illustrated in Figure 2.19
[59-60].

Brittle fracture during
asperity separation

Asperity contact + Mutual asperity deformation
- Formation of adhesive bond

N
Ductile fracture during
asperity separation

Figure 2.19: An illustrative diagram showing alternative models for the production of wear

debris and deformation by adhesive contact of asperities [60].

Generation of plate-like wear debris could possibly be produced as a result of adhesive wear, as
demonstrated in Figure 2.20 [60]. During the adhesive wear process, continuous adhesion and
transfer of materials may result in a relatively round debris particle that is composed of material
from both sliding surfaces. As the particles continue to grow during the adhesive wear process,
they could possibly become flattened by plastic deformation, as it is sandwiched between the
sliding surfaces. The adhesive wear process will continue to grow the transferred particle until a
critical thickness is reached and it detaches [59-60]. A schematic illustration showing the

formation and removal of transfer particle is shown in Figure 2.21 [60].
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Figure 2.20: Schematic illustration of possible mechanism of wear debris formation due to

adhesive transfer [60].
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Figure 2.21: Schematic diagram showing formation and removal of a transfer particle [60].
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2.5.3 Abrasive Wear

Abrasive wear has been reported to account for at least 50% of wear problems that are
encountered in industry today. It is mostly experienced when hard particles such as rocks or
metal fragments slide or roll under pressure across a surface, potentially leading to cutting of
grooves in a similar manner to a cutting tool, displacing elongated chips or slivers of metal [61].
Abrasive wear processes simply occur when asperities of a rough, hard surface or hard particles
slide on a softer surface, leading to damage at the interface by plastic deformation and/or
fracture. For materials that have high ductility or possess high fracture toughness (metals and
alloys), hard asperities or hard particles would result in the plastic flow of the softer material.
Evidence of plastic flow is seen in metallic, ceramic, and even in some brittle materials like
ceramics. Ideally, the contacting asperities of the metal deform plastically even when low loads
are applied. However, for materials that possesses low fracture toughness (such as very brittle
ceramics and glasses), wear processes can occur potentially by brittle fracture, in which the worn

zone exhibits significant cracking [56].

Abrasive wear modes could be two-body or three-body, depending on the way the asperities pass
over the worn surfaces. In a two-body abrasive wear scenario, the hard asperities or rigidly held
grits pass over the surface in a manner similar to cutting tool, like the action of sandpaper on a
surface. On the other hand, a three-body abrasive wear mode is observed when the grits roll or
slide over the surface, since they are not rigidly held in place in either contacting surface. In a
three-body abrasive wear process, small particles of abrasive material are normally trapped
between the two other surfaces, and they possess sufficiently greater hardness that they abrade

one or both of the mating surfaces in a three-body wear action [61-64].

In terms of comparison between two-body and three-body abrasive wear modes, two-body wear
is faster, whereas three-body wear is almost ten times slower than two-body abrasive wear, since
it has to compete with the other mechanisms that are taking place, for instance adhesive wear
[61-64]. Secondly, two-body abrasive wear occurs in a similar fashion to mechanical operations
such as machining, grinding and cutting, while in three-body abrasive wear, slower mechanisms
of material removal is involved [61-64]. At the start of the abrasive wear process, the wear
mechanism that is believed to be predominant at the initial phase is abrasive and/or adhesive

wear, which generates wear particles (wear debris) that become trapped at the interface, leading
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to three-body abrasive wear [56, 64]. An illustrative diagram of two-body and three-body

abrasive wear modes is shown in Figure 2.22 [60].

/-— Rigid mounting —\

Linear grooves
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Two-body mode

Body 1

Opposing surface remote

Rolling

Grits = Body 3

=

Sliding |

| Short track-length abrasion —_ = Body 2

Three-body mode

Figure 2.22: Schematic illustration showing two- and three-body modes of abrasive wear [60].

As stated previously, abrasive wear mechanisms occur as a result of sliding or rolling of hard
particles on the surface of a softer material, leading to deformation and wear by different
mechanisms. The illustrative diagram shown in Figure 2.23 [60] is used to explain the different
abrasive wear mechanisms, which include cutting, ploughing, grain-pull, fatigue and brittle

fracture [56, 59-64].
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Figure 2.23: Schematic diagram showing mechanisms of abrasive wear: microcutting, fracture,

fatigue and grain pull-out [60].

During cutting operations, the hard particle is embedded in the softer material and dragged,
potentially leading to intense plastic deformation and material displacement around the edge of
the hard particles. A more illustrative diagram showing cutting abrasive wear mode is presented

in Figure 2.24 [56].
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Figure 2.24: Schematic diagram of abrasive wear processes as a result of plastic deformation

following a cutting deformation mode [56].

If the abraded material is brittle, for instance, ceramic materials, fracture of the worn surface
could occur, as presented in Figure 2.23(b) [60]. In this particular instance, the wear debris that is
generated is the result of crack convergence. However, if a ductile material is abraded by a blunt
grit, in this instance, cutting is unlikely and the worn surface is repeatedly deformed, as
presented in Figure 2.23(c) [60]. In this instance hence wear debris formation is the result of

metal fatigue [56, 59-64].

In addition to the above outlined mechanisms, fatigue by repeated ploughing can occur, leading
to the formation of ridges along the sides of the ploughed grooves. The continuous ploughing
would lead to a point where the ridges become completely flattened and eventually fracture after
a series of repeated loading and unloading cycles, as shown in Figure 2.23(c) [60] and elaborated

in more detail in Figure 2.25 [56, 65].
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Figure 2.25: Schematic diagram showing the abrasive wear process as a result of plastic

deformation by a ploughing mode [56].

The last abrasive wear mechanism is grain detachment or grain pull-out (Figure 2.23(d) [60]),
which can be a relatively rare form of abrasive wear mostly found in ceramic materials. It can
become extremely rapid, especially when inter-grain bonding is weak and the grain size is large
(i.e. a coarse carbide grain size). On most occasions, the entire grain is lost as wear debris debris

([56, 59-66])
2.5.4 Fatigue Wear

Fatigue wear processes occur as a result of repeated rolling and sliding. It is simply the wear
process that is caused by high cyclic contact stresses, leading to generation of sub-surface cracks.
In this process, wear is determined by the mechanics of crack initiation, crack growth and
fracture [60]. An illustrative diagram showing the process of surface crack initiation and

propagation is shown in Figure 2.26 [60].
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Figure 2.26: Schematic diagram showing the process of the surface crack initiation and

propagation [60].

Delamination wear, which was proposed and thoroughly investigated by Suh [65] is perhaps the

most recognised theory that explains fatigue wear processes during metal sliding. This model

proposed that the spallation of flake-like wear debris generated from the surface of sliding

contacts is caused by sub-surface crack initiation, propagation and crack linkage [59, 65]. An

illustrative diagram showing mechanisms of the removal of flake-like wear debris is shown in

Figure 2.27 [60].
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Figure 2.27: Schematic diagram showing the mechanisms of wear particle formation due to

growth of surface initiated cracks [60].

This previous section (Section 2.51) has presented general information on the principles of wear
but a brief overview on wear behaviour of cermets similar to material in this research is

presented in the following section (a more detailed review is presented in Chapters 4 and 5).

2.6 Brief Overview of the Wear Behaviour of Cermets

TiC-based cermets have been reported to show high abrasive wear resistance [67]. They possess
high wear resistance and good ‘specific’ mechanical properties, such as specific strength (i.e.
strength divided by density), because of their relatively low density. This combination of
properties makes them a candidate substitute material for the more commonly used WC-Co
based “hard-metals [68]. These properties are derived from the incorporation of the ductile and
strong phase of the metallic binder, and the wear and corrosion properties of the matrix carbide,
thereby developing a wear and corrosion resistant TiC-based composite. However, it has been
reported that increasing ductile phase toughness results in a drop in the hardness values of the

composites [33].

It i1s generally assumed that the wear behaviour of the cermet is a direct function of both the
hardness and toughness [69], and optimum wear behaviour is obtained when both of these

properties are fully maximised [54]. In the view of this, the processing technique used in the
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production of TiC based cermets should be carefully selected. This is because the processing
technique influences the tribological properties of heterogeneous materials like cermets [70].
Therefore, any technique that would result in negligible porosity in the composite, and ensure an
effective homogenous distribution of the carbide phase in the metallic binder phase, with no
interfacial debonding, should be employed. For the present work, the above mentioned benefits
are derived using melt infiltration in the production of TiC-steel based composites which ensures
the production of highly dense materials of above 98% of theoretical density, even with a very
small amount of metallic binder (as low as 5 vol. %). The grain boundary microstructure and
composition play an important role in the wear behaviour of these types of heterogeneous
materials. With some alloys, the interfaces are the weak link, causing brittle fracture or grain
boundary sliding whereas in other materials, they may be responsible for strengthening by
impeding dislocation movement. The stresses generated by grain boundary crystallization can

also determine the tribological behaviour of composites [54].

It is generally known that microstructural features like volume fraction of the metal binder phase,
the carbide grain size, binder mean free path and contiguity of the carbide influence the
mechanical and tribological behaviour of cermets [71]. By either lowering the metal binder
content or decreasing the carbide grain size, the hardness of the composite increases and an
increase of hardness is invariably accompanied by a loss of bulk fracture toughness in
conventional materials [72-77]. The relationship between carbide grain size with hardness and

fracture toughness is presented in Figure 2.28 [78].
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Figure 2.28: Schematic plot showing the relationship between mechanical properties and select
microstructural parameters: (a) Hardness as a function of the carbide volume fraction and grain

size, and (b) fracture toughness as a function of the carbide volume fraction and grain size [78].

A few researchers have shown that the abrasive wear of cermets involves gross plastic
deformation due to yielding and extrusion of the binder metal, spalling due to crack propagation,
and carbide fragmentation [72, 73, 75-77]. As a consequence, improved wear resistance in
cermets is obtained at higher carbide content [30]. Altering the ceramic grain size also influences
the wear behaviour of the cermets. For instance, Gurland and colleagues [79] reported an
improvement in the hardness and wear resistance of WC-Co cermets by decreasing the carbide
grain size. When the carbide grain size is reduced, for the same constant volume of binder
content, there would be an accompanied decrease in binder mean free path leading to an increase
in the level of plastic constraint (due to the greater interfacial area between the carbide grains),
this in turns makes dislocation motion and shear difficult, resulting in the observed increase in
hardness and wear resistance of the cermets [72, 76, 80]. In contrast, Cutler and colleagues [81]
reported an improvement in fracture toughness as the grain size or binder mean free path of the
cermets increases. The reason for the improved fracture toughness with an increase in carbide
grain size is as a result of decrease in constraint for the plastic deformation of the metallic binder
ahead of the propagating crack. Since at constant metal binder content, the binder mean free path
decreases with a decrease in carbide grain size, hence a decrease in grain size is expected to

reduce the toughening contribution [71]. This section (Section 2.6.4) has contained a brief review
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on the wear behaviour of cermets. The following section is focused on background knowledge

relating to the corrosion of materials and a brief overview on the corrosion behaviour of cermets.

2.7 Corrosion

Corrosion is simply the unintentional and destructive attack of a material as a result of reaction
with the environment. There are different types of corrosion and the initiation and subsequent
degree of attack is influenced by both material and environmental factors. Metallic corrosion can
be classified into uniform, galvanic, crevice, pitting, intergranular, selective leaching, erosion-
corrosion, and stress corrosion cracking [37, 38, 46]. An illustrative diagram showing the general

forms of corrosion is shown in Figure 2.29 [82].

Group I: identifiable by visual inspection

Uniform Corrosion Pitting Crevice Corrosion Galvanic Corrosion

Group lI: identifiable with special inspection tools

Flow Load

> ... Movement

Erasion Cavitation Fretting Intergranular

Group llI; identifiable by microscopic examination

Layer Plug

Exfoliation De-Alloying Stress Corrosion Corrosion Fatigue
Cracking

Figure 2.29: Schematic diagram showing the various forms of Corrosion [82].
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2.7.1 Uniform Corrosion

Uniform corrosion is the most common form of corrosion, because of the simplicity in the
design, prediction and control. It can be seen as a form of electrochemical corrosion where the
whole exposed surface of the metal is attacked in equal intensity and often leaves behind a scale

or deposit. A typical example is the general rusting of iron [46].
2.7.2 Galvanic Corrosion

Galvanic corrosion is an electrochemical form of corrosion that occurs when metals or alloys
with different compositions are electrically coupled together in a conducting electrolyte. The
principle of galvanic corrosion is simply based on the scenario that when two conducting metals
or alloys are coupled in a conducting electrolyte, greater corrosive attack would be experienced
for the more active metal than for the less active (more noble) one; this response is obviously
dependent on their relative positions in the galvanic series. The galvanic series is a ranking of
metals and alloys based on their order of reduction potentials in a given environment (like sea
water), and this potential is generally measured with respect to a standard calomel electrode

(SCE) [46, 83]. A table showing a typical galvanic series is presented in Table 2.2.

Galvanic corrosion is mostly experienced as a result of poor design, and can be controlled by
proper materials selection and design. By coupling dissimilar metals that are closer together in
the galvanic series in a conducting electrolyte, the galvanic corrosion effect is minimized [46,
83]. However, changes in electrolyte composition and temperature could alter the potential
positioning in the galvanic series [37]. Secondly, the degree of galvanic attack is also assessed
based on the relative anode-to-cathode surfaces that are exposed to the conducting electrolyte.
Thus, for a given cathodic area, the galvanic corrosion effect is minimised by using a larger
anode over a smaller anode, since the corrosion rate is dependent on current density (current

density is current per unit area of the corroding surface) [37, 46, 83].
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Table 2.2: Table showing galvanic series in seawater [46].

Increasingly inert (cathodic)

Increasingly active (anodic)

Platinum
Gold
Graphite
Titanium
Silver
[316 Stainless steel (passive)
304 Stainless steel (passive)
[ Inconel (80Ni-13Cr-7Fe) (passive)
L Nickel (passive)
[ Monel (70Ni-30Cu)
Copper-nickel alloys
Bronzes (Cu-Sn alloys)
Copper
L Brasses (Cu—Zn alloys)
[ Inconel (active)
L Nickel (active)
Tin
Lead
[ 316 Stainless steel (active)
L 304 Stainless steel (active)
I:Casl iron
Iron and steel
Aluminum alloys
Cadmium
Commercially pure aluminum
Zinc
Magnesium and magnesium alloys

2.7.3 Crevice Corrosion

Crevice corrosion is a localised form of electrochemical corrosion that is caused by differences
in concentration of ions or dissolved gases in the electrolytic solution between two regions of the
same metal piece. The major ingredient of crevice corrosion is the formation of a ‘differential
aeration cell’. A typical example of crevice corrosion is observed in crevices and recesses, or
under deposits of dirt or corrosion products on metal surfaces where the electrolytic solution is
stagnant and the localised depletion of dissolved oxygen at these positions leads to preferential
corrosion [46, 84]. An illustrative diagram showing the mechanisms of crevice corrosion is
presented in Figure 2.30 [84]. In the first stage, the anodic metal dissolution (m =m" + ¢") and

cathodic reduction (O, + 2H,O + 4e" = 40H)) processes would occur uniformly throughout the

entire metal surface, in addition to the crevice exterior.
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Figure 2.30: An illustrative diagram showing the mechanism of crevice corrosion [84].

Subsequently, the oxygen in the crevice interior (i.e low oxygen concentration) is consumed after
reaching some incubation period, but the decrease in the cathodic reaction rate at the crevice
exterior (i.e. high oxygen concentration) is negligible, which is as a result of the small anode to
large cathodic area that is involved. This would lead to corrosion of the metal inside the crevice

because of a lower pH and acidity in the crevice region [46].

The detailed stages involved in the crevice corrosion mechanism are explained based on the
findings of Oldfield and colleagues [84, 85]. The first stage of the crevice corrosion process
involves the depletion of oxygen in the crevice, which is due to the consumption in the cathodic
reaction. The depletion of oxygen in the crevice would lead to the oxidation of the metal at the
anode (i.e. metal dissolution), as shown in Figure 2.30 [84], which increases the concentration of
metal ions. The second stage involves a localised increase in the acidity in the pit due to
hydrolysis. As the metal ion concentration within the crevice is increased due to metal
dissolution, the chloride ions would migrate from the bulk solution (cathodic region) to the
crevice (anodic region) to maintain charge neutrality. Also, at this stage, hydrolysis of metal
chloride would occur which causes an increase in acidity within the crevice. Due to this
increased acidity, the pH is reduced and also the metal cations (which could be Fe*", Ni**, Cr’" in
the case of a common stainless steel) move out of the crevice while the aggressive chloride
anions (Cl") move inside the crevice, leading to an increase in the aggressiveness of the solution

inside the crevice mouth. During the third stage of crevice corrosion, accelerated corrosion
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occurs which is as a result of breakdown of the passive protective film (due to the aggressiveness
of the solution formed in stage 2). The passive film breaks down at a “critical crevice solution”
(i.e. the concentration of the solution where passive film breaks down). In the final stage of the
crevice corrosion process, it continues to propagate and would generally terminate when metal
perforation occurs. The process is autocatalytic in nature and will continue until termination
(rapid metal dissolution inside the crevice is continuous until termination) [46, 84, 85]. Passive
scale forming alloys, like aluminium and stainless steels, are susceptible to crevice corrosion

because the protective oxide layers are often destroyed by H™ and CI ions [46].
2.7.4 Pitting Corrosion

Pitting corrosion is another form of localised corrosion where a small area of the metal surface
corrode preferentially, which leads to the formation of pits or holes, while the remaining part of
the surface remains relatively free from attack. When corrosion pits occur in a metal surface,
they often penetrate from a horizontal surface in a nearly perpendicular direction. Pitting
corrosion can be very difficult to detect and sometimes leads to catastrophic failure, even with
relatively low material loss. Pits can also act as initiation sites for SCC and can be seen as an

insidious type of corrosion [84].

Crevice and pitting corrosion mechanisms are quite similar in that metal oxidation occurs within
the pit, whereas the oxygen reduction occurs at the surface. However, pitting and crevice
corrosion can be distinguished from their respective initiation phases. Pitting corrosion is
initiated by metallurgical factors alone, whereas crevice corrosion is initiated by differential

concentration of oxygen or an ion in the electrolytic solution [41, 46].

A schematic diagram showing the mechanism of pitting corrosion is shown in Figure 2.31 [86].
Pitting corrosion is explained by the following sequence of processes [84]. The first stage
involves the formation of anodic sites, through disruption of the protective passive oxide layer on
the metal surface. The dissolution of the metal occurs at the anode and the anode dissolution

reaction is shown by:
M — M" +ne’ Equation 2.4

The anodic reaction (Equation 2.4) is balanced by the complimentary cathodic reaction of

oxygen on the adjacent metal surface:
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0, +2H,0 +4e¢ — 40H Equation 2.5

The first stage in pitting corrosion process is the initiation stage of pitting.

) >
0O

Figure 2.31: An illustrative diagram showing an autocatalytic pitting process in a corrosion pit.
The metal, M is being heavily pitted by an aerated and aggressive NaCl solution. There is rapid

dissolution in the pit, while oxygen reduction takes place on the adjacent metal surfaces [86].
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During the second stage of the pitting process, continuous metal dissolution in the anodic region
produces an excess of positive ions (M"), which are attracted by aggressive chloride negative

anions from the electrolyte (CI') in order to balance the charge:
M'CI' + H,0 —» MOH + H'CI Equation 2.6

The OH ions also migrate to balance the positive charge leading to the hydrolysis reaction, as
shown in Equation 2.6. In the third stage, the presence of aggressive chloride anions (C1') and H"
cations would hinder the repassivation process, due to the acidity of the pit and the reduced pH at
the bottom of the pit. pH values of 1.5 and 1.0 have been reported in the bottom of the pit [84].
The fourth stage of pitting corrosion is a continuation of third stage, which involves a
progressive increase in the rate of metal dissolution at the anodic pit surface, due to continual
migration of the aggressive chloride ions, leading to the formation of increasing amounts of
M'CI" and H'CI through a hydrolysis reaction, as shown in Equation 2.6. In the fifth stage, the
metal dissolution progresses until metal perforation occurs, and as a time dependent process
(autocatalytic in nature), the intensity of metal dissolution increases with time. The second
through to the fifth stages represent the propagation stages of the pitting mechanism. For the last
stage, the metal is finally perforated and the reaction is completed at this point, which is known

as pitting termination [84].

Although stainless steels are known to be susceptible to pitting corrosion, alloying with 2%
molybdenum enhances their resistance, which explains why 316L grade stainless steel has a
better pitting resistance than 304 grade stainless steel [41, 46]. Figure 2.32 [40] is used to
illustrate the effects of alloying elements on pitting corrosion. The pitting potential increases as
the chromium content is raised above the critical 12% value needed to make stainless steel. In a
manner similar to the case of chromium, increasing the concentration of nickel (an austenitic
stabiliser) also enhances the pitting resistance of iron-chromium alloys [87]. As stated
previously, small addition of molybdenum in the presence of chromium improves the resistance
of stainless steel to pitting corrosion. The addition of small amount of other elements, such as
tungsten and nitrogen, also has positive effects on the pitting resistance of stainless steels [40,

87-89].
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Figure 2.32: Illustrative diagram showing the effects of alloying elements on the resistance to

pitting corrosion [40].
2.7.5 Intergranular Corrosion

Intergranular corrosion can be defined as the specialised type of attack that takes place
preferentially at the grain boundaries of a metal, with little or no attack on the main body of the
grains. The grain boundary has a small effective area and acts as an anode, whereas the larger
area of the grain core is the cathode. Consequently, the small anode to large cathode ratio leads
to rapid attack, penetrating deeply into the metal (corrosion rate is dependent on current density,
which increases as the anode area is extremely small). The grain boundary area can be seen as an
area of crystallographic mismatch that exist between the orderly structures within the adjacent
grains [38].

A schematic diagram showing the crystallographic mismatch between the grain boundary area
and the orderly structures within the adjacent grains, is shown in Figure 2.33 [38]. The mismatch
that exists between the grain boundary area and the orderly structures makes the grain boundary
slightly more chemically active (i.e. anodic) than the adjacent grain area (i.e. cathodic), and
when exposed to a corrosive environment, attack is initiated preferentially along the grain

boundaries, leading to intergranular corrosion [36]. Depletion of the corrosion-resistant elements
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(for instance chromium in stainless steel) at the grain boundary promotes the susceptibility of
such materials to intergranular corrosion. Sensitisation of stainless steel is the most common
form of intergranular corrosion. This occurs when an austenitic stainless steel is heated or cooled
through the specific temperature range of about 427 to 899°C, leading to the formation of
chromium carbide (Cr,3Cs) as a result of combination of chromium and carbon segregated along
the grain boundaries. The negative effect of sensitisation to corrosion resistance is that it leads to

the depletion of chromium, and thus lowers the corrosion performance in the areas adjacent to

the grain boundary [36].

00000000
00000000

Figure 2.33: A schematic diagram showing the crystallographic mismatch between the grain

boundary area and the orderly structures within the adjacent grains [38].

An illustrative diagram showing the precipitation of chromium carbide along the grain boundary
is presented in Figure 2.34 [46]. Intergranular corrosion poses a considerable problem in the

welding of stainless steels, as a result of carbide precipitation in a process known as “weld
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decay” [46]. An illustrative diagram showing the weld decay behaviour of stainless steel is

shown in Figure 2.35 [42].

Figure 2.34: Schematic illustration of chromium carbide particles that have precipitated along

grain boundaries in stainless steel, and the attendant zones of chromium depletion [46].

~Intergranular corrosion

Weld

Figure 2.35: Illustrative diagram showing weld decay in a stainless steel. Regions along which

the grooves have formed were sensitised as the weld cooled [42].

Other activities, such slow cooling from the annealing temperature and stress relieving in the

sensitisation range, could promote carbide precipitation, leading to intergranular corrosion [36].
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Intergranular corrosion of stainless steels can be minimised by alloying the steel with another
metal (i.e. a carbon stabiliser), such as niobium or titanium. These metals are chosen because of
their greater affinity to form carbides than chromium, thereby leaving chromium in solid
solution. For instance, the use of Ti-stabilised (Type 321) or Nb-stabilised (Type 347) stainless
steels reduces the susceptibility to intergranular corrosion. A second way to reduce the
susceptibility of intergranular corrosion is by subjecting the sensitised material to a high-
temperature heat treatment (above the sensitisation temperature), thereby allowing all the
chromium carbide particles to re-dissolve. Lowering the carbon content, typically to below 0.03
wt. % (to reduce carbide formation), is another way to reduce the susceptibility to intergranular
corrosion. For instance, grade 316L is preferred over 316 stainless steel because it is less

vulnerable to intergranular corrosion due to the low carbon content [36, 46].

2.7.6 Selective Leaching

Selective leaching simply means the preferential removal of one of the important components of
an alloy by corrosion. The most common example of selective leaching is dezincification of zinc
from brass. In this process, the noble (more active) component of an alloy is preferentially
removed, like zinc in brass. Another typical example of selective leaching is the removal of iron

from gray cast iron, in the process known as graphitization [36].

There are two types of dezincification of brass, the first one is known as “plug-type” which
occurs in localised areas of the metal and is mostly seen in low zinc alloys, whereas the second is
the “layer-type”, which occurs uniformly over the surface and is more predominant in high zinc
alloys. To a greater extent, the nature of the environment has an influence on the type of attack.
For instance, the layer-type of dezincification occurs in slightly acidic water with a low salt
content, and also at room temperature, whereas the plug-type takes place in high salt content,

neutral or alkaline water, and above room temperature [36].

Dezincification can be prevented by the following measures. The plug-type of dezincification
process is promoted by crevice conditions under a deposit of scale or salt; hence by removing
scales and deposits from inside the surface of pipelines, the attack is minimised. Other preventive

measures include applying a cathodic protection or removing stagnant acidic corrosives [36].
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2.7.7 Erosion-Corrosion

Erosion-corrosion is simply the corrosion attack that occurs after the disruption of the protective
passive film by mechanical action, leading to exposure of the bare metal to the aggressive
corrosion environment. It is the corrosion attack that is mostly experienced when rapidly flowing
solutions (particularly those containing abrasive particulate matter) disrupt the protective oxide
layer, or deposits that could have offered protection to the metal, leading to thinning or removal
of surface films [37, 46, 90]. A schematic diagram showing the disruption, or erosion-corrosion,

of a surface film is shown in Figure 2.36 [90].
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Figure 2.36: An illustrative diagram showing the disruption of a passive protective film by an

erosion-corrosion process [90].

Erosion corrosion damage is particularly likely for pipe elbows, turbines, pumps, tube
constrictions and other structural features that could change flow direction or velocity, and
promote turbulence. It is more prevalent if the corrodent is in the liquid phase and in most cases,
the suspended solids aggravate the erosion of the protective surface films, leading to degradation
of the exposed material to the corrosive environment. It is more vulnerable in two-phase flow, in
which steam and water vapour condensate droplets are combined [37]. A photograph showing

the effect of erosion-corrosion at a pipe elbow is shown in Figure 2.37 [39].

Generally, metals that form protective oxide layers, such as stainless steels and titanium, are
relatively immune to erosion-corrosion in many oxidising environments [37, 90]. Cavitation
corrosion is another type of erosion-corrosion mechanism that occurs when the velocity of the
flow is so high that pressure reduction is sufficient enough to nucleate water vapour bubbles,
leading to implosion on the surface. This implosion produces very high pressure bursts that

disrupt the protective oxide layer, and even dislodge metal particles in the process [37, 90]. The
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appearance of the attack usually takes the form of roughened pits, which would eventually lead
to heavy penetration [37]. An image showing the appearance of a material following cavitation-

erosion damage is shown in Figure 2.38 [90].

Figure 2.37: Illustrative photograph showing impingement failure of an elbow that was part of a

steam condensate line [39].

Figure 2.38: A photograph showing cavitation-erosion damage of a cylinder liner of a diesel

engine [90].
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2.7.8 Stress Corrosion Cracking (SCC)

SCC is caused by the combined action of stress and a corrosive environment. It is a type of
corrosion attack that is associated with triple actions resulting from a static tensile stress, the
local environment and the metallurgical state of the material, leading to materials failure. It is a
very dangerous failure mode and sometimes unpredictable; sudden catastrophic failures often
occur without any warning signs. There must be a susceptible metal, a specific corrosive
environment and the presence of tensile or residual stress, for stress-corrosion cracking to occur

[38]. An illustration showing the requirements of SCC is presented in Figure 2.39 [90].

Stress Corrosion Cracking “SCC”

Corrosive
environment

Figure 2.39: An illustration of three conditions that promote the occurrence of SCC [90].

There are various forms of SCC. The first one is sulphide SCC, which is prevalent in the oil and
gas industry, and occurs in hydrogen sulphide containing environments. The second type is
chloride SCC, which is frequently seen in austenitic stainless steels under the action of an
applied tensile stress, in addition to the presence of oxygen, chloride ions and elevated
temperature. Chloride stress corrosion cracking is more vulnerable to steels at higher temperature
above 60°C due to the weakness of the protective oxide layer, although they can still crack at
room temperature in a highly contaminated environments where the pH is very low [38]. The last
type is caustic SCC, which is prevalent in caustic environment where the concentration of
hydrogen is high. The caustic cracking of steels and Inconel tubes have been reported in alkaline
solutions [84]. Through the elimination of stress and proper heat treatment, to anneal out any

residual stress, SCC can potentially be mitigated [46].
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2.7.9 Hydrogen Embrittlement

Hydrogen embrittlement can be defined as a failure mode that occurs when metals or alloys lose
their ductility and tensile strength, as a result of the penetration of atomic hydrogen to the metal.
Hydrogen-induced cracking and hydrogen-stress cracking are examples of hydrogen
embrittlement. It is difficult to predict and can lead to catastrophic brittle failures, due to rapid
crack growth and propagation in the presence of an applied or residual stress. The mechanism of
hydrogen embrittlement involves the diffusion of atomic hydrogen into the crystal lattice of a
metal, and even a low concentration of atomic hydrogen can lead to cracking [46]. High strength
steels are more susceptible to hydrogen embrittlement, and activities like welding, heat treatment
in hydrogen-containing furnace atmospheres, acid pickling, or electroplating operations

encourage the permeation of hydrogen into the lattice of a metal [36, 46].

There are both similarities and differences between hydrogen embrittlement and SCC. In both
failure modes, a conventionally ductile metal will experience sudden brittle fracture when
exposed to both tensile stress and an aggressive corrosive atmosphere. However, while
application of cathodic protection mitigates SCC, it may lead to the initiation or enhancement of

hydrogen embrittlement [46].

2.8 Corrosion Prevention

Through the careful application of materials selection design, environmental alterations, use of
corrosion inhibitors, design changes, coatings and cathodic protection, corrosion mitigation can

be enhanced [36].

This section has presented background knowledge governing the corrosion of materials; the
following section presents a brief overview on the corrosion behaviour of cermets (further

detailed review is provided in Chapters 6, 7 and 8).

2.9 Brief Overview on the Corrosion Behaviour of Cermets

It is generally expected that microstructural parameters such as the metal binder content or

carbide grain size may affect the overall corrosion behaviour of ceramic-metallic composites.
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Understanding how these microstructural parameters affect the corrosion behaviour of cermets is
very important, as this class of material offers potential for use in highly erosive and corrosive
environments. Ceramic-based materials are generally known to possess excellent corrosion
resistance, but the presence of a metal binder invariably degrades their corrosion properties [91].
In view of this, several studies on the corrosion behaviour of cermets (mostly WC-Co) have
reported preferential binder dissolution (e.g. Co), while the ceramic phase remained relatively
unaffected by corrosion [58, 92-94]. The suggested reason for the preferential binder attack is
related to the difference in the reduction potentials between the ceramic and metallic phase,
thereby opening up the possibility of galvanic corrosion at the ceramic-metal interface [58, 93,
95]. Consequently, superior corrosion performance of cermets can be derived through reduced
metal binder content [58, 91]. The relationship between the critical corrosion current density and

the metal binder content is illustrated in Figure 2.40 for WC-Co [92].
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Figure 2.40: An illustrative diagram showing relationship between the critical current density of

the binder phase area versus the Co binder content for WC-Co [92].

It is apparent that a lower critical current density is obtained at lower binder contents, inferring
better corrosion resistance [92]. Sacks and colleagues [58] also reported an improvement in the
corrosion resistance of cermets with lower binder contents, as shown in Figure 2.41 [58]. The

improvement in corrosion resistance of cermets with a lower binder content was attributed to
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greater binder oxidation at higher Co content, hence as the Co content is increased, the greater

the oxidation of the Co and the higher the corrosion rates [58].
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Figure 2.41: The effect of binder content on the corrosion resistance of WC-Co cermets in
0.00294 M tannic acid solution (UFW3, UFW10, FW15 represent 3, 10 and 15 wt. % of Co
content) [58].

As outlined previously, other microstructural parameters, such as carbide grain size could
influence the corrosion behaviour of cermets. For instance, it is proposed that when the carbide
grain size is reduced (compared with a coarse grain size), the metallic binder would be under
greater constraint because of the surrounding carbide grains, leading to deterioration in the
corrosion performance of the fine-grained cermets [58, 92]. Generally, fine-grained cermets are
expected to exhibit poor corrosion resistance over their coarse-grained counterparts, because of
higher diffusion rates and contact stresses with an accompanying increase in dislocation density;

all of these factors are unfavourable to corrosion performance [51, 92].

In summary, cermets comprise of ceramic phase (TiC in the present case) and a metallic phase
(stainless steel) and find applications where wear and corrosion are of ultimate importance. TiC-

steel based cermets are mostly produced through liquid phase sintering and the overall properties
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are dependent on the success of the sintering stage. The wear mechanism of cermets is complex
but consists of a combination of abrasive, adhesive, fatigue and tribo-chemical wear. Improved
corrosion resistance of cermets is obtained at higher ceramic content (i.e TiC content), hence the

corrosion performance drops at increased metal binder content.
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3 Materials and Experimental Methods

The following chapter will outline the materials and methods used to prepare the samples and
conduct both the reciprocating wear tests and the electrochemical assessment for all of the TiC-
steel cermets. This will include the powder preparation, compaction and sintering stages
(vacuum melt infiltration), as well as the sample grinding and polishing steps. It may be noted
that some repetition is present relative to the submitted journal papers presented in the later
chapters of the thesis. This is unavoidable, as some information needs to be presented within the

papers, but not to the level of detail described in the present chapter.
3.1 Raw Materials

3.1.1 Titanium Carbide and Stainless Steel Powders

All samples were prepared using TiC powder (Lot #PL20125339) supplied by Pacific Particulate
Materials Ltd (Vancouver, BC, Canada), with a density of 4.93 g/cm3 and a manufacturer quoted
particle size of ~1.3 um, which was confirmed through subsequent particle size analysis [96].
The particle morphology was assessed using scanning electron microscopy (SEM; Model S-
4700, Hitachi High Technologies, Tokyo, Japan), while the crystalline phase composition was
determined using X-ray diffraction (XRD; Model D-8 Advance, Bruker AXS, Inc., Madison, WI,
USA). Table 3.1 shows the as-received chemical composition, as supplied by the manufacturer,

and Figure 3.1 shows a representative SEM image of the TiC powder.

Table 3.1: Composition of the TiC starting powder (obtained from Pacific Particulate Materials
Ltd).

Compositions (wt. %)

Powder | Free C | Total C Al Ca Fe N O S Ti

TiC 0.12 19.51 - - 0.06 0.05 0.39 - 79.87
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Figure 3.1: A representative SEM image of the as-received TiC ceramic powder.

The steel powders used included austenitic grades 304L (Lot #K19MO09) and 316L (Lot
#A04S008), and the martensitic grade 410L (Lot # 123M43), and these were sourced from Alfa
Aesar (Ward Hill, MA, USA); the designation L for each powder refers to low carbon content.
Each of the steel powders had a nominal particle size of -100 mesh. Representative SEM images
of as-received steel powders are shown in Figure 3.2, and the typical compositions of the raw

steel powder used in this study is presented in Table 3.2 [97].

Table 3.2: Compositions of the raw stainless steel powders [97].

Type | Nominal composition (max. wt. %) Density
Cr Ni C Mn |Si |P S N | Mo (g/cm’)

304-L | 18-20 8-12 0.03 |2 1 0.045 |0.03 |0.1 |- 8.03

316-L | 16-18 10-14 |0.03 |2 1 0.045 |0.03 |0.1 |23 8.03

410-L | 11.5- 0.50 0.03 |1 1 0.04 0.03 |- 0.5 7.75
13.0
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(a) 316L

S-4700 20.0kV 11.5mm x350 SE(U) 100um

S-4700 20.0kV 11.5mm %850 SE(U) 100um
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(c) 410L

S-4700 20.0kV 11.4mm %350 SE(U) 100um

Figure 3.2: Representative SEM images of the as-received steel powders: (a) 316L, (b) 304L
and (c) 410L.
3.2 Experimental Procedure

The following sections detail the methods used to produce the TiC-stainless steel cermet
samples, and also to prepare them for further testing (i.e. surface grinding and polishing). The

procedures used to analyse the wear and corrosion behaviour of the cermets are also described.
3.2.1 Sample Preparation

The preparation of samples for mechanical, tribological and electrochemical testing is a
multistep process. Figure 3.3 outlines a breakdown of the process used in the processing of

cermets samples ready for subsequent evaluation.
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[ Powder preparation }

!

[ Uniaxial pressing }
[ Isostatic pressing }
[ Melt infiltration }

!

[ Grinding and polishing 1

Figure 3.3: Flowchart illustrating sequence involved in the preparation of cermet samples for

further evaluation.

3.2.1.1 Powder preparation and uniaxial pressing

Each powder sample was uniaxially pressed using a standard tabletop press (Model S/N 41000-
102, Carver Inc., Wabash, USA). The cylindrical, hardened steel dye was first coated with stearic
acid, which acts as a lubricant to ensure easy removal of the samples and no loss of form or
integrity. The TiC samples were prepared using ~7.5g of TiC powder, which is loaded into the
steel die, as well as ~12 drops of hexane to improve lubrication and ease of compaction. After
placing and levelling the powder in the steel die, the powder is uniaxially compacted at 67MPa
and held at that pressure for two minutes. A ball valve (with a rotary knob) was used to ensure a

very slow release of pressure upon completion of the pressing step, and the pressed sample is
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carefully removed from the die, providing disc-shaped pellets ~31.75 mm in diameter x ~4 mm
thick. A vacuum sealer was then used to cover each sample in a double layer of plastic sheet

ready for cold isostatic pressing (CIP).
3.2.1.2 Isostatic Pressing

Following uniaxial pressing and vacuum bagging of the TiC pressed pellets, the next step is cold
isostatic pressing (CIP). The aim of cold isostatic pressing is to apply a uniform compaction
pressure to the powder via a high-pressure fluid, which ensures a highly uniform green density
ready for subsequent processing. In the present case, the TiC pressed samples were further
compressed by CIP (Figure 3.4) at 220 MPa, which was held for 3 minutes (ModelS/N-101462-
1, Avure Technologies, Inc., Franklin TN USA).

Sample chamber

Figure 3.4: Picture of the cold isostatic pressing machine used in the present study
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Measurements were then taken for each TiC green body prior to continuing with sample
preparation. In doing so, digital calipers were used to measure the diameter and height of each
sample. A digital balance was used to measure the sample weight to an accuracy of 10 g.
Following CIP processing, each sample was ready for melt infiltration and sintering. Depending
on the volume percent of steel required (i.e. the volume fraction of metallic binder determined
from the known volume of TiC in the pressed samples), appropriate portions of the steel powder
were weighed out (between 5 and 30 vol. % of steel binder was used in the present case). The
steel powder was then poured directly on top of each TiC perform, which was placed on a layer
of bubble alumina, within a closed alumina crucible ready for the subsequent melt infiltration

step.
3.2.1.3 Melt Infiltration

Melt infiltration relies upon forming a liquid (from the low melting steel phase) during the
sintering process and ensuring some limited solubility of the TiC grains (hard phase) in the steel
liquid phase. There are basic parameters that must be met for successful melt infiltration
processing of the cermets. The first is that there should be good solubility of the TiC grains in the
steel phase. Secondly, there should be low solubility of the steel in the TiC grains. Lastly, the
steel binder should wet the TiC grains (i.e. it must have a low contact angle). The particles that
form the liquid phase are sited on top of the TiC ceramic and the high solubility of the TiC grains
in the steel melt, encourages the wetting of the TiC by the steel binder, leading to a strong
capillary force that pulls the grains together (i.e. particle rearrangement), hence improving the
density of the cermets. In addition, the presence of the liquid phase encourages faster diffusion

rates than in solid state sintering [52].

In the present case, the appropriate weighed amount of the steel binder (sited on top of the TiC
preform on bubble alumina, in a closed crucible was placed within the vacuum furnace, which
was evacuated using a mechanical roughing pump. The vacuum was held at ~20 milliTorr
throughout the sintering process. The temperature was increased at a rate of 10°C/minute to the
hold temperature. For the current work, a range of temperatures were used, between 1475°C to
1550°C, depending on the steel binder used and whether or not some variation in TiC grain size

was required for a specific composition. The sintering temperature was held for various times
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between 15 and 240 minutes. Following the hold period the samples were cooled at a nominal
rate of 25°C/minute; below ~900°C a natural furnace cool occurred, with a continuously

decreasing cooling rate.

3.2.1.4 Density Measurement

Following sintering, the sintered densities of all successfully melt-infiltrated samples were
measured using the Archimedes principle, through immersion in water at room temperature. In
order to have a reasonable average in each case, six density measurements were carried out prior

to polishing of the infiltrated samples.
3.2.1.5 Sample Surface Preparation

The fully infiltrated samples are attached to cylindrical aluminum sample holders using a
cyanoacrylate adhesive and then ground flat on one face using a diamond surface grinder (with a
149 pm diamond grit size) to prepare them for final grinding and polishing. The diamond
grinding pads used thereafter were decreased in steps from grit sizes of 125 um down to 15 pm.
The grinding stage was then followed by polishing with diamond paste, from 9 pm down to 1/4
um diamond paste for the final polish stage. Prior to the wear, corrosion, hardness and
indentation fracture resistance experiments, each sample was placed in acetone, sited in an
ultrasonic bath to remove any residual debris or contaminants, and then dried. The typical
appearance of a polished TiC- steel based cermets following the rigorous and thorough polishing
operation (takes ~8 hours to have a successful polishing of the cermets) is shown in Figure 3.5.
For the pure steel samples used as reference materials for corrosion experiments (i.e. grades
304L, 316L, and 410L sourced from Outokumpu Stainless Bar Inc., Richburg, SC, USA), the
samples were ground on silicon carbide paper using successively finer grades, from 240 to 600
grit, and finished with 0.3 down to 0.05 um alumina polishing suspensions. Following polishing,

the samples were rinsed in acetone, within an ultrasonic bath and then dried.
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Figure 3.5: Photograph of TiC-304L cermets with aluminium holder following polishing

operation, the vol. % of steel binder is indicated in each box.
3.2.2 Hardness and Indentation Fracture Resistance Evaluation

In order to access the mechanical response of the developed composites, measurements of the
hardness and indentation fracture resistance (IFR) testing were performed. The hardness and IFR
values were obtained using a Vickers diamond pyramid indenter (Model V-100A, Leco, NO
20896, Japan) with 1kg and 50kg applied loads, respectively. The lower load (1kg) was used in
this case to avoid sample cracking during loading whereas the higher load (50kg) was used to
assess the indentation fracture resistance since the crack length is an indication of the resistance
of the cermets to fracture. The load was held for 15 seconds. The IFR was determined by using

the approaches proposed by Anstis ef al.[98] and Niihara [99]. The two approaches were used to
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fully assess the crack behaviour of the cermets in order to know the transition from brittle
median cracking (i.e. c:a >2.5) expected at lower steel binder content to more ductile Palmqvist
cracking (i.e. c:a< 2.5) expected at higher steel binder contents. (c is the indentation crack length
and a is the indent diagonal) [100]. In each case a minimum of six indentations were made,
taking the average to determine the hardness and IFR, as well as the standard deviation error.
The hardness testing was carried out following the procedure outlined in the associated ASTM

standard [101].
3.2.3 Reciprocating Wear Testing

Assessment of the wear behaviour of the composites was performed under dry sliding conditions,
using a reciprocating wear testing machine (Model Universal Micro Tribometer (UMT); Bruker
Corporation, Campbell, CA, USA), as shown in Figure 3.6. This testing system uses an upper
WC-Co specimen (Grade 25 with 6wt. % Co, McMaster-Carr, Aurora, OH, USA),(6.35 mm
diameter) that contacts a moving flat specimen, which itself slides in a linear back and forth (or
reciprocating) motion. A stroke length of 5.03 mm is applied, with an oscillation frequency of 20
Hz, for selected times and load, these conditions represent a total sliding distance of 1.45 km for
a 2 hour test. All of the wear testing was conducted at room temperature (22-25°C), and at a
relative humidity of 40-55 %. The load is applied downward through the WC-Co ball counter
face against the flat sample (i.e. the TiC-steel composite), which itself is mounted on a
reciprocating drive. The UMT wear tester simultaneously monitors the dynamic normal load and
frictional force during the test. The WC-Co ball is mounted inside a ball holder, which is itself
attached to a load sensor that controls and records the normal force during the test. For the
present study, applied loads of 20N, 40N, 60N, and 80N were used, for a period of between 15
minutes and 2 hours. The coefficient of friction (COF) value for each tested sample is
automatically stored in the UMT software. TiC-stainless steel samples with 10, 20 and 30 vol. %

of steel binder were assessed during this portion of the research.
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Figure 3.6: (a) Photograph of the UMT reciprocating wear testing system. (b) Schematic

representation of the contact and motion of the ball slider and the cermet test sample.

Following the wear testing, the wear debris generated from the tested cermet samples was
collected in a clean and dry beaker. Then a few drops of acetone were mixed with the wear
debris in the beaker and the contents were transferred to a flat, mirror-polished aluminium stub,

ready for further microstructural analysis using the SEM and EDS (the acetone evaporates
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rapidly, leaving the debris on the polished aluminium stubs ready for further microstructural

analysis).

Following the reciprocating wear tests and collection of the wear debris, the next experimental
step involved the determination of the volumetric wear loss and examination of the general three-
dimensional features of the wear track using a high-resolution optical profilometer (Model PS50
Optical Profilometer, Nanovea, Irvine, CA). The volumetric wear loss obtained from the optical
profilometer was used to calculate the “specific wear rate” using the Lancaster approach [102].
Figure 3.7 shows the optical profilometer (Nanovea PS50 System) used in the determination of
reciprocating wear behaviour in the present research. The optical profilometer is a powerful tool
for examining both the general features of the wear tracks and determining the volume of the
individual wear tracks, using a 130 pm ‘optical’ pen, similar to the one shown in Figure 3.7. The
optical profilometer is capable of examining the whole wear track at once. The wear tracks may
also be examined as pseudo three dimensional images, allowing for a comparison of track
depths. Using the 130 pm pen, only a maximum depth of 130 um may be imaged although larger
optical pen size can also be used. As such, the samples must be extremely flat, to ensure the
whole set of wear tracks (between 11 to 16 mm wide) may be imaged. High and low definition
settings are used in analysing samples with optical profilometry. The variation in the measured
volume between scan types (low and high resolution) is + 5.1% [103]. In low definition scans, an
average of three scans with 5 um steps in both X- and Y-directions were conducted. A shorter
duration is required to complete these series of scans (~12 hours), in comparison to the high
resolution scans, allowing this level of scanning to be routinely completed for all wear test
samples, while maintaining constant test conditions for comparison. In comparison, for the high
definition scans, a single scan with 2 um steps (for both the X- and Y-directions) is used to
analyse the wear tracks and surrounding surface, which takes a significantly longer time (19-23

hours).
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Sample

Figure 3.7: Photograph of a Nanovea PS50 System Optical Profilometry used in the present
study

Following the volume loss analysis with the optical profilometer, the microstructural features of
the wear tracks and resultant wear debris were examined using SEM and EDS, in order to
visually assess the wear track and conduct chemical analysis of any tribolayer formed. EDS was
also used to confirm whether there was material transfer from the WC-Co counter face sphere to

the TiC-steel composite wear surface and vice versa.

3.2.4 Electrochemical Testing

The corrosion behaviour was assessed on the three grades of the TiC-steel composites (i.e. with
304L, 316L and 410L steel, and for binder content varied from 10 to 30 vol. %). The focus for
the corrosion studies was on the application of a variety of advanced electrochemical
characterisation techniques, including Tafel extrapolation, potentiodynamic polarisation, cyclic
polarisation, and potentiostatic polarisation, as well as weight loss measurements. In order to
generate baseline data, ‘pure’ wrought 316L, 304L and 410L steels were also assessed for their

corrosion behaviour, which was then compared to that of the cermets. For all of the corrosion
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studies, a ‘simulated seawater’ environment, with 3.5 wt. % NaCl, was used at room temperature
(23°C). A standard three-electrode flat cell configuration was employed, with the cermet (or
steel) sample acting as the working electrode (an exposed test area of 1cm” was used), a platinum
mesh as the counter electrode, and a saturated calomel electrode (SCE; 0.241 V versus a standard
hydrogen electrode) as a reference. All the potential measurements throughout the corrosion
studies will therefore be referred to the reference electrode. A schematic illustration of a standard
three-electrode flat cell configuration comprising of the reference, working and counter electrode

is shown in Figure 3.8.

The saturated calomel electrode (Ag|AgCIKCl) was sourced from Accumet (SN01094027 P7).
The configured flat cell is connected to a potentiostat (EG & G PARC Model 273A, Princeton
Applied Research, USA) and interfaced with an associated computer running Corrware (a
corrosion evaluation software for Tafel extrapolation, supplied by Scribner Associates, Inc,
USA). The potentiostat (Figure 3.9) controls the potential difference between the reference
electrode and the working electrode (i.e. it imposes an applied potential) and also measures the
current flow between the working electrode (cermets) and the counter electrode (platinum mesh).
An illustrative representation of the functions of the potentiostat in a typical standard three-

electrode cell configuration is shown in Figure 3.10 [104].
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Figure 3.8: The electrochemical flat cell used in the present work, in which all the corrosion

experiments are performed.

Figure 3.9: The electrochemical testing potentiostat (EG & G PARC Model 273 A, Princeton
Applied Research, USA) used in the present work.
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Figure 3.10: A schematic illustration of a standard three-electrode flat cell configuration,

showing the main functions of the potentiostat [104].

The following electrochemical techniques were employed in order to study the corrosion

behaviour of TiC-steel cermets in a simulated sea water environment.

3.2.4.1 Open Circuit Potential

Open circuit potential means the potential of the system without the application of external
current. By applying no current to the sample in the electrolyte and monitoring the change in
voltage with time, the OCP measurements are determined. For the present study before any
electrochemical measurement is carried out, 4 hours of immersion was allowed to ensure steady-

state conditions.
3.2.4.2 Potentiodynamic Polarisation

In the current study, the potentiodynamic polarisation measurements began once steady state
conditions were established, following the 4 hours of the OCP measurements. The

potentiodynamic polarisation scanning ranged from -750mV (cathodic region) to 3500mV
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(anodic region) using a scan rate of 0.1667 mV/s. By changing the applied potential of the
working electrode, and monitoring the resultant current as a function of time or potential, the
potentiodynamic polarisation response can be measured. This is an electrochemical measurement
technique that gives general information about the overall corrosion mechanism (with respect to
the active-passive behaviour) in a given metal-solution system. This simply involves varying the
potential of the electrode at a selected rate (the scan rate) by application of current through an
electrolyte. Potentiodynamic plots invariably have the applied potential as the Y-axis and the
logarithm of the measured current in the X axis, with the shape of the resultant plot giving an
indication of the corrosion mechanism of the sample in the electrolyte. A representative diagram
of a typical active-passive characteristic material (i.e. potentiodynamic polarisation plot) is

presented in Figure 3.11 [104].
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Figure 3.11: A representative diagram of potentiodynamic polarisation plot showing the active

and passive regions [104].
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Figure 3.12 [105] presents more descriptive features of the typical potentiodynamic curve shown
in Figure 3.11 [104]. The region labelled ‘A’ represents the active region, where corrosion of the
metal is taking place, as the applied potential is made more positive. At point ‘B’, further
increase in the rate of corrosion stops, which is believed to be as a result of the formation of a
protective oxide layer (hence the onset of passivation). Another feature that can be observed
from the potentiodynamic curve is the passivation tendency of a material, for instance from
Figure 3.11 [104] and Figure 3.12 [105] (point B) the lower or higher the anodic critical current
density provides information about how fast or how slow the material can passivate. Hence, the
low current at the peak infers that the specimen passivates quickly. In addition to the passivation
tendency, the degree of passivation and the stability of the passive film can de deduced by
observation of the current in the passive region and the position of the potential at the
transpassive region; a lower current in the passive region infers a higher degree of passivation,

whereas higher transpassive potential depicts better stability of the passive film [104].
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Figure 3.12: An illustrative diagram showing standard potentiodynamic anodic polarization plot

of 430 stainless steel [105].
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The formation of a protective oxide layer leads to a decrease in the current in region ‘C’, the
current spike at point ‘D’ indicates a change in current as the potential is increased. The
breakdown of the protective oxide layer (passive film) is experienced in region ‘E’, accompanied
by a significant increase in the current. In summary, the potentiodynamic polarisation technique
is a powerful tool for studying the corrosion behaviour of materials, or ranking their corrosion
susceptibility, gives information about the ability of a material to spontaneously passivate in a
particular medium, and the passivation regions of different materials in addition to the corrosion

rate in the passive region [104, 106].
3.2.4.3 Tafel Extrapolation

Tafel extrapolation is a technique used in the present study to calculate the corrosion rate of the
tested samples, alongside weight loss measurement. The technique involves the extrapolation of
corrosion current density, i..r, and corrosion potential, E.qy, from the Tafel curve (as illustrated
in Figure 3.13[106]), and the use of use of Equation 3.1 [107] to calculate the corrosion rate.
The i.or and Eq are extrapolated at the intersection between tangential slopes of the anodic and
cathodic curves, as illustrated in Figure 3.13. For the present study, the corrosion potentials and
the corrosion current densities were estimated by using instantaneous Tafel-type fit CorrWare

corrosion analysis software, outlined earlier.

The Tafel measurement was determined by scanning from -500 mV in the cathodic region to 750
mV in the anodic region. By extrapolating the i.., and E.,, from the Tafel extrapolation, the

corrosion rate was calculated following [107]:

3
(327 x10 lgx ]wrr xW Equation. 3.1

Corrosion rate (mm/year) =

where k is 3.27 x 10° mm g/pA cm yr, iy is in pA/em?’, D is the density in g/cm’, and W is the
equivalent weight, which is considered dimensionless. A comparable corrosion rate, obtained
from direct weight loss measurement, was determined by weighing the corroded samples before

and after potentiodynamic polarisation, the corrosion rate is then calculated following [37]:

Corrosion rate (mm/year) = 87.6xM Equation. 3.2

TxAxD
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where M is the weight loss in g, D is the density in g/cm’, 4 is the area of the sample in cm?, T'is

the time of exposure of the metal samples in hours.
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Figure 3.13: Illustrative diagram showing the Tafel extrapolation technique for determination of

corrosion current density and corrosion potential for corrosion rate measurement [106].
3.2.4.4 Cyclic Polarisation

Cyclic polarisation is a powerful electrochemical measurement technique used to study the
susceptibility of materials to localised corrosion. It is another type of potentiodynamic

polarisation method, and is described in ASTM standard practice G61[108], which gives a
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reasonable, rapid method of qualitatively predicting the propensity of an alloy to suffer localised
corrosion (especially pitting and crevice corrosion). It is mostly used in assessing the

susceptibility of stainless steels and nickel alloys to localised corrosion.

During cyclic polarisation, a potential is scanned from the corrosion potential and continued in
the anodic direction until a sharp increase in the current is experienced, and is then reversed
when the scan reaches the pre-programmed current density value, back to the cathodic region. A
threshold current density of 1 mA/cm” is usually applied and the final scan potential should be
negative with respect to the protection potential [104]. The pitting potential, Ep, 1s one
parameter that can be obtained from a cyclic polarisation curve, and is a non-conservative
parameter for assessing the susceptibility of a metal to pitting corrosion, while the protection
potential, Eyr, 1s @ much more conservative parameter and as such is used as a design criterion
in assessing the susceptibility of alloys to pitting corrosion [86, 109]. Illustrative diagrams used
to explain the features of cyclic polarisation are presented in Figures 3.14 [104] and 3.15 [110].
During the forward scan, the potential at which a sharp increase in current is experienced is
defined as the pitting potential, as shown in Figure 3.14 [104]. The protection (or repassivation)
potential is where the reverse segment of the loop closes or intersects with the forward scan, as
shown in Figures 3.14 [104] and 3.15 [110]. There are some scenarios where the reverse scan
does not cross the forward scan. In that case E, can be estimated by extrapolating the reverse
scan to zero current [104]. The assessment of a material’s susceptibility to pitting corrosion can
also be determined based on the position of the pitting and protection potentials during cyclic
potentiodynamic experiments. For instance, if the pitting potential and the protection potential
are the same, there will be little tendency to pit. When a material has a protection potential that is
more positive than the pitting potential, that material is immune to pitting, and there will be no

tendency to pit.
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Figure 3.14: A typical cyclic polarisation plot showing pitting hysteresis loop [104].

On the other hand, materials that have a tendency to pit, or are susceptible to pitting corrosion,
have a protection potential that is more active (i.e. more negative) than the pitting potential.
Another way of assessing the susceptibility of materials to pitting corrosion is based on the size
of the loop after the reverse scan. Generally, the reverse scan is at higher current level than the
forward scan. The size of the loop is a rough indication of the pitting tendency; the larger the
loop, the greater the tendency towards pitting corrosion [104]. As stated previously, pitting
experiments are used to rank or predict a material’s susceptibility to crevice or pitting corrosion.
At the protection potential, neither pitting nor crevice corrosion would occur, while above the
pitting potential both pitting and crevice corrosion will occur and, in between the pitting and
protection potentials, pitting or crevice corrosion will propagate but new pits will not appear
[104]. For the present study, the protection potential, E,., the pitting potential, E,; and the
difference between them (AE = Ey; - Epro) are used to characterise the material’s susceptibility to

localised corrosion after the cyclic polarisation experiments.
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Figure 3.15: Schematic representation of a cyclic polarisation curve [110].
3.2.4.5 Potentiostatic Polarisation

Potentiostatic polarisation simply means applying a constant potential and monitoring the current
response with respect to time. This approach is used to measure responses at the pitting or
protection potentials, after determining these potentials following the cyclic polarisation
experiments. For the present research, potentiostatic polarisation was employed to confirm the
pitting potential previously deduced from cyclic polarisation experiments, by selecting a
potential slightly above the pitting potential and scanning at that fixed potential while monitoring
the current response. It was also used to measure the current response in the pseudo-passive

region (explained in Chapter 7), following potentiodynamic polarisation.
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3.2.5 Post Corrosion Chemical Analysis

Following corrosion tests, the remaining solutions contained within the electrochemical cell were
assessed using inductively coupled plasma optical emission spectroscopy (ICP-OES; Varian
Vista Pro (Radial View), Varian, Inc., Mulgrave, Australia), in order to determine the quantities
of various metals that were present in the solutions after the corrosion tests. This was conducted
on both fine particulate material, filtered from the solution, and the resultant filtered solution
itself. The solutions were filtered using a Millipore vacuum system, with a 1.0 um pore size
filter. The particulate-free filtered solutions were analysed directly using the ICP-OES.
Conversely, the filtered particulate residue was collected and dried at 105°C. The solid material
was scraped off the filter and weighed. Three different types of acids (HF, HNO3, HCIO,) were
sequentially added to the samples (i.e. 10 mL conc. HNOs3, 5 mL 70% HC104, and 10 to 20 mL
49% HF depending on the amount of silicates the sample contains). Then the samples were
boiled to dryness on a hotplate at 150°C overnight. The samples were removed from the hotplate,
which was followed by the addition of 10 mL conc. HCI, and then heating the samples again on
the hot plate for 10 minutes. After 10 minutes, the samples were removed from the hot plate and
25 mL of double distilled water was added, and then boiled for an additional 10 minutes. The
samples were then removed from hotplate and allowed to cool, after which they were filtered
through plastic funnels and the residue was then brought back into solution with HCI, made up to

100 ml in volumetric flasks, and analysed using ICP-OES.

In summary, the development of cermets for wear and corrosion characterisation involves a
muilti-step process. It involves the weighing and pressing of TiC powder using uni-axial and
cold isostatic pressing followed by addition of pre-determined volume % of steel binder (ranging
from 5-30 vol. % depending on the properties to be evaluated) on top of the TiC preform. Melt
infiltration was carried out at different temperatures and times depending on the cermet and
properties to be assessed which is followed by sequential polishing to prepare the infiltrated
cermets for to subsequent characterisation involving hardness and indentation fracture resistance,

wear and electrochemical measurements.
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4 The Reciprocating Wear Behaviour of TiC-304L Stainless Steel Composites
Prepared by Melt Infiltration
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4.1 Abstract

TiC-based ceramic-metal composites, or cermets, are widely used in applications requiring wear
and corrosion resistance. In the present work, a family of novel TiC—stainless steel (grade 304L)
cermets has been developed using vacuum melt infiltration (1500°C/1 hour), with steel binder
contents varied from 5 to 30 vol. %. Microstructural analysis showed a homogenous distribution
of TiC within the steel binder, with mean TiC grain sizes of ~6 pm. Increasing the steel content
resulted in an increase in the indentation fracture resistance and a decrease in the hardness. The
reciprocating wear resistance of the cermets was assessed using a ball-on-flat geometry, using a
WC-Co sphere dry sliding on the polished cermet surface. It was shown that there is an increase
in the specific wear rate with both increasing load and binder content. Similarly, a higher
coefficient of friction was observed with higher steel binder contents. The morphology of the
worn surface was investigated using scanning electron microscopy, and associated energy
dispersive x-ray spectroscopy, to more fully understand the operative wear mechanisms.
Evidence of a transition from two- to three-body abrasive wear was observed, together with the

formation of a tribolayer, indicating that adhesive wear was also occurring.

Keywords: Cermets; Abrasive wear; Adhesive wear; Tribolayer; Dry sliding
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4.2 Introduction

The use of ceramic-metal composites, or cermets, has gained acceptance in a wide range of
industries due to their considerable potential for use in corrosive and tribological applications.
Cermets utilise both the high hardness of the ceramic phase and the ductility of the metallic
binder, producing a combination of properties that cannot be achieved by either component when
used alone. Among the ceramics that are widely used in these applications, TiC is considered to
be a strong candidate for the development of cermets due to its high hardness, melting point,
chemical and thermal stability, and wear resistance [9]. TiC also exhibits good melt wettability
by many metallic binders, which facilitates cermet processing. Examples of metals that have

been used with TiC for cermet formation include Ni, Co, Al, Cuand Fe [111-115].

Fe-based alloys are widely applied metallic materials in their own right, because of their low cost
and good mechanical properties [116]. In particular, austenitic stainless steels exhibit higher
strength, stiffness, and ductility when compared to aluminium, while also offering the potential
to be used at elevated temperatures (up to ~800°C). In addition, select stainless steels can exhibit
excellent resistance to aqueous corrosion. Despite these general benefits, austenitic stainless still
have a major drawback for use in certain tribological environments, as they have generally poor
wear resistance due to their relatively low hardness [117]. Pagounis et al. reported that the wear
resistance of stainless steel can be improved dramatically by the incorporation of ceramic
particles, such as carbides and oxides [70]. Tjong and Lau also demonstrated a significant
improvement in the micro-hardness, sliding wear and abrasion wear resistance of 304L stainless
steel through the addition of 20 vol. % of TiB, [118]. In related work, Degan et al.[119] pointed
out that the load bearing capacity of the TiC, and its ability to reduce metal-metal contact during
sliding, is responsible for its improvement in wear performance of TiC containing metal matrix

composites (MMC).

While these previous examples highlight the benefit of adding small volume fractions of ceramic
to a metal matrix (i.e. fabricating a MMC), further improvements in wear resistance may be
envisaged for the case where the ceramic phase is predominant. Akhtar and Guo reported that
50%-70% TiC additions to a stainless steel binder led to an improvement in wear resistance
[120]. TiC-carbon steel cermets have also been assessed as impact resistant materials [121-122].

In that instance it was shown that quenching and subsequent tempering treatments could result in
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significant surface hardening. More recently, it has been demonstrated that TiC-based cermets
can be prepared to high density by melt infiltration using a moderately wide range of steel

contents (from 5 to 30 vol. %) [123].

As a consequence, the use of stainless steels as a low volume fraction binder for TiC cermets
may be envisaged when corrosion resistance and toughness of the composite are the ultimate
requirement. In this present study, TiC-stainless steel cermets have been developed for potential
application in the oil and gas industry (i.e. as hard, corrosion-resistant facings), using 304L grade
steel, with binder contents varied from 5 to 30 vol. %. The dry reciprocating wear behaviour of
these cermets has been assessed, using a WC-Co contacting counter face sphere, with

comparison made to pure 304L steel and other cermets systems.

4.3 Experimental Procedure
4.3.1 Sample Preparation

The TiC powder used in the present study was sourced from Pacific Particulate Materials Ltd.
(Vancouver, BC, Canada), with a manufacturer quoted particle size of ~1.3 um, which was
confirmed through subsequent particle size analysis [96]. For the metallic binder, 304-L stainless
steel powder was obtained from Alfa Aeser (Ward Hill, MA, USA), with a nominal particle size
of -100 mesh. A simple melt infiltration process was used to fabricate the samples, based on the
prior development of TiC-NiszAl cermets [124]. TiC pellets were prepared by uniaxial pressing
~7.5 g of powder as 31.75 mm diameter discs, at a pressure ~67 MPa. The samples were then
vacuum bagged and further compacted by cold isostatic pressing at 220 MPa. After compaction,
the TiC pellets were weighed and an appropriate amount of 304-L stainless steel was placed on
top of the TiC preform to give binder volume fractions between 5 and 30 vol. %. For sintering,
the TiC preforms were placed on a layer of bubble alumina, within a closed alumina crucible.
Melt infiltration of the 304-L steel binder into the TiC preforms was conducted at 1500°C, with
this temperature held for 60 minutes. Infiltration was conducted under a dynamic vacuum (~20
mTorr or better), inside a graphite resistance furnace (Materials Research Furnaces, Inc.,
Suncook, NH, USA), with nominal heating and cooling rates of 10°C/min and 25°C/min,

respectively.
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4.3.2 Materials Characterisation Procedure

The densities of the infiltrated composites were determined using the Archimedes immersion
method in water. The samples were then ground flat using a diamond peripheral wheel, and
subsequently polished to a mirror-like finish (starting from a 125 um diamond pad and finishing
with 0.25 pm diamond paste). Microstructural characterisation was conducted on the polished
samples, using both optical microscopy (Model BX-51, Olympus Canada, Richmond Hill,
Ontario, Canada) and scanning electron microscopy (SEM; Model S-4700, Hitachi High
Technologies, Tokyo, Japan). Grain size measurements were made using the linear intercept
method [125], from SEM images, where the mean intercept value was multiplied by a factor of
1.56, and ~300 grains were measured for each sample. The hardness and indentation fracture
resistance (IFR) of the densified cermets were determined using a Vickers diamond pyramid
indenter, with 1 kg and 50 kg applied loads respectively, held for 15 seconds (V-100A, Leco).
The lower load was used for hardness testing, specifically to avoid sample cracking during
loading. The indentation fracture resistance was determined for both median and Palmqvist-type
cracking, using the approaches proposed by Antis ef al [98], and Niihara [99], respectively. It has
previously been demonstrated that Palmqvist-type cracking can be observed in WC-based
cermets with moderate Co-binder contents, through the use of sequential polishing [126].
However, such a study was not undertaken in the present work, and the median/Palmqvist
transition is simply predicted based on the measured c:a ratio following indentation (where c is
the indentation crack length and a is the indent diagonal)[100]. In order to ensure reasonable
statistical validity of the measurements, 6 indentations were made for both hardness and

indentation fracture resistance.
4.3.3 Reciprocating Wear Test Procedure and Characterisation

In terms of the reciprocating wear tests, TiC samples with 10, 20 and 30 vol. % 304L steel were
analysed. The actual wear tests were performed using a universal micro tribometer (UMT; Model
UMT-1, Bruker Corp., Campbell, CA, USA). For the wear testing in the present work, a sphere
slides against a flat lower sample in a linear back and forth motion (i.e. reciprocating), with a
stroke length of 5.03 mm and an oscillation frequency of 20 Hz, for selected times and applied

loads. The load is applied through the counter face sphere, perpendicular to the flat sample,
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which is mounted on a reciprocating drive. All wear tests were conducted at room temperature
(21 £ 2°C) with a relative humidity of 40-55%. The UMT system is designed to monitor the
dynamic normal load, frictional force, and the depth of the wear track during the test. In the
present instance, the counterface spheres were 6.35 mm diameter WC-Co balls (Grade 25 with 6
wt. % Co, McMaster-Carr, Aurora, OH, USA), subsequently designated as WC-6Co, sliding
against the TiC-stainless steel cermets. This grade of WC-Co was selected due to its having a
comparable, or higher, hardness than the present materials. WC-Co has also been used in such
sliding wear environments for TiC-NizAl and Ti(C,N)-Nis;Al cermets [127-128], as well as for a
counterface against ‘pure’ 304L stainless steel [129-130]. The ball was mounted inside a ball
holder, which is attached to a load sensor that controls and records forces during the test. For the
initial testing conditions, applied loads of 20 to 80 N were used, for up to two hours. This
corresponds to approximate Hertzian contact stresses between 1.825 and 3.050 GPa, depending
upon the cermet composition and applied load. Further details regarding the approach taken
using the UMT system can be found in recent publications on TiC and Ti(C,N) based cermets,

prepared with a NizAl alloy binder [127-128].

Following the reciprocating tests, the resultant wear tracks were examined using an optical
profilometer (Model PS50 Optical Profilometer, Nanovea, Irvine, CA), to assess both the general
features of the wear track and to determine the volume of material removed during testing. The
volumetric wear loss measurements obtained from the high optical profilometry were then used

to calculate the specific wear rate, k, of the cermet, which is defined as [102].
k = wear volume (mm3 )/(load (N) x total sliding distance (m))

The microstructural features of the wear tracks, the associated wear debris, and the WC-6Co
counter face sphere were subsequently examined using SEM, including energy dispersive X-ray
spectroscopy (EDS). This includes chemical analysis of any tribolayer that was formed, and also
to determine if there was material transfer from the WC-6Co ball to the wear track surface during

testing (and vice-versa).
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4.4 Results and Discussion
4.4.1 Densification Behaviour and Microstructure of the Composites

The TiC-304L cermets all had sintered densities of 99 % of theoretical, or greater, based on a

simple rule of mixtures for the two base constituents (Figure 4.1).
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Figure 4.1: The effects of steel binder content upon the sintered density of the TiC-304L cermets
processed at 1500°C for 1 hour.

It is apparent that melt infiltration allows for the formation of high-density cermets, even when
relatively low steel contents are used (i.e. 5 vol. %). The reason for the small discrepancy in the
apparent percentage of theoretical density, in terms of samples with greater than 100 % of
theoretical density, is attributed to potential compositional changes during processing, especially

for the steel, which can readily incorporate some Ti and C.

Figure 4.2 demonstrates a typical microstructure observed for the TiC-304L cermets, prepared
with 20 vol. % steel, using DIC optical imaging. This image reveals a homogenous distribution
of TiC grains in the 304L stainless steel binder, and demonstrates the thorough infiltration that
arises. Figure 4.3 shows higher magnification SEM images of the cermets prepared with 20 and

30 vol. % 304L steel binder.
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Figure 4.2: DIC optical micrograph of TiC prepared with 20 vol. % 304L stainless steel binder,

highlighting the degree of microstructural uniformity that is achieved using melt-infiltration.

(2)

10.0kV 8.9mm x800 SE(M)
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(b)

10.0kV 9.0mm x900 SE(M)
Figure 4.3: SEM images of the TiC-304L cermets prepared with (a) 20 and (b) 30 vol. %

stainless steel binder.

Efficient melt infiltration in the absence of applied pressure requires a low contact angle for the
molten metal on the substrate [131], and ideally relatively low solubility of the ceramic
component in the molten metal. If the solubility is sufficiently low, grain growth can be
minimised. In terms of the present materials, Table 4.1 highlights the mean grain size for the TiC
cermets, prepared with 10, 20 and 30 vol. % steel, which were determined using the linear

intercept method outlined by Mendelson [125].

Table 4.1: The mean grain size for the TiC-304L cermets as a function of steel content; values

were determined for a minimum of 300 grains, using the lineal intercept method [125].

Composition Mean grain size (um)
TiC-10 vol. % 304L 6.80
TiC-20 vol. % 304L 6.25
TiC-30 vol. % 304L 6.45
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The SEM images indicate that there is no major reaction between the TiC particles and the steel
binder phase, with two distinct phases present, and no evidence of any major interfacial
reactions. Similarly, there is no evidence of interfacial debonding in the sintered cermets,
confirming the good wettability of the TiC particles by the 304L stainless steel. The homogenous
distribution of TiC in the steel binder, high sintered densities and absence of interface debonding
can be expected to offer a beneficial effect on both the tribological and mechanical properties of

the composites, as there will be minimal potential sites for crack initiation.

4.4.2 Cermet Hardness and Indentation Fracture Resistance

The Vickers hardness response of the TiC-304L cermets is presented in Figure 4.4. It can be seen
that the hardness of the composite decreases with increase in binder content, which is
predominantly due to relative elastic moduli of the phases (with TiC ~439 GPa and 304L
stainless steel ~193 GPa).

30.0 ———1———1 1
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Figure 4.4: The hardness of TiC-304L cermets as a function of steel binder content (measured

with a 1 kg load).

The indentation fracture resistance response presented in Figure 4.5, determined using both

median (i.e. Anstis et a/[98]) and Palmqvist (i.e. Nithara[99],) cracking equations, exhibits the
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opposite trend; by increasing the steel binder content, the indentation fracture resistance of the
cermets is increased. Here the addition of the metal binder is increasing the toughness through
the addition of a ductile phase, as 304L can exhibit a room temperature tensile elongation to

failure of up to 55 %.
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Figure 4.5: The indentation fracture resistance of the TiC-304L cermets as a function of steel
binder content (measured with a 50 kg load), determined for both median and Palmqvist

cracking.

The ductile phase ligaments between TiC grains can then bridge across cracks, effectively
maintaining the matrix integrity. As a consequence, incorporating the steel binder can effectively
inhibit crack growth, such that even a 50 kg Vickers indentation load produces minimal cracking,
and actually no cracking whatsoever for the highest steel content samples (i.e. 30 vol. %). The
data presented in Figure 4.5 effectively highlights a transition in terms of the crack behaviour,
showing a more traditional brittle median cracking response for lower 304L binder contents (i.e.
c:a > 2.5) and Palmgquvist cracking at the higher binder contents (i.e. (c:a <2.5)[100]. It should be
stressed that the actual sub-surface cracking response has not been verified in the present work,

for example through the use of sequential polishing, as applied by Shetty for WC-based cermets
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[126]. For the present case this transition occurs between 10 and 15 vol. % steel binder, with

Palmqvist-type cracking expected at the higher binder contents (i.e. 15 to 30 vol. %).

It can be seen that the addition of the steel binder to TiC makes these cermets relevant in
applications requiring both high hardness and toughness, significantly improving the brittle
nature of the TiC with the ductile phase of the steel, and enhancing the hardness of the steel with
the high modulus TiC phase.

4.4.3 Reciprocating Wear Behaviour

Reciprocating wear tests were used to study the tribological behaviour of the TiC-304L stainless
steel composites, with the cermets dry sliding against a hard counter face sphere, which in this
instance is comprised of WC-6Co (equivalent to ~10.2 vol. % Co). For the wear testing a
reduced sub-set of samples was analysed, in this instance TiC prepared with 10, 20 and 30 vol. %
304L binder. Figure 4.6(a) shows the variation of the ‘instantaneous’ COF with test duration, as
a function of binder content, using a 40N applied load. It can be seen that the COF generally
increases with time, as well as with binder content. This general transition of increasing COF
with time indicates that the wear mechanism may be gradually changing. It is also apparent that
the COF increases with higher binder content, indicating that the steel content plays an important

role in controlling the COF.
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Figure 4.6: (a) The evolution of the COF for the TiC-stainless steel cermets as a function of time
and binder content (for a 40 N applied load). (b) The effect of applied load on the COF after 120

minutes of dry sliding, as a function of steel binder content.
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Yerokhin and colleagues [129], in characterising a range of coating methods for 304 stainless
steel, reported a COF of 0.58-0.63 for uncoated 304 dry sliding against a comparable WC-6Co
sphere (6 mm diameter) as used in the present study. In that instance the applied load was
relatively conservative, at 2.5 N, although severe adhesive/abrasive wear was reported, with a
specific wear rate of 1.07 x 10™ mm?/Nm [129]. More recently, generally similar COF values
were reported by Foerster et al.[130], for a 6 mm diameter WC-Co (with an unspecified Co
content) sphere sliding against 304 stainless steel, with a steady state COF of ~0.65 achieved
after ~0.5 m of dry sliding under a 5 N load.

Figure 6(b) shows the variation of COF with the applied load (determined after 120 minutes of
dry sliding). It can be seen that the COF for all the composites evaluated ranges from 0.2-0.36
once a nominally steady state response is recorded. There is generally a small increase in COF
with applied load up to 60 N, above which a slight decrease in COF is observed. The slight drop
at the highest at the highest load (80 N) could be attributed to the formation and subsequent
partial spalling of any tribolayer formed. With the increase in the friction between the TiC
cermet and WC-Co counter face sphere, the frictional heating can be expected to increase,
resulting in a small temperature rise. While the temperature during testing was not directly
evaluated in this work, we have recently studied a family of broadly similar TiC-cermets using a
thermal imaging camera (with an identical WC-6Co counter face sphere to the present work),
which indicated maximum temperatures of ~60°C at 20 N load, rising to ~100°C under a 60 N
load. This temperature rise corresponds closely with those measured by Pirso and colleagues for
a variety of cermets at a slightly lower (i.e. 40 N) load [132]. A similar level of temperature
increase can be expected in the present work, and it should be stressed that there was no evidence
of microstructural change (i.e. oxidation) in the areas immediately adjacent to the wear tracks,

which confirms the temperature rise was not significant.

The range of COF values observed for the TiC-304L cermets is broadly consistent with other
TiC-based cermet systems. For example, Pirso and colleagues recorded steady state COF values
for TiC-NiMo of between 0.25 and 0.3[133]; interestingly, this occurred when sliding against a
0.45 wt. % C steel counter face. Recently, Buchholz et al. determined a mean COF of ~3.2 for
TiC cermets, prepared with between 20 and 40 vol. % NisAl (alloy IC-50) binder [127], sliding
against an identical WC-6Co sphere to the present work. In comparison to the present study, the

COF was essentially independent of applied load (varied between 20 and 80 N) and cermet
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binder content for the TiC-Ni3Al system, and was relatively stable throughout the test duration.
In this respect it is notable that the yield strength of the Ni3Al alloy IC-50 (~440 MPa[134]) is
more than double that of 304L stainless steel (~180 MPa[135]).

Figure 4.7(a) shows the relationship of volumetric wear loss with time for selected samples. It is
clear that the volumetric loss increases with time in a nominally linear manner. This observation
broadly complies with the Lancaster model, which states that the volumetric wear loss exhibits a
linear dependency with both load and time (or distance covered) [103]. Figure 7(b) demonstrates
the specific wear rate of the TiC-304L stainless steel composites as a function of applied load. It
is clearly apparent that the wear rate increases with both the applied load and the stainless steel
binder content. Increasing the binder content results in an associated volume reduction of the
high hardness/elastic modulus TiC phase. At the highest TiC content examined (i.e. 10 vol. %
304L), the composite behaviour is dominated by the ceramic phase, and the associated hardness

of the composite is high (as shown in Figure 4.4).
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Figure 4.7: (a) The volumetric wear loss as a function of applied load and dry sliding time, for
TiC prepared with 20 vol. % 304L binder. (b) The specific wear rate of TiC-304L stainless steel

cermets as a function of applied load.

The TiC particles can resist plastic deformation, and offer additional resistance to the effective
Hertzian load applied through the WC-Co contacting sphere; this beneficial effect declines
through the addition of the comparatively softer steel binder. It should also be noted that there is
a decrease in the contiguity of the TiC particles (a measure of the carbide-carbide contact) with
increasing binder content, and an increase in the binder mean free path (the characteristic
ligament length), which can both be anticipated to increase the toughness. Effectively, this makes
the composite more ductile in its deformation behaviour, although still relatively elastic in
response in comparison to the steel alone (as noted earlier, grade 304L exhibits up to 55 %
elongation to failure when tested in tension). The extent of material removal from the binder, in
the form of grain pull-out, decreases with increase in TiC content and is related to higher
hardness of the TiC. At low loads and higher TiC content, the steel deformation and material
removal is effectively minimised by the contiguity of the TiC grains, which form a contacting

network that resists compression and extrusion of the softer metallic binder. It is notable, in
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comparing the data presented in Figure 4.7(b) with the previously reported specific wear rate of
304 stainless steel in dry sliding against a WC-6Co sphere (i.e. 1.07 x 10™* mm?/Nm[130]) that
the TiC additions result in a two to three orders of magnitude decrease in the specific wear rate,

highlighting the benefits resulting from the development of these composite cermet structures.

Comparison can be made between the specific wear rates determined in the present work with
those for prior studies on a range of cermet systems. Buchholz et al., using an identical geometry
and test conditions to the present work, demonstrated specific wear rates between ~1.5 and 10 x
107 mm’/Nm for fine-grained TiC and Ti(C,N) cermets, prepared with 20 to 40 vol. % Ni;Al
binder [128-129]. Pirso and colleagues examined the dry abrasive wear of WC-Co, Cr3;C,-Ni and
TiC-NiMo, using a block-on-disc geometry, with the cermets sliding against an abrasive Al,O3
wheel [68]. In that study WC-Co exhibited the best wear resistance, with specific wear rates
ranging from ~5 x 10”7 mm’/Nm for 10 vol. % Co up to ~80 x 10”7 mm’/Nm for 31.6 vol. % Co.
WC-Co performed significantly better that Cr;C,-Ni, which varied between ~8 x 107 and 95 x
107 mm*/Nm (for a Ni content increasing from 7.7 to 24.3 vol. %). The wear rates observed in
the present study compare in a generally favourable manner to those prior studies, even when
taking into account the somewhat different test geometry applied by Pirso et al. [68]. The
slightly lower wear rates observed for the NisAl-based binders can be attributed to a combination
of the finer TiC and Ti(C,N) grain size and the higher yield stress of the intermetallic alloy in

comparison to the 304L stainless steel, as noted previously.

4.4.4 Microstructural Observations Following Reciprocating Wear

It is important to fully assess the wear response through microstructural and chemical analyses of
the wear tracks, as well as assessing the wear debris that is formed. Figure 4.8 shows DIC optical
microscope images of the edges of the wear tracks for TiC with 20 vol. % 304L binder, tested for
15 minutes at both 40 and 80 N. SEM images of comparable wear track edges are also shown in
Figure 4.9, for the same composition. Several features are apparent from these images. Firstly,
when examining the edges of the wear tracks it is clear that there is essentially no plastic
deformation outside of the wear track itself, which if present might be viewed as either material
‘up-lift’ or damage (i.e. TiC grain cracking). This general observation points to an abrasive wear

mechanism, either two- or three-body in nature. Initially, it can be expected that the wear
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mechanism will be two-body, with the TiC-304L cermet sliding directly against the WC-6Co

counter face sphere.

(a)

20

Figure 4.8: DIC optical images of the edges of wear tracks obtained for TiC with 20 vol. %
304L stainless steel after 15 minutes total sliding time (~181 m sliding distance), under loads of

(a) 40 N and (b) 80 N.
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(a)

7.0kV 12.2mm %900 SE(U)

Figure 4.9: SEM images of the edge of wear tracks formed in TiC-20 vol. % 304L cermets
under conditions of: (a) 40 N applied load for 15 minutes, and (b) 80 N load for 60 minutes.
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However, this will eventually result in the formation of debris between the two counter faces, as
TiC grains crack and fragment under the Hertzian contact load, and the steel binder is extruded
out from between the TiC grains. As a consequence, there will be a transition from two- to three-
body wear, with the debris acting as the third body (characterisation of the wear debris is
discussed in a subsequent paragraph). This transition may be observed remotely as a change in
the COF, as noted in Section 4.4.3. In the present case there is a general increase in the COF
until a steady state is reached. This three-body wear response can ultimately lead to the
formation of a tribolayer and a further potential transition to an adhesive wear mechanism. The
tribolayer is formed through the repeated, cyclic loading, with the third body material rolled back
and forward between the two primary counter faces. This ultimately results in severe attrition,
and a massive refinement in the size of the third body particles (such that they eventually form a
continuous film). The formation of a tribolayer, or film, is clearly apparent at the edge of the
wear track at higher loads and longer test durations, as shown in Figure 4.9(b). It is also notable

from this image that regions of the tribolayer are being removed during the wear test.

Figure 4.10 and 4.11 demonstrate typical DIC optical and SEM images, respectively, of the ends

of the wear tracks of selected TiC-304L stainless composites.

(a)
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(b)

20

Figure 4.10: DIC optical images of the ends of wear tracks obtained for TiC with 20 vol. %
304L stainless steel, under the following sliding conditions: (a) 40 N load maintained for 15
minutes (~181 m total sliding distance) and (b) 80 N load maintained for 60 minutes (~724 m

total sliding distance). The sliding direction is horizontal for both images.

7.0kV 12.2mm x900 SE(V)
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7.0kV 12.2mm x3.00k SE(U) 10.0um

Figure 4.11: (a) SEM image of the end of a wear track in TiC-20 vol % 304L stainless steel (40
N load maintained for 30 minutes (total sliding distance ~362 m); note that the darker regions
present within the tribolayer, on the left hand side of this image, arise from a charging artefact.
(b) Inset region from (a), highlighting the gradual build-up of the tribolayer at the end of the
wear track, together with retained TiC grains that are still largely intact (arrowed). The sliding

direction is horizontal for both images.

There is also some evidence of fine laminae formation (nominally perpendicular to the sliding
direction) within the tribolayer, while the end of the layer itself has been pushed slightly out of
the wear track (highlighted by the higher electron yield at the very edge of the tribolayer).
Significant spalling of the tribolayer is regularly evident when it is more fully developed under a
higher applied load (Figure 4.12(a)), although at the very ends of the wear tracks there is
invariably a relatively undamaged segment of the evolved layer (Figure 4.12(b)); the spalling in
this instance appears to be associated with thicker regions of tribolayer. The brittle nature of the

tribolayer is therefore clearly demonstrated.
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Figure 4.12: (a) SEM image of the end of a wear track in a TiC-10 vol. % 304L stainless steel
cermet after testing at 80 N applied load for 15 minutes; sliding direction is horizontal for all
images. (b) Inset region 1 shows the edge of the tribolayer/unworn material, highlighting a
section of spalled tribolayer on the left hand side, and several small cracks between TiC grains
(arrowed). (c) Inset region 2 demonstrates the removal of large areas of the tribolayer and the
exposure of the underlying damaged material, including isolated TiC grains that are believed to

have been at the original polished surface prior to testing (arrowed).

While there is a clear grey-level contrast between the TiC particles and the surrounding steel
matrix (i.e. Figure 4.3), arising predominantly from the differing average atomic mass of the two
phases, this contrast is largely lost within the tribolayer indicating an essentially uniform
composition; this is discussed in more detail in the following paragraphs relating to
compositional changes. There is no evidence for damage to the TiC grains just outside of the
wear track at the lower loads. Conversely, at the higher load (80 N), there are regions of minor
surface damage in terms of fractured TiC grains, TiC/steel debonding and even slight material
‘up-lift’ (Figure 4.12(b)). It is apparent from higher magnification images that the spalled regions
still appear to contain evidence of the original polished TiC grains (Figure 4.12(c)), which are

presumably still retained within the steel binder below the spalled region of tribolayer.
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Examining the wear tracks more closely demonstrates a number of features of the damage
process. Figure 4.13 highlights the gradual accumulation of finely divided material between
intact TiC grains.

rrerreerrered

7.0kV 4.9mm x3.00k SE(U) 10.0um
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Figure 4.13: Typical SEM images of the wear track formed on the TiC-20 vol. % 304L samples
after testing using a 20 N load for 2 hours duration. (a) The initial formation of a tribolayer is
apparent in terms of material present between the TiC grains (dark regions), along with evidence
of TiC grain fragmentation; a thin ‘ring’ of the steel binder is also often seen around the edges of
the TiC grains. (b) Significant TiC grain fragmentation is observed in this region, in the form of
fine particulate matter mixed with a secondary phase of equivalent contrast to the steel binder,

which highlights the early stages of tribolayer development.

Based on the contrast levels, this appears to be fine fragments of TiC within a nominally steel
matrix, and highlights the early stages of TiC grain failure. There is also evidence of more fully
developed regions of tribolayer; these regions have a uniform ‘dark-grey’ contrast, which is
potentially a charging artefact. In Figure 4.14(a) the continued build-up of the tribolayer
‘structure’ is apparent after testing at the lowest load (i.e. 20 N), with the formation of laminae of
material forced in between adjacent TiC grains. There is also evidence of TiC grain
fragmentation (Figure 4.14(b,c)), and the deposition of uniform contrast tribolayer material

between the TiC grains.
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7.0kV 9.1mm x7.00k SE(U) 5.00um

Figure 4.14: SEM images of the wear track of the TiC-10 vol. % 304L cermet after wear testing
at 20 N load for 2 hours (total sliding distance ~1.45 km); sliding direction is horizontal for all
images. (a) Circled areas appear to show the early stage of tribolayer formation, with a series of
parallel laminae that are oriented nominally perpendicular to the sliding direction. (b) The
general build-up of damaged areas within the microstructure is apparent on the left hand side of
this image, which also shows some small regions of tribolayer formation (arrowed). (c) Inset

region from (b) demonstrating regions of initial TiC grain fragmentation (circled).

At higher loads the tribolayer formation is more evolved, with relatively few, isolated TiC grains
observed (Figure 4.15). Moderately large areas of predominantly tribolayer are now apparent,
with multiple regions exhibiting spallation (Figure 4.15(a,b)). Furthermore, back-scattered
electron (BSE) imaging in the SEM, which is highly sensitive to differences in average atomic
mass, indicates that the surface (at a moderately low accelerating voltage of 7 kV) is nominally
of a constant composition, even though the outlines of individual TiC grains are still visible

(Figure 4.16). This infers that a very thin film of the tribolayer is effectively smeared across the
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whole surface, and not simply built up between the TiC grains, which clearly occurs during the

initial wear stages (i.e. Figure 4.13).

7.0kV 8.5mm x2.00k SE(U)

Figure 4.15: SEM images of the evolution of the wear track with increasing load and time for

TiC cermets with 10 vol. % 304L stainless steel binder (in each example the sliding direction is
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horizontal): (a) 40 N applied load, maintained for 15 minutes, (b) 40 N applied load maintained

for 60 minutes.

LI R O R I |

7.0kV 5.0mm x3.00k SE(U,0) 10.0um
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7.0kV 5.0mm x3.00k SE(U,-20) 10.0um

Figure 4.16: A comparison of (a) secondary electron and (b) back-scattered electron SEM
images of the wear track formed in TiC-20 vol. % 304L stainless steel (80 N load for 60

minutes).
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Figure 4.17: shows SEM micrographs of typical examples of the third body wear debris
generated for TiC-30 vol.% 304L steel cermets, at 40 N and 80 N loads, which is ejected from
the wear track and recovered for analysis. The morphology of the wear debris shows an
aggregate of finer particles at the lower load, which is believed to be fragmented TiC grains,
mixed with some of the steel binder; this is debris that can be expected to be formed during the
three-body wear period of testing.

Qualitatively, at the higher load the debris appears to be coarser, in terms of particle size, and
somewhat ‘plate-like’ in appearance. This transition likely marks that which occurs when
adhesive wear starts to increase, with the debris particles now comprising of segments of the

spalled tribolayer that are ejected during reciprocating sliding.
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Figure 4.17: SEM images of TiC-30% 304L cermets showing wear debris generated at (a) 40N
and (b) 80N load.

4.4.5 Chemical Composition of the Tribolayer

In order to investigate the wear mechanisms in more detail, compositional analysis of the
samples was also performed in the SEM using EDS. Figure 4.18 shows the EDS image and
selected elemental maps taken from within the wear track of the TiC-20 vol. % 304L cermets,
tested at an applied load of 60N. Within the examined region a sizeable portion of the wear track
is covered with a tribolayer. The chemical composition, as presented in Table 4.2, confirms that
a major component within the tribolayer is O (up to 50 at. % in this region). This can be expected
to be mostly in the form of oxides associated with components from the steel binder (i.e. Fe, Cr,
Ni and Mo), together with Ti from the TiC, and trace amounts of W from the WC-6Co counter
face sphere. It is not clear why the C content is as high as shown, as it can be expected that

increasing O incorporation would reduce the C content.
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Figure 4.18: EDS mapping of the TiC-30% 304L cermet following wear testing (80N applied
load for 120 minutes), showing the build-up of oxide containing tribolayer at the edge of the
wear track, and the absence of any significant O beyond the periphery of the track.
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Table 4.2: An example of the tribolayer composition determined using EDS, for TiC-30 vol. %
304L, after dry sliding for 120 minutes under an 80 N load.

Element (KLM line) Weight % Atomic %
C (K 8.61 19.08

O (K) 30.23 50.30

Ti (K) 41.02 22.80

Cr (K) 2.65 1.36

Fe (L) 10.56 5.04

Ni (L) 1.36 0.62

Mo (L) 0.09 0.03

W (M) 5.48 0.79

As a consequence, it is believed that the apparently high C content may be a minor
contamination artefact from analysis within the SEM, in combination with the presence of the
underlying TiC-based cermet (based on the apparent low thickness of the tribolayer). As noted
previously, the tribolayer forms through mechanical attrition of the third body material, which is
continuously fractured into smaller fragments during dry sliding, and therefore the constant
creation of fresh surfaces results in increasing (passive) O incorporation onto the new surface
material that is created. Thermal oxidation is not believed to play a major role in this response,
based on the temperatures measured during testing of comparable TiC-based materials, where
the maximum reached was ~100°C during testing at a 60 N applied load, which is generally

typical of that observed during sliding wear of a number of cermet systems [133].

The formation of a tribolayer is also apparent on the WC-6Co counter face sphere from SEM
observation, as shown in Figure 4.19. In this instance, a semi-continuous tribolayer is present,
which has slightly spalled away from the underlying WC-6Co substrate material. EDS analysis
again confirms a high O content, as well as Ti, Fe and C, with Ti and Fe clearly transferred from

the TiC-304L cermet.
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Figure 4.19: EDS mapping of a WC-Co counter face sphere following wear testing, showing the
transfer of tribolayer onto WC-Co surface. Spalling of the tribolayer is also apparent, revealing

the underlying WC-Co.

The observations gained from both the wear measurements and microscopy characterisation
points towards a relatively complex wear response in the present materials. Initially, it is
proposed that a two-body abrasive wear scenario arises, with the WC-6Co sphere ploughing the
surface of the TiC cermet. However, it is also clear that this quickly transitions to a
predominantly three-body abrasive wear mechanism, through binder removal (i.e. extrusion) and
TiC grain fragmentation. Eventually there is an associated adhesive component, as evidenced

through the formation of a tribolayer. The wear resistance also decreases with an increase in the
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steel content, where these mechanisms can be exacerbated. These general observations are in line
with prior studies of TiC-based cermets [68, 127, 128], as well as related WC-Co materials
[136].

4.5 Conclusions

In the present study, a family of novel TiC-304L stainless steel composites have been developed.
These cermets have been evaluated for their hardness and indentation fracture resistance, and for
their dry sliding behaviour under reciprocating motion. The following conclusions can be drawn

from the experimental study:

(1) Melt infiltration allows for the formation of TiC-304L cermets with high density (>99 % of
theoretical), and relatively fine grain size (~6 um), even when low steel contents are used (i.e. 5

vol. %).

(2) The cermets exhibit high hardness, which increases with TiC content, exhibiting a maximum
value in excess of ~2,500 (HV1) with just 5 vol. % steel binder content. In comparison, the
indentation fracture resistance of the composites increases with the steel content. Measurement
of the c:a ratio from the indents indicates that a transition from a median cracking response to a

Palmqvist cracking response occurs between 10 and 15 vol. % steel content.

(3) It was observed that the COF increases slightly during the initial segment of the reciprocating
wear tests, when testing at 40 N and above, and typically achieves a steady state value after
approximately 60 minutes. At the lowest load (20 N), the COF was generally consistent
throughout the test duration. The coefficient of friction increases with binder content, which is

attributed to an increasing contact area of the soft 304L steel phase at the tribo-pair interface.

(3) The wear resistance of the cermets increases with increase in the harder TiC phase. In this
instance, increasing the TiC content from 70 to 90 vol. % decreases the specific wear rate by
approximately a factor of two. The volumetric wear of the cermets varied approximately linearly

with time, as predicted by the Lancaster wear equation.

(5) The specific wear rates were typically in the range of 107 to 10 mm®/Nm, depending on

both the cermet composition (i.e. 304L content) and applied load. These values were generally
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comparable with data presented for other TiC- and WC-based cermets found in the open

literature.

(6) Based on the microstructural observations, the overall wear mechanisms observed in
essentially all examined conditions is initially two-body abrasive wear, which transitions to a
combination of three-body abrasive wear and adhesive/tribo-chemical wear, with the latter

evidenced through the formation of tribolayers on both the cermet and the WC-6Co counter face.

(7) The formation of the tribolayer appears to increase with applied load, and to a lesser extent
increasing binder content, and generally exhibited a high O content. This was due to high levels
of mechanical attrition of the third body particles during reciprocating wear, such that new

surfaces are continuously being created as the particle size is refined.
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5 The Effects of Grain Size on the Reciprocating Wear Behaviour of TiC-316L

Stainless Steel Cermets
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5.1 ABSTRACT

TiC-based cermets are used in a variety of applications that require a combination of good wear
and corrosion resistance. In the current work, TiC-stainless steel (grade 316L) cermets have been
developed, with the TiC grain size varied through heat-treatment for steel binder contents
between 10 and 30 vol. %. Microstructural analysis showed mean TiC grain sizes of
approximately 4 and 11 pm, respectively, for fine- and coarse-grained cermets, with the grain
size nominally consistent as a function of binder content. The wear resistance was assessed in a
reciprocating motion, using a WC-Co sphere dry sliding on the polished cermet surface. It is
demonstrated that the fine-grained cermets exhibit better wear resistance and hardness, while the
coarse-grained equivalents have superior indentation fracture resistance. An increase in the
specific wear rate was observed with increasing load and/or binder content for both fine- and
coarse-grained cermets. A transition from two- to three-body abrasive wear was apparent,
together with the formation of a surface tribolayer, which highlights a transition to an adhesive
wear mechanism. The tribolayer showed incorporation of a high concentration of O, which

increased with the applied load, together with a predominance of the binder constituents.

Keywords: Cermets; abrasive wear; adhesive wear; tribolayer; dry sliding; scanning electron

microscopy

*Contact author email: Kevin.plucknett@dal.ca
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5.2 Introduction

Ceramic-metal composites, or cermets, are used in a broad variety of industries, including
chemical processing, acrospace, automotive, pulp and paper, oil and gas, etc. Cermets can posses
a unique combination of high wear resistance, high hardness, and good strength characteristics,
as well as excellent aqueous corrosion resistance. In particular, titanium carbide (TiC) based
cermets show considerable potential for substitution into applications where tungsten carbide-
cobalt (WC-Co) based materials are more commonly used [54, 67, 68]. TiC-based cermets
benefit significantly from reduced mass and better high temperature properties, in comparison to
WC-Co. The excellent combination of high hardness, strength and fracture toughness, together
with good wear and corrosion resistance, is achieved through the incorporation of a ductile
metallic phase with hard ceramic phase (i.e. TiC). Although the ductile phase toughness results
in a drop in the hardness values of the composites [33], the improvement in toughness and wear
resistance significantly outweighs the decrease. It is generally assumed that the wear behaviour
of cermets is a direct function of both the hardness and toughness of the composite, and that

optimum wear behaviour is obtained when both of these properties are fully maximised [33, 54].

In terms of specific TiC-based cermet systems, a wide variety of metallic binders have been
employed. However, only limited attention has been paid to steel variants, particularly stainless
steels. For example, 316 stainless steel has excellent corrosion resistance with good mechanical
(i.e. tensile) properties. However, the wear resistance is relatively poor as the steel has a low
hardness [137], and 316 is therefore susceptible to many common forms of wear and contact
damage, which limits use in tribological applications [59, 137-138]. In order to enhance the wear
resistance of stainless steels, several authors have reported an improvement of wear resistance
through the incorporation of carbide particles [30, 139-141], such as TiC, to form a metal matrix
composite (MMC).

Although the incorporation of carbides into stainless steel improves the wear resistance, altering
the microstructural properties of the TiC or steel binder is an additional technique to further
improve the wear resistance in the case of TiC-based cermets. The cermet microstructure plays a
crucial role in their overall mechanical properties, and the microstructural features that influence
the mechanical and tribological properties include the metal binder content, the average carbide

grain size, the binder mean free path (i.e. the thickness of the binder ligaments) and the
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contiguity of the carbide grains [71]. Decreasing either the binder content or the carbide grain
size typically increases the hardness of the cermet; an increase in hardness is invariably
accompanied by a decrease in the bulk fracture toughness in conventional materials [142-147].
For instance, it has been shown that carbide size influences the abrasive and erosive wear rate
and, when comparing an equivalent carbide volume fraction of fine- and coarse-grained particles,
cermets prepared with fine-grained carbide particles provide superior wear resistance, as the

binder mean free path is decreased [30, 54,141, 148, 149].

To date, studies of the effects of grain size on the wear behaviour of cermets have largely been
limited to WC-Co [11, 71-77, 80, 81, 150, 151]. Some of these investigations have reported an
improvement in hardness and wear resistance with a decrease of the carbide grain size and Co
binder content, while the fracture toughness invariably shows the opposite trend [71, 72, 76, 77].
If the carbide size is decreased for a fixed binder content, the binder mean free path is also
reduced, resulting in greater constraint against deformation, increased hardness and a reduced
tendency for binder phase extrusion. These features invariably result in an improvement in the
wear resistance. Conversely, an improvement in fracture toughness with an increase in carbide
grain size or binder mean free path is attributed to a decrease in the constraint that limits plastic

deformation of the metallic binder ahead of the propagating crack [71, 80, 150].

In order to devise an alternative route to further improve the wear performance of novel TiC-
316L steel based cermets, which could potentially be used as an erosion and corrosion resistant
facing (especially in the mining and/or oil and gas industry), the present study is aimed at
investigating the effects of grain size on the dry reciprocating wear behaviour of both fine- and
coarse-grained cermets. Melt infiltration has been employed to fabricate these materials, with
processing conditions varied to control the grain size, and the stainless steel binder content

varied from 10 to 30 vol. %.
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5.3 Experimental Procedure
5.3.1 Sample Preparation

The TiC powder was sourced from Pacific Particulate Materials Ltd. (Vancouver, BC, Canada),
with a mean particle size of ~1.25 um [96]. For the metallic binder, 316L stainless steel powder
was obtained from Alfa Aeser (Ward Hill, MA, USA), with a nominal particle size of -100 mesh.
The cermets were fabricated using a simple melt infiltration process. Disk-shaped TiC pellets
(approximately 31.75 mm diameter by 4 mm thick) were prepared by uniaxial pressing, and were
then vacuum bagged and further compacted by cold isostatic pressing at 220 MPa. Following
compaction, the TiC pellets were weighed and a pre-determined amount of 316L stainless steel
was placed on top of the TiC perform; this approach allows control the steel binder volume
fraction .For sintering, the TiC preforms and steel powder were placed on a layer of bubble

alumina, itself within a closed alumina crucible.

Two different vacuum heat-treatment cycles were developed in order to produce the cermets
with what are subsequently referred to as either a fine- or coarse-grained microstructure; for fine-
grained cermets melt infiltration was performed at 1475°C for 15 minutes, while for the coarse-
grained materials it was performed at 1550°C for 240 minutes. In both cases the 316L steel
content was varied between 10 and 30 vol. %. The melt-infiltration cycle was performed under a
dynamic vacuum (better than 20 milliTorr), inside a graphite resistance furnace (Materials
Research Furnaces, Suncook, NH, USA). The nominal heating and cooling rates were 10°C/min

and 25°C/min, respectively.
5.3.2 Materials Characterisation Procedure

Following melt-infiltration, the densities of the TiC-316L cermet were determined using the
Archimedes immersion method in water. Samples were then ground flat, using a 149 pm grit
diamond peripheral wheel, and subsequently ground and polished for further testing (starting
with a 125 pm diamond pad and finishing with 0.25 pum diamond paste). Microstructural
characterisation was performed using optical microscopy (Model BX-51, Olympus Canada,
Richmond Hill, Ontario, Canada) and scanning electron microscopy (SEM; Model S-4700,
Hitachi High Technologies, Tokyo, Japan). Chemical analysis in the SEM was conducted using
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energy dispersive X-ray spectroscopy (EDS; Model X-Max/Inca, Oxford Instruments, Concord,
MA, USA). The TiC grain size, d., was determined using the linear intercept method [125], from
digital SEM images, with ~300 grains measured for each compositional/grain size variant. In
addition, the contiguity and the binder mean free path length (or binder intercept distance) were
measured for each material. The contiguity, C, is a measure of the ratio of carbide-carbide to

carbide-binder interfaces, and was determined following [152]:

2N,

cle

C=——"""— Equation 5.1
2Nc/c +Nc/b

where N and Ny are the number of carbide/carbide (TiC/TiC) and carbide/binder (TiC/316L)
interfaces that are intercepted per unit length, respectively. Based on the contiguity information,

the binder ligament size or mean free path (dj) can be determined, following the relation [153]

| .
d =——|-2\d, Equation 5.2
1-C\V

where V), and V. are the respective volume fractions of 316L binder and TiC.

The hardness and indentation fracture resistance (IFR) of the densified cermets were determined
using Vickers indentation (Model V-100A, Leco Corporation, St. Joseph, MI, USA). A 1 kg load
was used for hardness measurements, in order to avoid sample cracking at the corners of the
indentation during loading. Conversely, a 50 kg was applied for IFR measurements, specifically
to induce crack formation. The IFR was determined for both median and Palmqvist-type crack
models, using the approaches proposed by Antis and colleagues [98] and Niihara [99],
respectively. For the present study the median/Palmqvist transition is simply predicted based on
the measured c:a ratio following indentation (with c the indentation crack length and a the indent
diagonal length) [100]. In order to ensure reasonable statistical validity, a minimum of 6

indentations were made for both hardness and indentation fracture resistance.
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5.3.3 Reciprocating Wear Test Procedure and Characterisation

The reciprocating wear response of both the fine- and coarse-grained cermets was analysed for
316L steel binder contents of 10, 20 and 30 vol. %. Wear tests were performed using a universal
micro tribometer (UMT; Model UMT-1, Bruker Corp., Campbell, CA, USA), with a 6.35 mm
diameter WC-Co sphere (Grade 25 with 6 wt. % Co (subsequently referred to as WC-6Co);
McMaster-Carr, Aurora, OH, USA) sliding against a flat test sample in a reciprocating motion. A
stroke length of 5.03 mm was used, at an oscillation frequency of 20 Hz, for 2 hours and applied
loads. Further details regarding the wear testing procedure are outlined in previous publications
[55] [127-128]. Wear testing was performed at room temperature (21 + 2°C), with a relative
humidity of 40-55%. Applied loads of 20 to 80 N were used for the reciprocating tests, held for a
period of two hours. The resultant wear tracks were examined using an optical profilometer
(Model PS50 Optical Profilometer, Nanovea, Irvine, CA), to assess both general features of the
wear track and also to quantify the volume of material removed. Based on the volumetric wear
loss, the specific wear rate, k, of the cermet was then determined following the basic Lancaster

relationship [102].

_r

PD
where V is the volume of material removed (in mm®), P is the applied load (in N), and D is the
total sliding distance (in m). The microstructural features of the wear tracks and the associated

wear debris, together with the WC-6Co counter face sphere, were subsequently examined using

SEM and EDS.

54 Results and Discussion
5.4.1 Characterisation of the As-Fabricated Cermets

Typical microstructural SEM images of the fine and coarse-grained TiC-316L cermets are shown
in Figure 5.1. The microstructure for both the fine- and coarse-grained variants is
characteristically uniform, with no evidence for abnormal growth of the TiC grains. The
homogenous distribution of the TiC particles within the steel binder ensures isotropic mechanical

properties and uniform distribution of stresses in the sintered cermets [54].
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The mean grain sizes of both the fine- and coarse-grained cermets are presented in Table 5.1. It
can be seen that the mean grain size is largely independent of binder content, with a slight

decrease consistently noted at higher binder content.

(a) (b)

10.0kV 12.6mm x3.00k SE(M) 10.0um 10.0kV 9.7mm x3.00k SE(M)

(d)

10.0kV 12.3mm x3.00k SE(M) 10.0um

10.0kV 10.2mm x3.00k SE(M) 10.0um
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10.0kV 8.5mm x3.00k SE(M) 10.0um 10.0kV 7.8mm x3.00k SE(M) 10.0um

Figure 5.1: Representative SEM images of fine (a,c,e) and coarse (b,d,f) grained TiC-316L
cermets prepared with: (a,b) 10 vol. % 316L, (c,d) 20 vol. % 316L, and (e,f) 30 vol. % 316L

binder.

Table 5.1: The mean grain size for fine and coarse grained TiC-316L cermets as a function of
steel content; values were determined for a minimum of 300 grains, using the lineal intercept

method [125].

Steel  binder Mean grain size (um)

content (vol%) Fine-grained Coarse-grained
30 3.63 10.40

20 3.57 10.47

10 4.03 10.87

This behaviour is broadly similar to observations noted in prior studies on other TiC-based
cermet systems, and could infer an interface-limited grain growth response [124], where the rate-
limiting step is transport of Ti and C across the interface between the metallic binder and the

TiC, rather than diffusion through the steel melt.

The contiguity and binder mean free path data for both the fine- and coarse-grained TiC-316L
cermets are presented in Figure 5.2. As can be seen, the contiguity decreases with increasing
binder content (Figure 5.2(a)), which is similar to the results of other investigators [124, 153,
154]. In terms of the mean free path dimensions for the binder (Figure 5.2(b), it is apparent for
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the coarse-grained cermets that the mean free path length increases with binder content, which is
in agreement with studies on TiC and other WC-based cermets [30, 71, 77, 124, 154]. However,
it is noted that for the fine-grained cermets the behaviour is more complex, actually showing a
slight reduction in mean free path for the 20 vol. % 316L samples in comparison to 10 and 30
vol. %. The reason for this response is unclear at the present time, but could be related to a
relatively complex, non-equilibrium grain morphology (i.e. a clear evidence of deviation from
moderately spherical grains is shown in Figure 5.1) leading to anomalous mean free path

measurement as presented in Figure 5.2(b).

(a)
Contiguity of fine and coarse grained cermets
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(b)

Mean free path of fine and coarse grained cermets
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Figure 5.2: (a) The effects of binder content upon the contiguity of fine- and coarse-grained
TiC-316L cermets. (b) The effects of binder content upon the mean free path of fine- and coarse-

grained TiC- 316L cermets [155].

The Vickers hardness response of the fine and coarse grained TiC-316L cermets is presented in
Figure 5.3, and demonstrate the superior hardness of the fine grained cermets. It can be seen that
the hardness of the composite decreases with increase in binder content for the fine- and coarse-
grained cermets, which is in agreement with our prior studies of a similar material [55]. This is
related to the relative elastic moduli of the phases (with TiC ~439 GPa and 316L stainless steel
~193 GPa). The reason for the improved hardness as the grain size is reduced is attributed to the
decrease in mean free path and hhence smaller smaller thickness of the binder phase ligament.
As the grain size of TiC cermets is reduced, there would also be greater amount of Ti and C that
would get dissolved in the steel binder phase which stiffens and strengthens the binder

increasingly thereby leading to an improvement in hardness and wear resistance [71, 76].
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Hardness (GPa) vs binder content of coarse and fine grains
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Figure 5.3: The hardness of fine and coarse grained TiC-316L cermets as a function of steel

binder content (measured with a 1 kg load).

Secondly, as the carbide size is decreased for given cobalt content, the binder mean free path of
the matrix is reduced (Figure 5.2b) resulting in greater constraint against deformation leading to
an improved hardness of the cermet. The indentation fracture resistance response of the fine and
coarse grained cermets is presented in Figure 5.4, and demonstrates superior indentation fracture
resistance (IFR) of the coarse grained cermets over the finer grained counterparts. The IFR
determined using both median (i.e. Anstis et al [98]) and Palmqvist (i.e. Nithara [99]) cracking
equations, exhibits the opposite trend; by increasing the steel binder content, the IFR of the
cermet increases, which is in agreement with our previous studies [55]. The improvement of the
IFR of both fine and coarse grained cermets with increase in steel binder content is as a result of

beneficial effect of ductile phase addition on the toughness of the TiC-steel based composites.

(a)
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IFR of fine and coarse grained cermets using Anstis technique
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Figure 5.4: The indentation fracture resistance of fine and coarse grained TiC-316L cermets as a
function of steel binder content (measured with a 50 kg load), determined for both median and

Palmgqvist cracking. (a) IFR using Anstis technique (b) IFR using Niihara technique.

Coarse -grained cermets showed superior IFR over fine-grained cermets which is related to their

greater binder mean free path (or carbide grain size). This is due to a decrease in constraint for
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the plastic deformation of the metallic binder ahead of the propagating crack [30, 80-81, 150,
154]. The presence of the ductile phase ligaments between TiC grains, at increased steel binder,
content can effectively improve the fracture resistance of the cermets and as a consequence,
incorporating the steel binder can effectively inhibit crack growth, such that even a 50 kg
Vickers indentation load produces minimal cracking, and actually no cracking whatsoever for the
highest steel content samples (i.e. 30 vol. %) for both fine and coarse grained cermets. The IFR
response presented in Figure 5.4 effectively highlights a transition in terms of the crack
behaviour, showing a more traditional brittle median cracking response for lower 316L binder
contents (i.e. c:a > 2.5) and Palmqvist cracking at the higher binder contents (i.e. (c:a < 2.5)
[100]. It should be noted that in the present study, the actual sub-surface cracking response has
not been verified, for instance through the use of sequential polishing, as reported by Shetty for
WC-based cermets [126]. For the present case this transition (based on the c:a ratio) occurs at 10
vol. % steel binder for fine grained cermets, with Palmqvist-type cracking expected at the higher
binder contents (i.e. from 20 vol. % for fine grained cermets and 10 vol. % for coarse grained

cermets).

TiC ceramic is brittle and has a low fracture toughness (2-3 MPa [54]), but by incorporating
316L steel binder to TiC-316L cermets, the fracture resistance is drastically improved, hence
making it a competitive material in applications where hardness and fracture toughness are
required. However, it should be stressed that the decision to coarsen the carbide structure
(improvement in fracture toughness) or reduce the carbide structure (improvement in hardness
and wear resistance) must be weighed against the typical application of the cermets, hence the
finer the carbide grain size, the harder the cermets, and the coarser the carbide grain size, the

better the fracture toughness (Figure 5.4), in addition to corrosion resistance [155].

5.4.2 Reciprocating Wear Behaviour

The reciprocating wear tests were used to study the tribological behaviour of the fine- and
coarse-grained TiC-316L stainless steel composites, with the cermets dry sliding against a hard
counter face sphere, which in this instance is comprised of WC-6Co (equivalent to ~10.2 vol. %
Co). Figure 5.5 presents the variation of COF of fine- and coarse-grained cermets with the

applied load (determined after 120 minutes of dry sliding). It can be seen that the COF for all the
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fine- and coarse- grained cermets evaluated ranges from 0.25 - 0.42 which is broadly similar to

the COF values recorded for TiC-304L cermets in our previous studies [55].

COF of fine and coarse grained cermets vs. binder content

0.45

0.4
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0.2
= COF of 316L@60N

0.15 H COF of 316L@80N

0.1

0.05

10%(Fine) 10%(Coarse) 20%(Fine) 20% (Coarse) 30%(Fine) 30%(Coarse)

Figure 5.5: The evolution of the COF for the fine and coarse grained TiC-stainless steel cermets

as a function of applied load and steel binder content after 120 minutes of dry sliding.

Looking critically at Figure 5.5, it can be seen that COF is independent of load. However, for
both fine- and coarse- grained cermets, those with 20 and 30 vol. % steel binder content showed
an initial increase in COF at 20N, slight drop at 40 and 60N load and an increase at 80N Load.
The slight variation of COF with load in this case could indicate that the wear mechanisms may
be gradually changing from an initially 2-body to 3-body abrasive wear scenario, a slight drop to
60N load and slight increase at 80N load could indicate to the formation and subsequent partial
spalling of any tribolayer formed. With the increase in friction between the TiC cermet and WC-
Co counter face sphere, the frictional heating can be expected to increase, resulting in a small

temperature rise.

Comparing the COF of fine- and coarse- grained cermets, it is expected that fine- grained

cermets should have higher COF over the coarse grained counterpart due to greater mechanical
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attrition or interaction between the WC-Co counter-face sphere with the cermet as a result of
greater surface area of the fine grained cermets. However, there seem to be no dependence of
COF with carbide grain size. This observation is in an agreement other cermet based systems
where there is no dependence of COF with carbide grain size [77, 156]. There is a slight increase
in COF of both the fine and coarse grained cermets with binder content, inferring that the steel
content plays an important role in controlling the COF. O’Donnell and colleagues [59], in
comparing the wear performance of carburized and un-carburized 316L stainless steel, reported a
COF of 0.58-0.61 for an untreated 316L stainless steel dry sliding against a WC ball (of
unspecified size). In that case the applied load was 5N, although severe adhesive/abrasive wear
was reported with a wear rate of 4.25x10™* mm’/Nm [59]. Similarly, Degan et al, reported a
mean COF of 0.679 for 316L stainless steel with much conservative load of IN, dry sliding
against a Al,O3 counter sphere [157]. The range of COF values observed for the present fine and
coarse grained TiC-316L cermets is broadly consistent with other TiC-based cermet systems. For
instance, in our previous publications, we reported a COF of 0.2 - 0.36 for TiC-304L cermets
sliding an identical WC-6Co sphere to the present work [55]. Also Buchholz et al. reported a
mean COF of a mean COF of ~0.32-0.35 for TiC cermets, prepared with between 20 and 40 vol.
% Ni3Al (alloy IC-50) binder [127], sliding against an identical WC-6Co sphere.

Figure 5.6 presents the variation of specific wear rate at different loads and steel binder contents
for fine- and coarse- grained TiC-316L cermets. As can be seen, the wear rate increases with
both an increase in steel binder content and load, with fine- grained cermets having the superior
wear resistance. However, it can also be seen that the grain size effect is less obvious for 10 vol.
% of binder content, especially at lower load, such as 20N, 40N and 60N. At 20N, the size has
little effect for all the binder contents. This infers that the wear rate is dependent on the amount
of TiC, and has a nominally linear relationship with hardness (Figure 5.3), as reported in our
previous studies [55]. When the TiC-cermet and the WC-Co counter-face sphere are brought into
sliding contact at the beginning, the soft ductile steel metal binder between TiC particles would
undergo severe deformation. The deformed steel metal binder is extruded by compressive stress
from the protruding asperities of the WC-Co. Then micro-cracking, fragmentation, and /or pull-
out of the TiC particles occur which is expected to be greater with increase in applied load.
These effects are less severe as the size of the TiC grains and the steel binder content are

reduced. At low loads and higher TiC content, the steel deformation and material removal is
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effectively minimised by the contiguity of the TiC grains, which forms a contacting network that

resists compression and extrusion of the softer metallic binder.

Specific wear ratex10A-7(mm3/Nm) of fine and coarse grained
70 cermets
60 H WR of 316L@20N
H WR of 316L@40N
50 = WR of 316L@60N
H WR of 316L@80N
40
30
20
10
0
10%(fine) 10%(coarse) 20%(fine) 20%(coarse) 30%(fine) 30%(coarse)

Figure 5.6: The specific wear rate of fine and coarse grained TiC-316L stainless steel cermets as

a function of applied load and binder content.

Relating the specific wear rate (Figure 5.6) with contiguity and binder mean free path (Figure
5.2) of the fine- and coarse-grained cermets, it can be seen that wear resistance of the cermets
increases with contiguity but decreases with binder mean free path. Hence, the improvement of
the wear resistance and hardness of the fine-grained cermets over the coarse-grained cermets is
attributed to the decrease in the mean free path as the grain size of the TiC is reduced, leading to
greater constraint against deformation due to the greater interfacial area between the grains and a
reduced tendency for steel binder phase extrusion, making dislocation motion and shear more

difficult, such that the wear resistance improves considerably [76].
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Although geometry and test conditions are slightly different with the present cermets, by
comparing the data presented in Figure 5.6 with the reported specific wear rate of 316L in dry
sliding against a WC sphere (i.e. 4.25x10™* mm®/Nm [59]) and (8.20x10™* mm?/Nm [137]), it can
be seen that the TiC results in a two to three orders of magnitude decrease in the specific wear

rate.

By comparing the specific wear rates determined in the present work to other cermets, it can be
seen that the wear rates compare favourably with or better than, other cermets. For instance,
Juhani et al examined the dry abrasive wear of fine grained Cr3;C,-Ni cermets using a block-on-
disc geometry, with the cermets sliding against an abrasive Al,O; wheel [158] at 20N load. In
their studies, they reported a specific wear rate of 2.6x10™ mm’/Nm, 6.1x10*mm’>/Nm and
7.4x10™ mm?/Nm for Ni binder varied from 10 to 30 wt.% whereas for the fine grained cermets
in the present study, at the same load, the specific wear rates are ~21x10*mm’/Nm, ~77x10"
*mm’/Nm, and ~10x10"mm’/Nm for 10 to 30 vol. % of 316L steel binder. Similarly, Letunovits
and colleagues determined the dry abrasive wear of Cr;C,-Ni, TiC-NiMo and WC-Co cermets
using an identical test geometry and condition similar to Juhani et al [158], and reported specific
wear rates ranging from ~5x 107 mm’/Nm for 10 vol. % Co up to ~80x10” mm’/Nm for 31.5 vol.
% Co for WC-Co cermets, and specific wear rates ranging from ~8x10” to 95x10”'mm*/Nm for
the Cr;C,-Ni cermets (Ni content varied from 7.6 to 24.5 vol.%)[68]. In both cases, despite
having slightly different test geometry, it is apparent that both the fine- and coarse-grained
cermets of the present study compare favourably to the wear resistance of the other studied
cermets. By making direct comparison with similar TiC-based cermets having similar test
condition and geometry, such as the fine-grained cermets of the present study at the highest
carbide content, where wear resistance is expected to be high (i.e. TiC-steel based cermets with
10 vol. % steel binder and at 20N load), it is also apparent that favourable comparison can be
drawn. For instance, a specific wear rate of ~21x107® mm3/Nm, ~42x107® mm3/Nm, ~48x107®
mm®/Nm, ~22x10® mm*/Nm for fine grained TiC-316L (present study), TiC-304L cermets
(mean grain size of 6.80um, [55]), TiC-316L cermets (mean grain size of 6.48um, [159]), TiC-
410L cermets (mean grain size of 6.25um, [159]) respectively. In overall, TiC based cermets
have shown excellent wear resistance, hence making them ideal candidate material for hard-

facing wear and corrosion resistant coatings.
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5.4.3 Microstructural Observations Following Reciprocating Wear

The wear response of the fine and coarse grained cermets have been thoroughly investigated
using microstructural and chemical analysis of the wear tracks, as well as assessing the wear
debris that is formed. It should be noted that the present study is an extension of prior studies on
the wear behaviour of TiC-based cermets with all having similar wear mechanisms, in order to
avoid repetition of events, reference should be made to those prior studies for more detailed and

more comprehensive wear analysis and mechanisms [55, 127, 128].

In section 5.4.2 of the present study and prior studies [55, 127, 128] we reported an improvement
in wear resistance with decrease in load, hence wear rate increases with load. In order to further
confirm this, the individual wear tracks have been imaged with the optical profilometer. Optical
profilometry is capable of contrasting the macroscopic details of the wear track and the changes
in depth than imaging with the SEM. Detailed analysis of optical profilomer on studies of TiC-
based cermets is presented in prior studies [55, 127, 128]. Figures 5.8 demonstrate typical images

that were captured using the profilometer, as pseudo three dimensional images.

(a) (b)

H=8mm
Y =10mm
Z=78m

Figure 5.7: Wear tracks of fine and coarse grained TiC-based cermets with 20 vol. % 316L
stainless steel binder. (a) Fine grained cermet with wear tracks in order of 20 to 80N load, from
left to right, with a total length of 5.03mm.(b) Coarse grained cermet with wear tracks in order of
80 to 20N load, from left to right, with a total length of 5.03mm. The pushing of the material at
the end of the track is apparent.
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A clear comparison can be obtained of the evolution of the wear tracks with applied load,
confirming the wear rate increase with load, judging from the depth of the wear tracks, as a
function of load as shown in Figure 5.7. Evidence of ploughing and pushing of the material at
the end of the wear track is also apparent at higher loads. The SEM images of the wear track
ends for the fine and coarse grained cermets are shown in Figure 5.8. As can be seen, there is an
increase of the build-up of ploughed material and the presence of a tribolayer. The ploughed
material at the end of the wear track could indicate a combination of 2-and 3-body abrasive
wear. 2-body wear is associated with the cutting and ploughing of material, as well as the uplift
and deposition of material at both the sides and the ends of wear tracks [127, 160]. This uplift
and deposition manifests normally as pronounced lips or ridges surrounding the wear track. The
presence of material deposited at the end of the wear track would indicate 2-body wear, but the
lack of a significant raised lip would indicate 3-body wear. The combinations of both wear
methods indicate abrasive wear, although the presence of the tribolayer indicates a mechanism of
adhesive wear. At the beginning of the wear test, it can be expected that the wear process will be
2-body, with the fine- and coarse-grained cermet sliding against the WC-6Co counter face
sphere, leading to the formation of debris between the two counter faces, as TiC grains crack and
fragment under the Hertzian contact load, and the steel binder is extruded out from between the
TiC grains. As a consequence, there will be a transition from 2- to 3-body wear, with the debris

acting as the third body.

The change in the COF is used as an indicator of a transition from one wear mechanism to
another, although in the present case, there is no clear established trend. However, looking at the
COF (Figure 5.5) of fine- and coarse-grained cermets, it is clear that cermets with 20 and 30 vol.
% steel binder contents showed an initial increase in COF then slight drop with load and an
abrupt increase at 8ON load. This could explain the reason for the transition from an initial 2-
body to later 3-body abrasive wear mechanism, as stated previously. This 3-body wear response
can ultimately lead to the formation of a tribolayer and a further potential transition to an
adhesive wear mechanism. The tribolayer is formed through repeated, cyclic loading, with the
third body material rolled back and forward between the two primary counter faces. This
ultimately results in severe attrition and a massive refinement in the size of the third body

particles (such that they eventually form a continuous film).
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Figure 5.8: SEM images of the wear track formed on the fine- and coarse-grained TiC- 30 vol.
% 316L after testing using 20N and 80 load for 2 hours duration.(total sliding distance
~1.45Km); sliding direction is vertical for all images. (a, b) 30 vol. % 316L of fine and coarse
grained cermet at 20N load showing initial formation of tribolayer and build of material at the
end of the wear track, (c, d) 30 vol. % 316L of fine and coarse grained cermet at 8ON load

depicting increase in build-up of tribolayer with increase in load.

As the wear process continues, the fragments of TiC (and WC) particles are then able to become
embedded in the extruded binder and become part of the tribolayer; detailed composition of the
tribolayer is discussed in section 5.4.4. Figure 5.8 (i.e. Figure 5.8(c, and d)) demonstrates the

build up and slight increase in the formation of tribolayer at higher loads.
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As previously stated in section 5.4.2, the fine-grained cermets are expected to show improved
performance over their coarse-grained counterparts due to their enhanced resistance to
deformation of the binder phase and also their increased hardness as shown in Figure 5.3. The
enhanced resistance of fine-grained cermets to binder deformation is demonstrated in Figure 5.9,
where there is little or no evidence of binder extrusion, whereas the coarse-grained cermets
showed evidence of binder extrusion during the intial period of wear testing. As previously
stated, the presence of material deposited at the end of wear tracks would indicate 2-body wear
(as shown in Figures 5.7 and 5.8), but the lack of a significant raised lip at the edges/ends of the

wear track would indicate 3-body wear, (Figure 5.9).

(a) (b)

15.0kV 13.0mm x500 SE(U) 15.0kV 13.2mm x500 SE(U)

Figure 5.9: SEM images of the wear track formed on the fine and coarse grained TiC- 30 vol. %
316L after testing using 20N for 2 hours duration. (total sliding distance ~1.45Km); sliding
direction is vertical for all images. (a, b) 30 vol. % 316L of fine grained and coarse grained
cermets showing evidence of ploughing and initial binder deformation and extrusion, which is

more pronounced for coarse grained cermets (i.e. Figure 5.9 b) than fine grained cermets.

Although the wear behaviour of cermets is rather complex, prior studies have indicated that the
wear process of cermets is initiated by the removal and extrusion of the ductile binder phase,
followed by plastic deformation and micro-abrasion [71, 80, 128, 161]. At a higher load, greater
binder deformation, TiC grain pull-out, and / or fragmentation and cracking are expected. By
comparing the SEM images of fine- and coarse-grained cermets presented in Figure 5.10,

evidence of tribolayer spallation and binder extrusion is clearly shown.
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Figure 5.10: SEM images of the wear track formed on the fine- and coarse- grained TiC- 20 vol.
% 316L, after testing using 40N for 2 hours (total sliding distance ~1.45Km); sliding direction is
vertical for all images. (a, ¢) 20 vol. % 316L of fine grained cermet showing evidence of
tribolayer spallation and binder extrusion. (b, d) 20 vol. % 316L of coarse grained cermet

showing evidence of more pronounced binder extrusion.

Both cermets showed evidence of tribolayer spallation and binder extrusion, however by looking
critically at Figure 5.10, it can be seen that there are cavities present on the coarse -grained
cermets (i.e. Figure 5.10d) which is believed to be as a result of removal of individual TiC
grains, following greater binder extrusion (as a result of higher binder mean free path or ligament
size of coarse grained structure) of the soft steel binder phase. Figures 5.11 presents typical

evidence of TiC grain fragmentation, as observed on coarse grained cermets.
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Figure 5.11: SEM images of the wear track formed on the coarse grained cermets after testing
for 2 hours duration. (total sliding distance ~1.45Km) (a, and b) 10 vol. % 316L of coarse
grained cermets at 20N and 80N load showing evidence of light and intense spallation of
tribolayer at higher load. (c, and d) 20% vol. % of coarse grained cermets at 20N and 40N load

showing evidence of TiC fragmentation.

The SEM micrographs of typical examples of the third body wear debris generated for the fine-
and coarse-grained TiC-30% 316L cermets, at 20N and 40N loads, are presented in Figure 5.12.
As the wear process proceeds, there would be more extrusion of the metallic binder phase,
micro-cracking, fragmentation of the TiC particles, and the generation of increased tribolayer
material. This layer is then removed from the surface periodically by spallation, taking the sub-

surface cermet material with it and creating cavities on the surface (Figure 5.10). In other words,
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the entrapped debris particles produce further damage on both surfaces, in a third body scenario,
and the debris itself undergoes fragmentation during sliding, resulting in the formation of very
fine particles at lower loads. At the higher load, the debris appears to be more coarse (evident in
Figure 5.12d for coarse grained cermets), in terms of the particle size, and has somewhat ‘plate-
like appearance’ for coarse-grained cermets and ‘sandwiched and finer structure’ for the fine-
grained cermets. The appearance of ‘plate-like’ or ‘sandwiched structure’ of the wear debris at
higher load could be result of successive adhesion and transfer of relatively round debris

composed of material from both sliding surfaces (observed at lower load).

As the wear process continues, the debris particles grows until it becomes flattened by plastic
deformation leading to a somewhat ‘plate-like or sandwiched structure’ indicating an adhesive
wear mechanism [59]. By critically comparing the wear debris generated by fine- and coarse -
grained cermets both at low and high loads (i.e. Figure 5.12), it can be seen that the debris
generated by fine-grained cermets is finer than for the coarse-grained cermets. However, since
finer particles are expected to produce less damage on both surfaces (during a three-body wear
scenario), finer carbide grained size cermets would show a lower wear rate. This could also
explain while the tribolayer formed on the finer grained cermets, as shown in Figure 5.12 is finer
than the coarse counterparts, and another supportive reason while the finer grained cermets have

better wear resistance than the coarser grained counterpart materials [77].

(a) (b)

i 1 | 1 1 1 I | 1 1 1

10.0kV 13.1mm x5.00k SE(M) 10.0um 10.0kV 13.2mm x5.00k SE(M) 10.0um
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Figure 5.12: SEM Micrographs of fine and coarse grained TiC-20 vol. % 316L showing wear
debris generated at 20N (a, ¢) and 40N load (c, d) . The coarser morphology of the wear debris

generated by coarse grained cermets (b and d) is apparent.

5.4.4 Chemical Composition of the Tribolayer

In order to go one further step in understanding the wear mechanisms of the fine- and coarse -
grained TiC-316L cermets, compositional analysis of the samples was also performed in the
SEM using EDS. Figure 5.13 shows EDS images and selected elemental maps taken from within
the wear track of fine- and coarse- grained TiC-30 vol. % 316L cermets, tested at an applied load
of 80N. Within the examined region a sizeable portion of the wear track is covered with a
tribolayer. The chemical composition, as presented in Table 5.2, confirms that a major
component within the tribolayer is O. This can be expected to be mostly in the form of oxides
associated with components from the steel binder (i.e. Fe, Cr, Ni and Mo), together with Ti from
the TiC, and trace amounts of W from the WC-6Co counter face sphere. As noted previously,
tribolayer formation increases with load, and the tribolayer forms through mechanical attrition of
the third body material, which is continuously fractured into smaller fragments during dry
sliding, and therefore the constant creation of fresh surfaces results in an increasing O
incorporation onto the new surface material that is created (formed through passive oxidation).

The EDS image shown in Figure 5.14, and the associated EDS chemical analysis of the
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tribolayer presented in Table 5.2, confirm that the formation of tribolayer increases with load (an

increase in oxygen content is evident).

By thoroughly assessing the wear behaviour of fine and coarse grained TiC-316L cermets using
both the wear measurements and microscopy characterization, the wear mechanisms point to an
initial two-body abrasive wear, with the WC-6Co sphere ploughing the surface of the TiC
cermet. However, it is evident that that there is transition from two-body abrasive wear to a
predominantly three-body abrasive wear mechanism, through binder removal (i.e. extrusion) and
TiC grain fragmentation. Eventually there is an associated adhesive component, as evidenced
through the formation of a tribolayer. The degree of binder extrusion is more severe on coarse

grained cermets than fine grained cermets.
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Figure 5.13: EDS mapping of the fine- and coarse-grained TiC- 30 vol. % 316L cermets
following wear testing (80N applied load for 2 hours), showing the build-up of an oxide
containing tribolayer at the edge of the wear track, and the absence of any significant O beyond

the edge of the wear tack; (a) fine grained cermets, (b) coarse grained cermets.
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Figure 5.14: EDS image of the fine- and coarse -grained TiC- 20 vol. % 316L cermets following
wear testing (20N and 80N applied loads for 2 hours), showing an increase in the build-up of an
oxide containing tribolayer generated at 20N (a, b) and 80N load (c, d) . (a) Fine-grained cermets
at 20N (a) and 80N (c). (b) Coarse-grained cermets at 20N (b) and 80N (d). It is apparent that
tribolayer generation increases with load, as confirmed by the chemical composition of the

tribolayer shown in Table 5.2.
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Table 5.2: Typical tribolayer composition (in wt %) determined using EDS analysis (from
images of Figure 5.14), for fine and coarse grained TiC-20 vol. % 316L cermets, after sliding
for 2 hours under 20 and 80N load.

Fine-grained cermets Coarse-grained cermets

Element (line) | Applied load | Applied load | Applied load | Applied load

20N 80N 20N 80N
C(K) 11.46 7.02 11.63 10.63
O(K) 22.44 31.92 21.23 33.12
Ti(K) 43.99 35.32 51.52 333
Cr(K) 3.11 3.84 1.71 2.13
Fe(L) 14.83 15.93 9.42 15.69
Ni(L) 1.58 2.06 1.31 1.98
Mo(L) 0.15 0.5 0.16 0.27
W(M) 2.23 3.18 2.79 2.64

Both fine- and coarse-grained cermets showed an improvement in wear resistance with an
increase in TiC content which is in agreement with prior wear studies on TiC based cermets [30,
55, 68, 127-128, 160]. Fine-grained cermets also showed superior wear resistance than coarse
grained cermets, which mirrors observations of other related studies on WC-Co materials [72,

76-77].

5.5 Conclusions

Melt-infiltration techniques have been employed to develop high density fine- and coarse-
grained TiC-316L cermets, and their hardness, indentation fracture resistance, and dry
reciprocating wear behaviour have been assessed. The following conclusions can be drawn from

the experimental study:
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(1) Both fine-and coarse-grained cermets showed an improvement in hardness with an increase

in TiC content, with the fine-grained cermets having superior hardness.

(2) Both fine- and coarse-grained cermets showed an improvement in IFR with an increase in

steel binder content, with the coarse grained cermets showing superior IFR.

(3) Fine-grained cermets showed superior wear resistance to coarse-grained cermet and, the wear
resistance for both fine and coarse grained cermets increases with a decrease in the load and

binder content.

(4) The is no clear dependence of COF with grain size, but there but there is slight increase with

binder content for both fine and coarse grained cermets.

(5) The formation of thick oxide films (tribolayer) increases with load, and to a lesser extent with
binder content, which is attributed to high levels of mechanical attrition of the third-body
particles during reciprocating wear, such that new surfaces are continuously being created as the

particle size is refined.

(6) The specific wear rates of fine-and coarse-grained cermets were typically in the range of 10”
to 10 mm?*/Nm, depending on both the cermet composition (i.e. 316L content) and applied load.
These values compared favorably with data presented for other TiC- and WC-based cermets

found in the open literature.

(7) The dominant wear mechanisms in both the fine- and coarse-grained TiC-316L cermets are
2-body and 3-body abrasive wear, combined with an adhesive wear and tribo-chemical

mechanism (formation of tribolayer).

(8) Based on the microstructural observations, it can be stated that although both fine- and
coarse- grained cermets showed evidence of binder extrusion, the difference in wear mechanisms
observed between the two cermets is based on the degree of binder deformation, which is more

pronounced for coarse- grained rather than fine-grained cermets.
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6.1 ABSTRACT

In the present study, novel TiC-304L stainless steel cermets have been evaluated as potential materials
for use in aqueous corrosion environments. A range of electrochemical techniques has been applied in
order to study the corrosion response in a NaCl aqueous solution. Corroded samples were characterised
using SEM and XRD. Post-corrosion solutions were also analysed by ICP-OES to determine the
dissolved solute ions in the solution. It is shown that by increasing the steel binder content the
corrosion resistance of the cermets decreases, which is related to the preferential dissolution of the

metal binder, while the TiC ceramic remains largely unaffected.

Keywords: Ceramic composites, Electrochemical characterisation, Polarisation testing, Potentiostatic

testing, SEM, ICP-OES

*Contact author email: kevin.plucknett@dal.ca

151


mailto:kevin.plucknett@dal.ca6

6.2 Introduction

Ceramic-metal composites, or cermets, are important materials for applications that require good wear
and corrosion resistance, and are consequently viewed as promising candidates in a variety of
petroleum sector applications, for example as coatings for erosion/corrosion protection, cutting bits,
pump seals, etc [10, 11, 34, 54, 68, 162]. In particular, cermets based on titanium carbide (TiC)
matrices have received considerable attention due to their excellent combination of properties [23, 163-
165]. However, while the mechanical and tribological properties of TiC-based cermets have been
relatively widely studied, limited research has been conducted to evaluate the ability of these materials
to withstand aqueous corrosion. It has been shown that TiC behaves similarly to pure titanium, in that
there is formation of a passive titanium dioxide (Ti0O,) protective oxide layer, which aids in slowing the

progression of corrosion [166].

Cermet development requires the use of an appropriate metallic binder, and stainless steels have been
shown to offer some potential for use in TiC-based cermets [30, 55, 123, 167]. In spite of the intrinsic
corrosion resistance of stainless steels in seawater, due to ability to form a passive layer, some
researchers have reported a decrease in corrosion resistance by increasing the amount of metal binder in
ceramic metallic composites [91, 168]. Many single-phase ceramics are known to be highly resistant to
corrosion [12, 23, 93, 163, 164], but because of the presence of the metallic binder phase, cermets are
often less resistant in comparison [91]. This can be attributed to the preferential dissolution of the metal
binder, and potentially a galvanic effect between the component materials, since the binder and ceramic

base material typically exhibit differing galvanic potentials.

Several researchers have studied the aqueous electrochemical response of a range of cermet systems,
and it is generally indicated that the binder metallic phase affects the corrosion response due to its
selective dissolution [8, 58, 94, 169-174], while the ceramic phase remains relatively unaffected. For
example, in tungsten carbide-cobalt (WC-Co) ‘hardmetals’ a residual WC skeleton is formed, which
eventually becomes unstable, leading to loss of the WC grains after dissolution of the surrounding Co
binder [169, 170]. Cermets are heterogeneous materials, which can therefore suffer galvanic corrosion.
Aggressive media preferably attack the metallic binder while the ceramic phase, such as WC, remains
largely immune. This is because of a higher reduction potential of WC when compared to the binder.
After dissolution of the binder, the micron or sub-micron sized WC grains are no longer strongly
adhered within the composite, which leads to formation of a skeleton of WC that has almost no tensile

strength or wear resistance [93]. In acidic media, WC has an electrochemical character that is more

152



noble than Co, and consequently corrosion generally progresses by oxidation of the binder phase,

which is expected to be followed by loss of the WC grains [58].

As noted earlier, to date limited research has been conducted to assess the corrosion behaviour of TiC
based cermets. Previous studies of TiC-steel composites have mainly focused on the variation of the
wear properties [55]. However, in order to design a material that would have superior wear and
corrosion resistance in a seawater environment, the corrosion behaviour of TiC based cermets needs to
be assessed. Wu and colleagues investigated the corrosion behaviour of 304-grade stainless steel,
reinforced with TiC particles, in a 5 wt. % HCI aqueous solution [95]. They demonstrated that the
addition of TiC to the steel did not result in rapid pit propagation, but a high corrosion rate was
maintained throughout the whole immersion period. Addition of 6 wt. % TiC into the steel increased
the corrosion rate slightly, compared with a 2 wt. % TiC addition, due to an increase in both the TiC
particle and Cr-rich carbide concentration, which consequently increased galvanic corrosion. In
addition, high concentrations of corrosion pits were observed in the pure 304 stainless steel, while the
pits were essentially absent following the addition of TiC. The steel matrix/TiC particle interfacial

regions were observed to be preferred sites for pitting and/or dissolution.

Kubarsepp et al. studied the corrosion behaviour of TiC-(Fe,Cr,Ni) cermets in both sulphuric and
phosphoric acid [175], and reported that there was selective dissolution of the metallic components in
the two corrosive solutions, leaving an exposed carbide skeletal network on the sample surface after
corrosion. In this instance the layer of corrosion product formed was firmly bound, and contains mainly
carbide grains; the corrosion resistance was reported to increase with carbide phase content (i.e.
reduced binder volume fraction). Similarly, Ren and colleagues reported an improved corrosion
resistance for TiC-304 stainless steel coatings, when compared to 304 stainless steel alone, when tested
in a 1M H,SOy solution [176]. Qian and Xiong showed that the corrosion resistance of Ti(C,N)-based
cermets is governed by binder corrosion when tested in a solution of 5% HNO; and 50% NaOH [177].

This is because the corrosion resistance of the cermets increased with decrease of Ni binder phase.

The aim of the present work is to study the corrosion behaviour of a family of novel TiC-304L stainless
steel cermets, within a simulated sea water environment, using a combination of electrochemical
measurements, weight loss investigation, and chemical and microstructural analysis. The corrosion

response of the cermets has also been compared to the performance of a standard 304L stainless steel.
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6.3 Experimental procedure
6.3.1 Sample Preparation and Characterisation

All TiC-based samples were prepared using ‘as-received’ TiC powder (Grade TiC-2012, Pacific
Particulate Materials, Vancouver, BC), with a mean particle size of ~1.3 um [96]. Samples were
prepared using a simple melt-infiltration process. TiC preforms were prepared with a starting powder
of ~7.5g of TiC, uniaxially pressed to a pressure of ~67 MPa in a steel die, giving disc-shaped pellets
~31.75 mm in diameter x ~4 mm thick. The samples were then bagged and further compacted by cold
isostatic pressing at ~220 MPa. Following compaction, the TiC pellets were weighed and a known
amount of -100 mesh steel powder (Lot #K19M09, Alfa Aesar, Ward Hill, MA, USA) was placed on
top of the TiC preform to give nominal final binder contents from 10 to 30 vol. %. For melt-infiltration,
the combined TiC/steel samples were sited on a layer of bubble alumina within an alumina crucible.
Infiltration was conducted at 1500°C in a graphite resistance furnace (Materials Research Furnaces,
Suncook, NH, USA), with heating and cooling rates of 10°C/min and 25°C/min respectively, under a
dynamic vacuum of approximately 20 milliTorr. The sintering temperature was held for 60 minutes.
The infiltrated cermets densities were then determined using the Archimedes immersion method in

water.

In order to prepare samples for microstructural analysis and corrosion testing, they were initially
ground flat using a coarse grit peripheral diamond grinding wheel, followed by further grinding and
polishing using successively finer grades of diamond, starting with a 125 um diamond pad and
finishing with 0.25 pm diamond paste. Microstructural characterisation was conducted on the polished
samples using both optical microscopy (Model BX-51, Olympus Corporation, Tokyo, Japan) and
scanning electron microscopy (SEM; Model S-4700, Hitachi High Technologies, Tokyo Japan). Grain
size measurements were obtained using the linear intercept method [178], from digital SEM images,

where the mean intercept value is multiplied by a factor of 1.56.
6.3.2 Electrochemical Testing

The corrosion behaviour of the TiC-304L steel cermets was assessed in a simulated seawater
environment, with a 3.5 wt% NaCl aqueous solution used as the electrolyte at room temperature, 23°C.
A standard three-electrode flat cell configuration was employed, with the cermet sample acting as the
working electrode (an exposed test area of 1cm?® was used), a platinum mesh as the counter electrode,
and a saturated calomel electrode (SCE; 0.241 V versus a standard hydrogen electrode) as a reference
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electrode. All the potential measurements throughout the corrosion studies will therefore be referred to
the reference electrode. In order to compare the corrosion rates of the composites, a commercially
sourced 304L stainless steel (Outokumpu Stainless Bar Inc., Richburg, SC, USA) was used as a

baseline material. The nominal composition of 304L stainless steel is shown in Table 6.1.

Table 6.1: Typical 304L stainless steel alloy composition.

Alloy | Cr Ni C N Mo Mn S Ti Fe

304L | 18.330 | 8.090 | 0.025 | 0.080 | 0.390 | 1.400 | 0.025 |0.003 | Bal.

Prior to potentiodynamic polarisation measurements, 4 hours of immersion was allowed to ensure
steady-state conditions. For potentiodynamic polarisation experiments (EG&G Princeton Applied
Research Potentiostat/Galvanostat Model 273, Princeton Applied Research, Oak Ridge, TN, USA), the
potential was scanned from -0.75 to +3.5 Vgcg at a scan rate of 0.167 mVs™'. The corrosion potentials
(Ecorr) and the corrosion current densities (/o) Were estimated by using an instantaneous Tafel-type fit
corrosion analysis software (CorrWare, Scribner Associates, Inc., Southern Pines, SC, USA). In the
cyclic potentiodynamic polarisation test, a scan was initiated 4 hours after the specimen was immersed
in the solution. The scan was initiated from the open circuit potential (OCP) to the point where a
significant current increase was observed in the anodic direction. As the scan reached a user-
programmed threshold current value and/or offset potential, it was reversed and the sample was then
scanned in the cathodic (negative direction). When the reverse and forward scans intersect, the scan

was discontinued. The Tafel-derived corrosion rate (mm/year) is then calculated by the formula [107]:

(3.27x107)x 1, xW
D

Corrosion rate (mm/year) = Equation 3.1

where W is the equivalent weight of alloy, D is the density of alloy (in g/cm3), and oo (In uAcmfz) is

the corrosion current density of the specimen extrapolated from the Tafel polarisation plot.

For comparative purposes, a direct measure of corrosion loss was also conducted. In this instance the
cermet samples were weighed before and after corrosion, and the measured weight loss was then used

to calculate the corrosion rate using the formula [37]:

Corrosion rate (mm/year) = 87.6xM Equation 3.2

TxAxD
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where M is the weight loss (in g) after exposure time, 7 (in hours), and 4 (in cm?) is the area of the

exposed specimen.

After the potentiodynamic tests, microstructural evaluation of the corroded surfaces was carried out
using optical microscopy, SEM, with associated energy dispersive x-ray spectroscopy (EDS).
Following corrosion tests, the remaining solution contained within the electrochemical cell was
assessed using inductively coupled plasma optical emission spectroscopy (ICP-OES; Varian Vista Pro
(Radial View), Varian, Inc., Mulgrave, Australia) in order to determine the quantities of various metals
that were present in solution after corrosion tests. This was conducted on both fine particulate material
filtered from the solution and the resultant filtered solution. The samples were filtered using a Millipore
vacuum system, with a 1.0 um filter. The filtrate was analysed directly using ICP-OES. The filtered
particulate residue was collected and dried at 105°C. The solid material was scraped off the filter,
weighed, and dissolved in acids (HF, HNO3, HCIO4) to dryness in Teflon beakers. The residue was
then brought back into solution with HCI, made up to 100 ml in volumetric flasks, and analysed using

ICP-OES.

6.4 Results and Discussion
6.4.1 Sample Analysis Following Melt Infiltration

As discussed in previous publications [55,123], the TiC-304L cermets were consistently prepared to in
excess of 99 % of theoretical density, thus confirming that there was essentially no surface connected
porosity that could affect the corrosion testing. Figure 6.1 demonstrates the typical microstructures for
the TiC cermets prepared with 10-30 vol. % 304L stainless steel binder, observed using both optical
microscopy and SEM. It is apparent that the high sintered densities of these cermets are confirmed by
SEM, and there is good homogeneity of the microstructure, with little evidence of anomalous grain
growth. The mean grain size, calculated using the linear intercept method, was broadly consistent for

each composition at ~6 pm [55].
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Figure 6.1: Optical (a,c,e) and SEM images (b,d,f) show a uniform distribution of TiC in the 304L
steel binder, and good wetting/infiltration of the melt during processing: (a,b), 10 vol. % 304L, (c,d) 20
vol. % 304L, and (e,f) 30 vol. % 304L.

6.4.2 Electrochemical Measurements

From the plot of OCP against time, as shown in Figure 6.2, it can be seen that by increasing the 304L
steel binder content, the OCP becomes more negative. The relative parameters determined from the

OCP analysis for each of the cermet compositions, and the 304L steel alone, is presented in Table 6.2.
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Figure 6.2: Open circuit potential vs. time of cermets and 304L stainless steel.

Table 6.2: Open circuit potentials for the TiC-304L cermets and pure 304L stainless steel.

Sample OCP (V vs. SCE)'
TiC-10 vol. % 304L -0.224 (0.039)
TiC-20 vol. % 304L -0.260 (0.027)
TiC-30 vol. % 304L -0.278 (0.031)
304L stainless steel -0.105 (0.021)

'Values are mean (standard deviation); N = 10

The OCP is also called the natural potential, and can be used to determine the effect of alloying
elements on corrosion resistance. In this sense, as the value of OCP increases, or becomes more noble,
the passivity of the alloy also increases. As a consequence, through measurement of the OCP, the

ability of an alloy’s passive layer to protect itself (at least temporarily) from corrosion can be assessed.
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Hence the more noble the OCP is, the better the passivation that the material exhibits [179].
Conversely, if the OCP is more ‘active’ in character, it may indicate the likely de-passivation
characteristics of the material [179]. It can be seen from Figure 6.2 that the OCP of 304L stainless steel
alone is more noble than for the cermets, indicating a better corrosion resistance of the pure steel in

direct comparison.

Figure 6.3 shows a comparison of the Tafel curves obtained for the TiC-304L cermets with the pure

304L stainless steel, with accompanying extrapolation analysis from these curves shown in Table 6.3.
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Figure 6.3: Tafel plot of TiC-304L steel cermets and 304L stainless steel.

As it can be seen, the corrosion current density (/o) increases with an increase in the steel binder
content. This is related to selective dissolution of the binder. The effects of binder content upon the
calculated corrosion rate (in mm/year), determined using Equation 6.1, following the Tafel experiments

are shown in Figure 6.4.
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Table 6.3: Extrapolated E.o; and /o after corrosion experiment.

Sample Ecorr (V vs. SCE)1 Teorr (p,tA/cmz)1
TiC-10 vol. % 304L -0.210 (0.047) 0.576 (0.206)
TiC-20 vol. % 304L -0.288 (0.023) 0.922 (0.033)
TiC-30 vol. % 304L -0.264 (0.029) 1.440 (0.235)
304L stainless steel -0.204 (0.023) 0.221 (0.013)

'Values are mean (standard deviation); N = 4
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Figure 6.4: Corrosion rate vs. binder volume content (%) after Tafel extrapolation.

As it can be seen, the corrosion rate increases with the steel binder content, while the 304L stainless
steel alone has a better corrosion resistance than the cermets. This general observation can be related to
the preferential dissolution of the metal binder, which is discussed in more detail in Sections 6.4.3 and
6.4.4. The loss of corrosion resistance with increase in steel binder content can be attributed to a
galvanic effect, due to the incorporation of two dissimilar materials in the cermet microstructure (i.e.

the TiC ceramic and 304L stainless steel) within a conducting electrolyte. The corrosion potential of
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pure TiC in 3 wt. % NaCl is 0.28 V [180], which is more noble than the corrosion potential of 304L
stainless steel in the present study with a similar electrolyte. It is believed that the difference in
corrosion potentials between the ceramic phase, TiC, and the metallic phase, 304L stainless steel, in a
conducting electrolyte will lead to galvanic activity at the interfaces, which makes cermets with greater

steel binder content prone to more extensive dissolution, leading to an increase in corrosion rate.

For comparative purposes, a separate weight loss study was conducted on the cermets before and after
corrosion, in order to determine the weight of material that was removed after the corrosion
experiments. The corrosion rate calculated from weight loss following the potentiodynamic

experiments is shown in Figure 6.5.
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Figure 6.5: Corrosion rate by weight loss analysis after potentiodynamic polarization.

As it can be seen, the corrosion rate by weight loss increases with increase in steel binder content, in a
manner similar to the Tafel derived data. The corrosion rate results obtained from both Tafel
experiment and weight loss determination are in good agreement with the findings of Sacks [58], who
studied the corrosion behaviour of WC-Co composites in tannic acid-sand electrolytes, and reported an

increase in corrosion rate with increase in cobalt binder content. That work showed that there was a
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preferential dissolution of the cobalt binder, while the WC grains retain their sharp facets and are
effectively not attacked during the corrosion tests. Their interpretation was that the increase in
corrosion rates with increase in cobalt content is related to binder oxidation in the corrosion medium.
Effectively, this infers that the corrosion of cermets is governed primarily by metal binder oxidation
(i.e. Co oxidation in the case of WC/Co). As a consequence, the more cobalt that is present, the more
susceptible the metal is to attack, hence leading to higher corrosion rates, as indicated by Stern’s rule
[58, 92]. To further confirm this, other authors have also reported improved corrosion resistance with
lowered binder content in their respective cermet systems [58, 94, 175]. The potentiodynamic curves of
TiC-304L cermets are shown in Figure 6.6, and it can be seen that the critical current density and
breakdown potentials increase with the steel binder content. This behaviour is similar to the
observations of Sacks [58] for WC/Co, who reported an increase in critical current density with Co

binder content.

It has been proposed that the corrosion behaviour of cermets is dependent of the electrochemical
potential of the system [12]. At open-circuit conditions or under small applied potentials, the binder
phase undergoes selective dissolution; while in the higher potential range the dissolution of the hard
phase takes place [8, 94, 170, 172, 174, 181-182]. The phenomenon of pseudo-passivity has been
reported to exhibit itself at high electrochemical potentials, where the passive current density is
approximately an order of magnitude higher than true passively behaving materials [8, 94, 172] . The
pseudo-passive state is reported to occur when the presence of non-adherent, but diffusion-inhibiting,
corrosion products lead to a limitation of the current density. In contrast to real passive conditions,
these current densities consequently remain comparatively high [8, 12, 94, 172]. Similar features,
relating to pseudo-passive behaviour, are believed to be exhibited in the present TiC-steel cermets.
From Figure 6.6, it can be seen that the potentiodynamic curve has active, passive and transpassive
regions, but the passive current densities are relatively high. The TiC cermets have pseudo-passive
passive current densities of approximately 0.015, 0.028 and 0.057 A cm™, for stainless steel contents of
10, 20 and 30 vol. %, respectively. In comparison, the passive current density for a truly passive
behaving material is reported to be around 10 pA em™ [8, 172, 183], and any material exhibiting a
passive current that is several orders of magnitude higher than this is regarded as exhibiting pseudo-
passive behaviour [8, 94, 172]. The passive current densities of the present cermets are all
approximately four orders of magnitude greater than for a truly passive material, indicating that

pseudo-passivity is likely to be occurring for the TiC-stainless steel cermets.
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Figure 6.6: Combined potentiodynamic polarization plots for each TiC 10-30 vol. % 304L cermets.

The reason for a very high current in the pseudo-passive region is attributed to the formation of a weak
and poorly-adherent surface oxide, which will also exhibit cracks and/or porosity, thereby allowing the
penetration of the aggressive electrolyte [8]. It should be stated that the definition of pseudo-passivity
can lead to some confusion on the phenomena description, and this is further investigated in our recent
study [155]. The cyclic polarisation curves obtained for both the TiC-304L cermets and the pure 304L
steel are presented in Figure 6.7. It is apparent for both the cermets and the 304L stainless steel that
they have a protection potential, £y, that is more negative than the pitting potential, E, indicating
that the likelihood of localised corrosion is relatively high. The pitting potential and repassivation (or
protection potential) are the most important electrochemical parameters in the cyclic potentiodynamic
polarisation curves, as shown in Figure 6.7. The values of E,; and Ey value can then be used to

determine the pitting corrosion susceptibility, following:

AE = Epit - Eprot Equation 6.3
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As can be seen from Equation 6.3, an increase of Ey; improves the resistance of the materials to pitting

corrosion. It has also been demonstrated that a decrease of AE provides a higher level of ability towards

self-healing of the passive films [95].

(a)
0.8 p—r—r—
= F
s f
;s A
z F
= o0f
- ”
-0.4f __<
\
210 8 % 4 2 0
logf[AIcm!}
(c)
0.8 p—r—r—»
I ~
73] ]
4 UA4F
2o [ o)
= [ N
: . Z-—"-&"—'{
uq \
\
_]_zé TR — T — i L PR S M.
-10 -8 -6 -4 2 0

log I [A.ﬁ:mz}

(b)
— 0.8 ——
= ;
&
@ E
4 04E
2 /
SEPN: Vs
>
04 <\
\
1.2E : L
-10 8 6 4 2 0
logf[Aftm!}
(d)
0
a E
w b
s 04f /
z F /"—-—J
o IJIIE
o
g = _____...--""'"
04F \‘“\\
\
12F L
-10 8 6 -4 2 0

log I [A.Il:mz}

Figure 6.7: Cyclic polarization of TiC-304L cermets and 304L stainless steel: (a) TiC with 10 vol.
304L, (b) TiC with 20 vol. % 304L, (c¢) TiC with 30 vol. % 304L, and (d) 304L stainless steel.

From Table 6.4, and Figure 6.7, it can be seen that none of the cermets or the 304L steel exhibited a

more noble protection potential when compared to the pitting potential. Since all of the protection

potentials are lower than the pitting potential, localised corrosion is possible. However, since only the

TiC-10% 304L cermet has a measurable value for AFE, this indicates that it has the best self-healing
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capability of the passive film. Based on these observations, it can be stated that the TiC-10% 304L
cermet has the lowest susceptibility to pitting corrosion and the highest level of self-healing ability for

all of the examined cermets.

Table 6.4: Extrapolation of the pitting potential from cyclic polarisation curves.

Sample Eyit (Vsc) Eprot (Vsce) Eyit- Eprot (Vsci)
TiC-10 vol. % 304L -0.068 -0.339 0.271
TiC-20 vol. % 304L 0.150 No protection NA
TiC-30 vol. % 304L 0.567 No protection NA
304L stainless steel 0.101 No protection NA

As shown in Table 6.4, for the cermets, the pitting potential increases with steel binder content. It
appears that no other cyclic polarisation studies on TiC-steel based cermets have been reported to

compare the results of the present study.

In order to further confirm the probability of localised corrosion and the observations from cyclic
polarisation, potentiostatic polarisation was also conducted at an applied voltage above the pitting
potential for all the studied materials, as shown in Figure 6.8. The applied voltage is 0.10725V,
0.02075V, 0.2475V, and 0.575V for 304L, 10, 20 and 30 vol. % steel binder. Generally, the likelihood
of localised corrosion is confirmed, depending on the nature of the current response after potentiostatic
polarisation tests above the pitting potential. If the current decreases with time, it means that the pits
would have been repassivated, leading to a drop in current. Conversely, an increase in current with time
confirms the tendency of localised corrosion, as is clearly seen in Figure 6.8 for both the cermets and
the 304L stainless steel. It can also be seen that although the TiC-10% 304L cermets showed an
increase in current with time, the effect is relatively small, highlighting the superior capacity of this
composition towards self healing of the passive film when compared to the other cermets studied. The
large oscillations observed for the pure 304L stainless steel present evidence of localised corrosion and

an aggressive attack by chloride ions on the passive film formed [184].

166



(a)

0.0006

I (A/em)

0.0005 |

0.0004 |

0.0003 |

0.0002 |

0.0001 |

l].'“'“'“'"-l-d - -] bl Ll P | L 1]
0 1000 2000 3000 4000 5000 6000 TOOO  S000

Time (seconds)

(b)

A“-“js L T 1 F I LU B ) | LI | I LB A B | LI BN I ryre L I ) L L L] ‘
"5 - 10 vol. % (a) ]
< 0.030 f{ = 20 vol. % (b) fe).....d
i C ]
~0.025F .
0.020 F ]
0.015F .
0.010 | »)....J
0.005 ',_,-.—-"“"'"— @)
0.000 EZ ]

0 10000 2000 3000 4000 5000 o000 TOOO S000
Time (seconds)

Figure 6.8: Potentiostatic polarization of the cermets and 304L stainless steel above the pitting

potential. (a) 304L stainless steel, (b) TiC-304L cermets.
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6.4.3 Post Corrosion Chemical Analysis

After the corrosion experiments, the remaining solution from the electrochemical cell was analysed
using ICP-OES, in order to determine both the solids (in terms of fine particulate matter) and ions

present in the solution, as demonstrated in Figure 6.9 and Figure 6.10, respectively.
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Figure 6.9: ICP results of the filtered particulate material removed from the solution remaining in the

flat cell upon completion of corrosion testing.

The solid constituents were first removed by filtration from the retained solution, prior to ICP-OES
testing. As shown in Figure 6.9, with an increasing binder content there are increasing quantities of the
steel binder apparent following corrosion testing (i.e. Fe, Ni, and Cr), with a concurrently decreasing
amount of Ti. An increase in the steel binder constituents suggests that the preferential attack of the

304L stainless steel binder progressed nominally linearly with increasing binder content.
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Figure 6.10: ICP analysis of the filtered solution remaining in flat cell upon completion of corrosion
testing, showing the metal ions present in the solution (i.e. after removal of any fine particulate

material).

In terms of the ion content within the filtered solution, as shown in Figure 6.10, it is apparent that it is
predominantly Ni, with relatively minor amounts of the other cermet elements. The loss of Ni ions in
the solutions could explain the reason while the corrosion resistance of the cermets is lower when
compared to the pure 304L stainless steel. The absence of Fe ions from the solution could potentially
indicate precipitation of Fe in some form. This would then lead to a higher content in the solids
component, relative to Ni, as the pH of the NaCl solution is around 5.3-5.8, which is fairly close to the

highly acidic corrosive pH range (0-4) and justifies the Fe precipitation [216].

In addition to the analysis of the corrosion medium after electrochemical testing, the influence of the
tests on the cermet composition was also analysed. Figure 6.11 presents EDS data from both before and
after corrosion. As it can be seen, the amount of TiC present increases after corrosion, which is actually
an indication of removal of the steel metal binder from between the carbide grains. At the lowest binder
content, the dissolution rate is relatively limited, and it increases with binder volume fraction, giving

rise to the appearance of an increasing amount of TiC being present.
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Figure 6.11: EDS elemental analysis of the sample surfaces following corrosion testing: (a) TiC with

10 vol. % 304L, (b)TiC with 20 vol. % 304L, and (c) TiC with 30 vol. % 304L.

At the highest steel binder content, the post corrosion analysis infers that essentially all of the metal
binder has been removed, and only TiC (and the surrounding void space) remains. These results are
therefore in agreement with ICP data, in that with increasing steel binder content comes an accelerated
corrosion behaviour, and hence more Fe, Cr and Ni are liberated from the cermet and remain in
solution while the TiC matrix is largely intact. It should be stressed that in terms of the overall

concentration, there is also an increasing O component following corrosion testing (not shown in
Figure 6.11).

6.4.4 Post-Corrosion Microstructural Characterisation

From Figure 6.12, it can be seen that there is clear evidence of pitting on the pure 304L stainless steel
samples after the Tafel polarisation experiments. However, there is less of an effect on the cermets,
although the TiC-30 vol. % 304L samples showed evidence of preferential binder dissolution. It can
also be seen that the cermets with lower binder contents (i.e. 10 and 20 vol. % 304L) have a less

pronounced corrosion attack after the polarisation experiments. The lower extent of corrosion for these
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reduced binder content cermets, when compared to the 304L stainless steel, could suggest that the
presence of adherent TiO, contributed to the stability of the passive film for the cermets as observed in

our recent study [155].
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Figure 6.12: SEM images showing corroded surface of TiC-304L cermets and 304L stainless steel
showing heavy pitting on the 304L steel and less substantial effects on the cermets after the Tafel
experiments ( scanned from -1.0 to 0.7V): (a) TiC with 10 vol. 304L, (b) TiC with 20 vol. % 304L, (c)
TiC with 30 vol. % 304L, and (d) 304L stainless steel.

Example SEM images of the TiC-304L cermets following potentiodynamic corrosion are shown in

Figure 6.13. The appearance of preferential dissolution of the metal binder is clear, the extent of which
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increases with binder content, while the TiC grains appear largely unaffected. This observation
confirms the prior results that the corrosion resistance of the cermets decreases with an increase in the
steel binder content. A further potential factor is that Ti is known to be highly resistant to pitting and
crevice corrosion in seawater, with an even higher crevice corrosion resistance in seawater than either

316 or 304 stainless steel [39, 41].
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Figure 6.13: SEM images showing the corroded surfaces of TiC-304L cermets after potentiodynamic
polarisation: (a,b) 10 vol. % 304L, (c,d) 20 vol. % 304L, and (e,f) 30 vol. % 304L.

This behaviour is due to the ability of Ti to form a strong and adherent protective oxide that can
withstand corrosion attack; TiC can be anticipated to form a similar TiOy scale (i.e. TiO,) [166, 185,
186]. It can be seen that the TiC-10 vol. % 304L cermets are the least prone of the current composites
in terms of preferential attack, which arises from the response dominated by TiC and its naturally
forming protective oxide layer to withstand further corrosion. Clearly, for a higher TiC content there
can be expected to be a concurrently higher presence of the TiO, surface oxide, which is believed to
contribute to the higher corrosion resistance of cermets with lower binder, as shown in Figures 6.12 and

6.13.

Similar results were reported for the corrosion behaviour of TiC-containing, 304 stainless steel metal
matrix composites in an aqueous HCI solution [95]. Wu and colleagues reported a massive dissolution
of the steel matrix, while the TiC particles were unaffected, due to a significant galvanic effect between
the two materials [95]. It was also noted that the presence of large numbers of Cr-rich carbides, in
addition to the TiC (which is more noble than the 304 stainless steel), in the steel led to extensive
pitting of the matrix in general. Lastly, they stated that since the size of the TiC particle reinforcement
phase was significantly greater than that of the Cr-rich carbides, the residual stress state in the matrix
adjoining the TiC reinforcement (due to the difference in the coefficient of thermal expansion) made
them more susceptible to dissolution and pitting [95]. As a consequence, the large difference in the
coefficient of thermal expansion (CTE) between TiC and the steel matrix (CTE of TiC ~7.4 x 10° K!
[187] and 304/304L stainless steel ~18-19 x 10° K' [188, 189] results in a high dislocation density at
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the interface, in particular in the vicinity of the larger TiC particles, which accelerates the corrosion
[58, 190, 191]. TiC is reasonably electrical conductive (~2x10° Q'lm'l[192]) and, as noted, more noble
than 304 stainless steel in terms of its electrochemical characteristics, which creates galvanic activity at
the interface between the two materials, leading to serious dissolution of the steel [95, 190, 191].
Several other authors have also reported improved corrosion resistance with lowered binder contents in

specific cermet systems [58, 94, 175].

Typical SEM images of both the cermets and the 304L stainless steel, following cyclic polarisation
testing, are shown in Figure 6.14. The presence of large pits is apparent on the 304L surface (Figure
6.14(d)), while for the cermets, evidence of localised corrosion can be observed at the interfaces
between the TiC grains and the 304L binder. Clearly, this is likely to be related to a galvanic effect

existing between the two dissimilar materials in the conducting, simulated seawater environment.
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Figure 6.14: SEM images showing corroded surface of TiC-304L cermets and 304L stainless steel
after cyclic polarization: (a) TiC with 10 vol. 304L, (b) TiC with 20 vol. % 304L, (c) TiC with 30 vol.
% 304L, and (d) 304L stainless steel.

Figure 6.15 displays selected SEM images of the samples after potentiostatic polarisation tests,
conducted at a voltage above the pitting potential. There is evidence of heavy pitting on the surface of
the baseline 304L stainless steel. Conversely, on the cermets, the corrosion attack occurs preferentially
at the binder/TiC interface, and the extent of dissolution increases with binder content. It is also

apparent for the cermets that the TiC grains appear essentially unaffected.
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Figure 6.15: SEM images showing corroded surface of the TiC-304L cermets and 304L stainless steel
after potentiostatic polarization above their pitting potentials: (a) TiC with 10 vol. % 304L, (b) TiC
with 20 vol. % 304L, (c) TiC with 30 vol. % 304L, and (d) 304L stainless steel.

The presence of large pits forming on the 304L stainless steel is in agreement with the results obtained
from potentiostatic polarisation testing, shown previously in Figure 6.8. In that instance there was an
increase in the current, with clear evidence of oscillatory perturbations, which infers surface attack on

the passive films by the aggressive chloride ions in solution.

6.5 Conclusions

A series of novel TiC-304L stainless steel cermets have been developed, with steel binder contents
varied from 10 to 30 vol. %. The corrosion performance of the cermets was examined using a variety of
electrochemical test methods, and their response has been compared to baseline 304L stainless steel. It
was demonstrated that the overall corrosion resistance of the baseline steel is better than the cermets
with the higher binder levels (i.e. 20 and 30 vol. %). However, the corrosion response is generally
comparable to the cermets prepared with the lowest binder content, which also offers the advantage of

significantly better wear resistance than 304L stainless steel.

It was shown that the critical current density and breakdown potential increase with steel binder content
in the cermets. Microstructural studies revealed that there is dissolution of the steel metal binder during
electrochemical tests, while the TiC grains remain largely unaffected. The corrosion rate of the cermets

increases with steel binder content, which is attributed to the preferential dissolution of the binder.
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Chemical analyses, using both ICP-OES and EDS, confirmed this increase in dissolution of the steel at

higher binder contents.

In terms of the present cermets, from the electrochemical characterisation approaches that were
followed it can be concluded that those with the lowest binder content (i.e. TiC-10 vol. % 304L) have
the potential to offer an excellent combination of wear and corrosion resistance, as dissolution of the
binder is significantly reduced and pitting corrosion is avoided, while the high TiC content

considerably enhances the composite wear resistance.
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7.1 ABSTRACT

The aqueous corrosion behaviour of fine- and coarse-grained TiC-316L cermets has been investigated
using a range of electrochemical techniques, to assess their response in a NaCl solution. The corrosion
assessment methods included Tafel extrapolation, in combination with potentiodynamic and
potentiostatic polarisation. Corroded samples were subsequently characterised using SEM and EDX,
while the post-corrosion solutions were analysed using ICP-OES. The highest corrosion resistance was
achieved at the lowest binder contents, while those with a more coarse grain structure showed superior

resistance due to a reduced TiC-316L interfacial area.

Keywords: Ceramic composites; Electrochemical characterisation; Polarisation testing; Potentiostatic

testing; SEM; ICP-OES
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7.2 Introduction

Ceramic metal composites, or cermets, are widely used in applications such as coatings for
erosion/corrosion protection, wood and rock cutting tools, pump seals, and abrasive slurry nozzles,
because of their combination of good wear and corrosion resistance [11, 34, 58, 68, 162, 169]. Cermets
based on titanium carbide (TiC) are of particular interest, due to their reduced mass and improved
elevated temperature properties. In particular, they show significant potential as substitutes for the

more widely used tungsten carbide-cobalt (WC-Co) based hard metals [68].

Several studies of the corrosion behaviour of cermets, and in particular WC-Co, have demonstrated that
corrosion is invariably governed by selective dissolution of the metallic binder, while the ceramic
phase remains relatively unaffected [8, 93-94, 170, 172, 174, 193, 194]. Similar observations have also
been made for non-WC containing cermet systems, such as those based on TiC and titanium
carbonitride (Ti(C,N)) [91, 195, 196]. In addition, a large number of studies have been performed on
related coating materials, often on steel substrates, invariably with similar outcomes in terms of the
proposed degradation mechanisms [176, 197-199]. As a consequence, the corrosion resistance of
cermets is typically reduced when the metal binder content is increased. However, it has also been
proposed that the corrosion behaviour of cermets is governed by the corrosion medium [175, 200].
Kubarsepp and colleagues [200] studied the corrosion resistance of sintered TiC-steel alloys in various
acids, and stated that there was selective dissolution of the metal binder and an increase in corrosion
resistance with TiC content when evaluated in both 20 vol.% NaOH and 3 vol.% H,SO,4 solutions.
Conversely, there was a decrease in corrosion resistance with TiC content when the cermets were tested
in HNOj solutions (10-60 vol. %); it was postulated that the difference in corrosion mechanisms is due
to the fact that TiC has insufficient corrosion resistance in HNQOj5 solutions. Selective dissolution of the
TiC accelerates the rate of dissolution of the steel binder in that instance [175, 200]. Consequently,
corrosion in HNOj3 1s accompanied by degradation of the steel binder, while ‘pure’ stainless steels of
similar composition tend to exhibit passivation in solutions of HNO3, and have a higher corrosion

resistance than the cermets [175, 200].

Corrosion studies on cermets have shown that by increasing the amount of binder phase, the rate of
corrosion invariably increases [58, 195, 196]. However, in comparison relatively little attention has
been given to the effect of the ceramic grain size on the corrosion behaviour of cermets. It is generally
noted that reducing grain size enhances the wear behaviour of cermet systems [201, 202]. There are a
number of microstructural effects that can be anticipated in terms of reducing grain size. For instance,
the binder mean free path can also be expected to decrease, which results in increasing levels of plastic
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constraint, due to the greater interfacial area between the grains and the binder which has the effect of
strengthening the binder phase, making dislocation motion and shear more difficult [76]. This in turn
increases the resistance of the binder to deformation and removal, hence increasing the wear resistance
of the cermet. However, in terms of the corrosion resistance, an increase in interfacial area,
accompanied by a reduction in carbide grain size, may be anticipated to be detrimental, as there is a
greater area for galvanic attack. In addition, a potentially higher dislocation density may be expected to
lead to a reduced corrosion resistance. However, with that in mind, Human and Exner found essentially
no influence of grain size on the corrosion behaviour of WC-Co cermets in acidic solutions [8, 172].
Conversely, Tomlinson et al. [174] reported an increase of the passive current densities by increasing
grain size in acidic solution. The effects of grain size on the corrosion behaviour of WC-Co based
hardmetals in alkaline solutions have also been assessed, and an increase in corrosion resistance with a
decrease in WC grain size was reported [203]. It was noted that the corrosion behaviour is strongly
influenced by the dissolved W and C content in the Co binder, and that the W and C content in the
binder increases with a decrease in the WC grain size, which improves the corrosion resistance [203].
However, in principle it is generally expected that by reducing the carbide grain size, there will be an
increase in the interfacial surface area, which could enhance the formation of galvanic couples on the
material surface, thereby leading to the loss in corrosion performance. A second consideration is that
for finer grained cermets, it can be expected that there will be a higher overall dislocation density, as
the interfaces will be regions of atomic disorder, which then will reduce the corrosion resistance. A
high dislocation density would therefore favour corrosion, by promoting increased diffusion rates
[203]. It may then be postulated that where the binder ligaments are the thinnest (which is promoted by
decreasing grain size), the binder is under greater constraint due to the surrounding carbide grains, and

hence attack may begin in these areas [58, 92, 181].

In a recent investigation, for TiC-304L steel cermets, we reported an improvement in corrosion
resistance with a decrease in the metal binder content, with localised corrosion occurring at the
interface between the TiC grains and the 304L steel binder [196]. The present study is an extension of
that work, and involves an assessment of the effects of grain size on the corrosion behaviour of TiC-
316L stainless steel composites, in a simulated seawater environment. A range of electrochemical
characterisation techniques was applied, including Tafel extrapolation, potentiodynamic polarisation

and potentiostatic polarisation, in combination with microstructural and chemical analysis.
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7.3 Experimental Procedure
7.3.1 Raw Materials and Cermet Processing

The TiC powder used in the present study was obtained from Pacific Particulate Materials Ltd
(Vancouver, BC, Canada), and has a mean particle size of ~1.25 um [96, 123]. The steel powder used
was austenitic grade 3161, with a nominal particle size of -100 mesh, which was sourced from Alfa
Aesar (Ward Hill, MA, USA); the designation L refers to low carbon content. TiC pellets (~31.75 mm
diameter x 4 mm thick) were uniaxially pressed to a pressure of ~67 MPa. The samples were further
compacted by cold isostatic pressing at a pressure of ~220 MPa. Following compaction, the TiC pellets
were weighed and the steel binder powder, varied from 10 to 30 vol. %, was placed on top of the TiC
preform. For melt-infiltration processing, the TiC preform and steel powder combinations were sited on
a layer of bubble alumina, within an alumina crucible. Two heat-treatment cycles were applied to
produce cermets with what are subsequently referred to as either a fine- or coarse-grained
microstructure. In order to achieve this, melt infiltration was performed at 1475°C for 15 minutes, to
produce the fine-grained cermets, and at 1550°C for 240 minutes, in order to generate the coarse-
grained cermets. Melt-infiltration was conducted under a dynamic vacuum (better than 20 milliTorr)
inside a graphite resistance furnace (Materials Research Furnaces, Suncook, NH, USA), with nominal
heating and cooling rates of 10°C/min and 25°C/min, respectively; the cooling rate effectively

decreases below ~900°C due to the furnace thermal mass.

7.3.2 Cermet Characterization

After melt-infiltration, the composite densities were determined using the Archimedes immersion
method in water. Surface preparation for both microstructural analysis and corrosion testing was then
achieved by grinding and polishing of the samples, using successively finer grades of diamond, starting
with a coarse 125 pm diamond pad and finishing with 0.25 pm diamond paste. Microstructural
characterisation was conducted using optical microscopy (Model BX-51, Olympus Corp., Tokyo,
Japan) and scanning electron microscopy (SEM; Model S-4700 Hitachi High Technologies, Tokyo
Japan), on the polished surfaces. Grain size measurements were made using the linear intercept
method, from digital SEM images of the fine- and coarse -grained TiC-steel cermets [125]; a minimum
of 300 TiC grains were measured for each sample. In addition to grain size measurements, two further
microstructural parameters were determined for the cermets, namely the contiguity and the binder mean

free path length (or binder intercept distance). The contiguity, C, a measure of the ratio of carbide-
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carbide to carbide-binder interfaces that are intercepted per unit line length, was determined following

[152]:

2N,

cle

C=—7—"-"“"—" Equation 5.1
2Nc/c +2Nc/b

where N, and N, are the number of carbide-carbide (i.e. TiC-TiC) and carbide-binder (i.e. TiC-steel)
interfaces, respectively. The mean free path of the steel binder, dj, can then be determined following
[152]:
| )
d,=—— -2, Equation 5.2
1-C\V,
where V), and V. are the volume fractions of binder and carbide (it is assumed that V', + V. = 1 for the

present materials), respectively, and d. is the mean carbide intercept distance determined from the grain

size measurements.

7.3.3 Electrochemical Testing

The corrosion behaviour of the TiC-316L cermets was assessed in a simulated seawater environment,
with a 3.5 wt. % NaCl aqueous solution used as the electrolyte. Experiments were performed using a
standard three-electrode flat cell, with the cermet samples as the working electrode (with an exposed
sample area of 1 cm?), a platinum mesh as the counter electrode, and a saturated calomel electrode
(SCE; 0.241 V versus a standard hydrogen electrode) as the reference. Prior to potentiodynamic
polarisation measurements, 4 hours of immersion in the synthetic seawater was maintained to ensure
steady-state conditions. For the actual polarisation experiments, the potential was scanned from -0.75 to
+3.5 Vgcg, at a scan rate of 0.1667 mV/s. Potentiostatic polarisation was conducted at 1.5 V, for a
period of 8 hours, which is the potential chosen from the pseudo-passive region. The potentiostatic tests

were conducted in order to gain further insight on the phenomenon of pseudo-passivity of the cermets.

The corrosion potentials (E.) and the corrosion current densities (iqor) Were estimated by determining
an instantaneous, Tafel-type fit (EG & G Princeton Applied Research Potentiostat/ Galvanostat Model
273, Princeton Applied Research, USA) using CorrWare corrosion analysis software (Scribner
Associates, Inc., USA). The corrosion rate (in mm/year) was then calculated using the relationship

[107]:
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-3 .
Corrosion rate (Tafel)= 3.27x10 DX Leore X W Equation 3.1

where W is the equivalent weight of alloy, D is the density of alloy (in g/cm’), and icor (in pA/cm?) is

the corrosion current density of each of the specimens, extrapolated from the Tafel polarisation plots.

The material lost by corrosion can also be assessed through weight loss measurements, for comparative
purposes. In this instance the cermet samples were weighed before and after corrosion, and their mass

loss values were then used to calculate a corrosion rate (in mm/year) using the relationship [37]:

Corrosion rate (weight loss) = 87.6xM Equation 3.2

TxAxD

where M is the weight loss (in g) after exposure time, 7 (in hours), D is the density of alloy (in g/cm3),

and 4 (in cm?) is the area of the exposed specimen.

Microstructural evaluation of the corroded surfaces was conducted using optical microscopy, SEM,
energy dispersive X-ray spectroscopy (EDS). In addition, the remaining solution contained within the
three-electrode cell after electrochemical tests was examined using inductively coupled plasma optical
emission spectroscopy (ICP-OES; Varian Vista Pro (radial view), Varian Inc., Mulgrave, Australia), in
order to determine the quantities of the sample constituents now present in the solution. The solutions
were filtered (1.0 um pore size) using a Millipore vacuum system, to allow removal of any fine
particulate material released from the corroding surfaces. The remaining filtered solution was then
analysed directly using ICP-OES. In order to chemically assess the removed particulate material, the
residue that had collected on the filter was dried at 105°C, weighed, dissolved in acids (HF, HNOs3,
HCIO,) in Teflon beakers, and then dried again. The residue was then brought back into solution with

HCI, made up to 100 ml in volumetric flasks, and analysed by ICP-OES.

7.4. Results and Discussion
7.4.1 Microstructural Analysis

Representative SEM images of the fine and coarse-grained TiC-316L cermets are shown in Figure 7.1.
As can be seen for both the fine and coarse-grained cermets, the microstructure is characteristically
uniform, with no evidence for abnormal grain growth. Complete infiltration of the cermets has occurred
for each processing variant, and all materials were fabricated to in excess of 99 % of the respective

theoretical density (determined based on a simple rule of mixtures for a TiC and 316L combination).
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Figure 7.1: Representative SEM images of TiC-316L cermets prepared with: (a,b) 10 vol. % 316L,
(c,d) 20 vol. % 316L, and (e,f) 30 vol. % 316L binder.
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The mean grain size of fine- and coarse-grained cermets is presented in Figure 7.2. It is apparent that
the mean grain size is largely independent of binder content, with a slight decrease consistently noted
with increasing binder content. This response is broadly similar to observations with other TiC-based
cermet systems, and highlights the likelihood of an interface-limited grain growth response [124],
where the rate-limiting step is transport of Ti and C across the interface between the metallic binder

and the TiC, rather than diffusion through the steel melt.
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Figure 7.2: The mean grain size as a function of binder content for both fine- and coarse-grained TiC-

316L cermets.

Figure 7.3 presents the contiguity and binder mean free path data for both the fine- and coarse-grained
TiC-316L cermets. As is typically observed in similar materials [124], the contiguity decreases with
increasing binder content (Figure 7.3(a)). In terms of the mean free path dimensions for the binder
(Figure 7.3(b), it is apparent for the coarse-grained cermets that the path length increases with binder
content, which is in agreement with prior studies on TiC-Ni3;Al cermets [124]. However, for the fine-
grained cermets the behaviour is more complex, actually showing a slight reduction in mean free path

for the 20 vol. % 316L samples in comparison to 10 and 30 vol. %.
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Figure 7.3: (a) The effects of binder content upon the contiguity of fine- and coarse-grained TiC-316L
cermets. (b) The effects of binder content upon the mean free path of fine- and coarse-grained TiC-

316L cermets.
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This response is not fully understood, however it is clear from Figure 7.1 that sintering at 1475°C for
15 minutes results in a relatively complex, non-equilibrium grain morphology (i.e. a clear deviation
from moderately spheroid grains), with irregular grain shapes and even hollow ‘O’ and ‘C’-shaped
grains. As a consequence, this deviation from nominally spherical will result in a higher interfacial area
between the carbide and binder phases when processing under such conditions. This morphological

variation may therefore lead to the anomalous mean free path data presented in Figure 7.3(b).

7.4.2 Electrochemical Measurements

Characteristic open circuit potential (OCP) responses, as a function of time, for both the fine- and
coarse-grained TiC-316L cermets are shown in Figure 7.4. As it can be seen the OCP is nobler with
increase in binder content, which is consistent for both the fine and coarse grained cermets. Table 7.1
shows the mean OCP values achieved after 240 minutes, taken as an average of four OCP repeat tests

for each combination of binder volume fraction and grain size.
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Figure 7.4: The open circuit potential as a function of time for: (a) fine-grained TiC-316L cermets and

(b) coarse-grained TiC-316L cermets.

Table 7.1: Open circuit potential values determined for the fine- and coarse-grained TiC-316L cermets;

values are an average of 4 repeat tests (standard deviation values are given in parenthesis).

316L content (vol. %) Fine Coarse

10 -0.364 (0.079) -0.264 (0.089)
20 -0.302 (0.031) -0.214 (0.070)
30 -0.280 (0.021) -0.186 (0.053)

In order to calculate the corrosion rates, Tafel polarisation experiments were performed for both the
fine- and coarse-grained cermets, with typical representative curves shown in Figure 7.5. The E o and
icorr Values determined through the CorrWare analysis of these Tafel plots are presented in Table 7.2.
As can be seen from this information, for both the fine- and coarse-grained cermets, the corrosion
current densities broadly increase with binder content. However, for the fine-grained cermets with 20

vol. % 316L steel, the i, value does exhibit a decrease relative to the samples prepared with 10 and 30
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vol. % binder, although the general trend still seems to be consistent. It is notable that the corrosion
potential, E., for the coarse-grained TiC based cermets showed an increase with binder content, while

for the fine-grained TiC based cermets the opposite behaviour was observed.
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Figure 7.5: Representative examples of the Tafel plots for: (a) the fine-grained TiC-316L cermets and
(b) the coarse-grained TiC-316L cermets.
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Table 7.2: CorrWare derived results for the Tafel extrapolation procedure, following electrochemical

measurements.
316L content Fine Coarse
(vol. %) Eecorr (V8. SCE) | icon (MA/em®) | Ecorr (V V8. SCE) | icon (nA/cm?)
10 -0.347 1.628 -0.108 0.085
20 -0.261 0.526 -0.123 0.127
30 -0.246 3.695 -0.223 3.560

As anticipated, the corrosion parameters, E.or and ic, for the coarse-grained cermets showed an
increase with binder content, which mirrors the observations of corrosion behaviour of TiC-304L
cermets in our previous studies [196]. However, a somewhat contradictory response was observed for
the fine-grained cermets, as shown in both Table 7.2 and Figure 7.5(a). In this instance the E .y, values
become more noble in character with an increase in the steel binder content. A potential reason for
more noble values of E oy, With an increase in steel binder content, may be related to greater constraint
due to the surrounding carbide grains expected at cermets with lower binder contents and finer
ligament dimensions (i.e. effective the binder mean-free path), which will generate a higher internal

stress, but can also be expected to give rise to a higher dislocation density.

Based on results presented in Table 7.2 and Figure 7.5(a), for the fine-grained cermets, with the Eqo
values more active at lower binder contents, it may be anticipated that the corrosion response would be
worse for these materials. However, it is clear that the behaviour is rather more complex. A similarly
complex trend in terms of the relative E. and i values has been observed by Ibrahim [204], for
shot-peened, powder metallurgically processed Al alloys. It was noted that a more negative Eq, for the
shot-peened samples compared to those that had not be shot-peened (for the alloy Alumix A321),
although the shot peened samples still displayed the best corrosion resistance (i.e. a lower icoy). This
response was attributed to the level of stress encountered during shot peening, which affected Eo (i.€.
a thermodynamics related response) but had no influence on the i, (i.€. a kinetics related response). In
the present case, for the corrosion response of fine-grained cermets, those with 20 vol. % of the 316L
steel binder have the best corrosion resistance with respect to the i. values. However, the trend is not
consistent, and does not reflect the observations made in Figure 7.5(a). The reason for this behaviour is
unclear at the present time, but could be related to the more complex microstructural morphology of
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fine-grained cermets (i.e. irregularly-shaped grains, rather than the spherical/rounded cube morphology
apparent for the coarse-grained cermets), which is affecting their corrosion behaviour; this deviation in
microstructure morphology is briefly discussed in the previous section (Section 7.4.1: Microstructural
Analysis). It is notable that this variation is also apparent in the binder mean free path lengths observed
for the fine grained cermets, where there is inconsistent response, and the cermets with 20 vol.% binder
content deviate with respect to the 10 and 30 vol. % samples (Figure 7.3(b)), in comparison to both the

coarse-grained cermets and those assessed in prior studies [124].

The corrosion rates calculated from the extrapolated Tafel data, for both fine- and coarse-grained
cermets, are presented in Figure 7.6. For comparison, the corrosion rates obtained directly from weight
loss measurements are shown in Figure 7.7. It is clear that there is a discrepancy between the two
techniques, which likely highlights the limitations of the nominally ‘instantaneous’ Tafel-extrapolation
approach. A number of systems (primarily single-phase metals) have been compared using both Tafel

and direct measurements, such as weight loss [205-209].
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Figure 7.6: The Tafel-derived corrosion rates for both the fine- and coarse-grained TiC-316L cermets.
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In some cases the two approaches give similar corrosion rates [205], while in others they exhibit quite
significant discrepancies between the Tafel approach and more direct methods [206-209], which is the
case in the present study. Clearly, the assessment of TiC-316L stainless steel cermets is complicated by

the presence of two phases in the microstructure.
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Figure 7.7: The corrosion rates, determined by weight loss measurements, for both the fine- and

coarse-grained TiC-316L cermets.

However, for both the Tafel and direct weight loss approach used in the present work it is clear that the
corrosion rate essentially increases with steel binder content. It is notable that the Tafel derived
corrosion rate for the fine-grained cermet with 10 vol. % binder is higher than for the case of 20 vol. %
binder. The reason for this is not clear, however there is a slightly greater level of porosity in the 10
vol. % samples, sintered for just 15 minutes, which may accentuate the corrosion through the presence
of a higher surface area (taking into account the porosity). In terms of a direct comparison of the
corrosion rates of the present materials with various commercial cermet systems, similar ‘Tafel-
derived’ corrosion rate data are available for a number of common materials, including WC-Co, WC-

CoCr and Cr;C,-NiCr [198, 199].

Table 7.3 compares the corrosion rates for the present materials with that previously published data. It
is important to note that the prior studies relate to coatings, and therefore some differences may be
anticipated in terms of the actual corrosion rates. However, through the use of the Tafel derived data in
each system, some general observations can be made. The various TiC-stainless steel cermet systems,
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including TiC-304L [196], show a significant improvement in corrosion resistance relative to WC-Co

and WC-CoCr (by approximately two orders of magnitude).

Table 7.3: A comparison of Tafel derived corrosion rates determined for various high-density, thermal
spray cermet materials [198-199], TiC cermets prepared with a 304L binder [196], and the materials

developed in the present study*.

Material Corrosion rate
(compositions in wt. % unless stated otherwise) (mm/year)
WC-17Co [198] 0.78
WC-10Co4Cr[198] 0.32
Cr;C,-25NiCr [198] 0.008-0.014
TiC-304L (10 vol. % (~6 um TiC grain size)) [196] 0.0084
TiC-316L (10 vol. % coarse (~11 pm))* 0.0013
TiC-316L (20 vol. % fine (~4 pm))* 0.0079
TiC-316L (20 vol. % coarse (~11 pm))* 0.0019

The absolute corrosion rates are also similar to, and often better than, Cr;C,-NiCr coatings. While this
shows significant promise for the current TiC-stainless steel materials, two further factors need to be
taken into account. As noted above, a comparison is being made between bulk materials and coatings,
where further coating/substrate galvanic effects may arise if the coating is not fully dense or if there is
any cracking in the coating (i.e. allowing transport of the corrosion medium to the coating/substrate
interface). Secondly, the coating materials examined in the prior studies have somewhat higher metallic
binder contents (in excess of 20 vol. %), which is known to degrade the corrosion resistance, based on
both the current study and our prior work on TiC-304L cermets. However, broadly speaking it is clear
that the present TiC-stainless steel cermets exhibit corrosion resistance that is comparable to Cr;C,-

NiCr.

The general trends in terms of the corrosion rates seem to be consistent for both the fine- and coarse-

grained cermets. The increase in corrosion rate with binder content is similar to the results of our recent
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study on TiC-304L cermets [196], as well as a number of related cermet systems [58, 175, 200]. It can
be observed from the previous discussion that coarse-grained TiC based cermets have better corrosion
resistance than those with a fine-grained structure. The reason for the relatively poorer corrosion
resistance of the fine grained TiC based cermets is likely to be related to the higher interfacial area,
which could act as site for galvanic corrosion attack leading to a reduced corrosion resistance.
Assuming nominally spherical grains (actually somewhat rounded cubes), with mean diameters of 4
and 11 um for the fine- and coarse-grained cermets, respectively, the effective interfacial surface area
increases by approximately a factor of 2.75 for the fine-grained materials. A further contribution to the
coarse-grained cermets having better corrosion resistance may be related to the dislocation density in
the steel binder, with a higher dislocation density enhancing corrosion due to increased diffusion rates.
It has been proposed that this occurs because the binder is under greater constraint, for finer grains, due
to the surrounding carbide matrix and hence attack might begin in these areas leading to deterioration
in corrosion resistance [58, 92, 181, 203]. However, it should also be noted that grain boundaries and
interfaces are intrinsically regions of higher dislocation density, and a nearly three-fold increase in

interface area in the present case would likely result in a comparable increase in the dislocation density.

Typical potentiodynamic polarisation curves are shown in Figure 7.8, for both the fine- and coarse-
grained TiC based cermets. As can be seen, the potentiodynamic curves show active, passive and
transpassive regions. It is also be noted from these figures that the critical current density increases
with steel binder content, for both the fine- and coarse-grained cermets, which provides information
about their passivation tendency. It has previously been reported that a low critical anodic current
density at the peak of the curve indicates rapid passivation [104], which infers that the reduction in

steel binder content is contributing to the corrosion resistance of the cermets.
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Figure 7.8: Representative potentiodynamic polarisation curves obtained for: (a) fine-grained TiC-

316L cermets and (b) coarse-grained TiC-316L cermets.
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Similar results have been reported by Sutthiruangwong et al. [94], who noted an increase in critical
current density with Co binder content in their studies on the corrosion behaviour of WC-Co cermets in
aqueous H,SOy solutions. As shown in Table 7.4, the critical current density, i, and minimum current
density in the pseudopassive region, iy, are both increasing with the 316L binder content, and the

values are also relatively high (~102 A/cm?).

Table 7.4: Electrochemical results following potentiodynamic polarisation showing critical current

density and minimum current density in the pseudopassive region of fine and coarse-grained TiC based

cermets.
316L content Fine Coarse
(vol. %) icrit (A/em?) inp (Alcm?) iorit (A/em?) inp (Alcm?)
10 0.0259 0.0158 0.0292 0.0156
20 0.0338 0.0201 0.0337 0.0229
30 0.0639 0.0556 0.0584 0.0568

It has been stated that the corrosion behaviour of cermets is dependent upon the electrochemical
potential of the system [12]. Under open circuit conditions, or at a low applied potential, there is
selective dissolution of the binder phase, whereas as at a higher electrochemical potential, dissolution
of the hard phase can occur [8, 94, 170, 172, 174, 181, 182]. A phenomenon known as ‘pseudo-
passivity’ was reported by Human and Exner [8, 172] and more recently by Sutthiruangwong and
colleagues [94]. This behaviour is exhibited at high electrochemical potentials, where the passive
current density of the cermets is several magnitudes higher than the passive current density of truly
passive materials, although the potentiodynamic curves still show apparent active, passive and
transpassive regions. It has been reported that the passive current density for a true passive material is
around 10 pA cm™[8, 172, 183], and any that have a passive current that is several orders of magnitude

higher than this value are believed to be exhibiting ‘pseudo-passive’ behaviour.

From Table 7.4 it can be seen that the passive current densities for the fine- and coarse-grained TiC-
316L cermets are approximately four orders of magnitude higher than would be expected for a truly
passive material. This suggests that the phenomenon of pseudo-passivity is likely to be present for the
TiC-316L cermets. The pseudo-passive state is reported to occur in the presence of non-adherent, and

consequently semi-protective surface scales (i.e. weak, cracked and/or porous oxides), where the
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diffusion-inhibiting corrosion products lead to a limitation of the current density. In contrast to true

passive conditions, these current densities remain comparably high [8, 12, 94, 172].

In order to more fully understand the pseudo-passive behaviour of the present cermets, potentiostatic
polarisation tests were performed at 1.5 V, which is a potential where the cermets exhibit apparent
pseudo-passive behaviour. Application of a potentiostatic potential as high as 1.5 V is justified from the
anodic polarisation curves, where the anodic currents are essentially independent of the applied
potential, and hence where the cermets are expected to be exhibiting a pseudo-passive behaviour. From
the potentiostatic plots for both the fine- and coarse-grained cermets, shown in Figure 7.9, it can be
seen that there is an initial current spike. This is expected to be a result of Cl™ ion attack on the intrinsic
surface film and, as the film thickness grows during corrosion (or an oxide layer is formed in the
absence of an initial film), the current decreases. However it is clear that it still remains high relative to
true passive behaviour (i.e. actually exhibiting pseudo-passive behaviour). The decay in current
densities and their subsequent stabilisation to steady state values suggest that the cermets develop some
passivation characteristics, in line with the observations made from the potentiodynamic polarisation

plots shown in Figure 7.8, together with the results presented in Table 7.4.
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Figure 7.9: Representative potentiostatic polarisation curves for: (a) the fine-grained TiC-316L

cermets and (b) the coarse grained TiC-316L cermets.

The high current density observed after polarisation in the pseudo-passive region, as shown in Figure
7.9, is therefore believed to be as a result of the formation of a weak, cracked and/or porous oxide
surface layer. As a consequence, the penetration of the electrolyte to the sample surface occurs. Hence,
the presence of a low adherence, but diffusion-inhibiting corrosion product, leads to a limitation of the
current density [8]. This is also evidenced for the coarse-grained TiC-316L cermets with the highest
binder content (i.e. Figure 7.9(b)), which shows oscillations in the potentiostatic curve, suggesting that
the oxide layer is not continuous in nature, thereby allowing the presence of aggressive Cl” ions at the
sample surface. It has previously been noted that the presence of heavy oscillations in the potentiostatic

curve can highlight the attack of aggressive Cl ions on the passive layer [184].

EDS chemical analysis was performed on the cermets following potentiostatic polarisation, as shown in
Table 7.5, in order to fully confirm that the presence of an oxide layer led to the progressive decrease in
current and phenomenon of pseudo-passivity. It can be seen that there is high amount of Ti, C and O.
This observation suggests that the surface layer that is formed consists mainly of a titanium oxide (i.e.
Ti0;). This result mirrors the observations of Sutthiruangwong and colleagues [94], who confirmed

high amounts of O on the surface of WC cermets.

199



Table 7.5: EDS analysis of the TiC-316L cermets showing a high amount of TiC and oxygen

following potentiostatic polarisation testing.

316L content Composition (wt. %)

(vol. %) Fine Coarse

10 Ti: 49.53 Ti: 52.50
C:7.89 C:8.98
0:38.78 0:32.20

20 Ti: 60.02 Ti: 62.16
C:15.73 C:16.47
0:11.73 0:9.72

30 Ti: 70.64 Ti: 60.17
C: 18.55 C:14.38
0:8.01 0:13.34

They suggested that the reason for the low dissolution rate of the Co binder in WC-Co cermets, with
high WC contents, is related to formation of a semi-protective tungsten oxide (i.e. WOs3) layer on the
surface, which inhibits further dissolution. A similar response is clearly observed from Figure 7.9 and
Table 7.5 of the present work, where the TiC-316L cermets with the lowest steel binder contents have
the lowest measured currents in the pseudo-passive region, combined with the highest surface oxide
contents. As a consequence, these cermets also exhibit the best corrosion resistance. In accordance with
the behaviour of WC, TiC can be anticipated to form a similarly protective oxide surface layer (i.e.
TiO,) [166, 186], which consequently improves the relative corrosion resistance of cermets with the
highest TiC contents, as there can expected to be a concurrently higher presence of TiO; on the surface.
Ren and colleagues [176] also reported an improvement in the corrosion resistance of TiC coatings, in

comparison to ‘pure’ 304L stainless steel, due to the corrosion resistance gained by the addition of TiC.
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7.4.3 Post Corrosion Chemical Analysis

In order to determine the compositions of the dissolved (i.e. metal ions) and fine particulate material in
the testing solution, following corrosion experiments, ICP-OES analysis was conducted. The results of
the ICP-OES analyses are presented in Figures 7.10 and 7.11, for the fine- and coarse-grained cermets,
respectively. In terms of the recovered material following filtration (Figure 7.10), it is apparent that
with increasing binder content in the cermets there are increasing quantities of Fe, Ni, Cr and Mo

apparent, with concurrently decreasing amounts of Ti.
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Figure 7.10: ICP-OES analyses of the filtered material removed from the post-test potentiodynamic

polarisation solutions for: (a) fine-grained and (b) coarse-grained TiC-316L cermets.
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Figure 7.11: ICP-OES analyses of the retained solution (following filtration) following

potentiodynamic polarisation testing, for (a) fine-grained and (b) coarse-grained TiC-316L cermets.

The increase in steel constituents suggests that preferential attack of the binder progressed in a
nominally linearly manner with increasing binder volume fractions. In addition, comparing the overall
extent of dissolution of the fine- and coarse-grained cermets, as shown in Figure 7.10, it is apparent that
the degree of metal binder dissolution in the fine-grained cermets is higher than for the coarse-grained
equivalent. This observation confirms the electrochemical test results shown in Figures 7.6 and 7.7,
together with data presented in Table 7.2, which both indicate improved corrosion resistance for the

coarse-grained cermets.

Figure 7.11 demonstrates the concentration of dissolved metal ions found in the remaining post-test
solution, following particulate filtration. As it can be seen for both fine- and coarse-grained cermets,
there are high amounts of Ni ions in the solutions while other constituents of the metal binder are
negligible in comparison. It can also be seen that for the fine-grained cermets (Figure 7.11(a)), there is
a loss of Ni and Mo, while the Mo concentration in coarse-grained cermets is minimal. Although the
content of Ni ions in the coarse-grained cermets (Figure 7.11(b)) seems to be greater than for the fine-
grained cermets, the combined loss of Ni and Mo ions in the latter could explain its overall inferior
corrosion resistance compared to the coarse-grained counterpart. The absence of Fe ions from the

solution could potentially indicate precipitation of Fe in some form, as the pH of the NaCl solution is in
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the range of 5.3-5.8, which is fairly close to the highly acidic corrosive range (i.e. pH 0-4), and justifies
the potential for Fe precipitation. This would then lead to a higher Fe content in the filtered solids
component of the solution, relative to Ni. It is clear from both Figures 7.10 and 7.11 that there are some
subtleties in terms of which metallic components are retained as a fine particulate residue, and which
are dissolved in solution, which cannot be readily explained at the present time. However, taking both
Figures 7.10 and 7.11 into account, the general observations clearly highlight concurrently increasing

binder constituents in the post-corrosion solutions with their increase in the cermets.

In addition to the chemical analysis of the corrosion medium following electrochemical testing, the
influence of the tests on the cermet composition were also analysed by comparison of the EDS analyses
of the cermets taken both before and after corrosion (Figure 7.12). It is clear that the difference in Ti
before and after corrosion is negligible, while for the binder constituents there is significant reduction
in the post corrosion concentrations, due to dissolution during the electrochemical tests. It should be
noted that the post test surfaces also show high concentrations of O (not shown in Figure 7.12), which

likely results in the slight differences in Ti concentration after corrosion.
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Figure 7.12: EDS analysis of the TiC-316L cermets both before and after corrosion tests: (a) fine-

grained and (b) coarse-grained. Note that the compositional balance is comprised of O.

7.4.4 Post-Corrosion Microstructural Characterisation

Typical SEM images following potentiodynamic polarisation are shown in Figures 7.13 and 7.14, for
the fine- and coarse-grained cermets, respectively. As it can be seen, it is obvious that there is heavy
dissolution of the metal binder, leaving the TiC grains largely unaffected. Comparing the images of the
two cermet systems in terms of the metal binder concentration, it is apparent that with an increasing
binder content the amount of ‘clean’ TiC is becoming more pronounced, evidenced by increasingly
heavy dissolution of the metal binder, and the retention of ‘clean’ TiC grain surfaces. The increasing
loss of the metal binder with binder content helps to explain the decrease in corrosion resistance,
especially for the cermets with the highest steel contents. As noted earlier, this can be attributed to
greater protection of the cermet surface that is afforded at higher TiC contents (i.e. the lowest binder
contents), through the formation of a TiO,-based surface protective layer, thereby inhibiting dissolution
of the metal binder and leading to an improvement in the corrosion resistance (as shown previously in

Figures 7.6 and 7.7, and Table 7.2).
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Figure 7.13: SEM images of the fine-grained TiC-316L cermets following potentiodynamic
polarisation testing: (a,b) 10 vol. % 316L, (c,d) 20 vol. % 316L, and (e,f) 30 vol. % 316L binder.
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The general microstructural observations of increasing binder dissolution with content, from Figures
7.13 and 7.14, are in agreement with the corrosion rate data presented in Figures 7.6 and 7.7, the
potentiostatic response from Figure 7.9, and the ICP-OES/EDS analyses shown in Figures 7.10 to 7.12.
Another distinguishable feature, seen occasionally in the SEM images of cermets with the fine-grained
structure, is the presence of isolated cracks, as shown in Figure 7.13(a). Such cracks were not observed
in the more coarse-structured cermets. By reducing the carbide grain size, the binder mean free path
dimension is reduced. Typically, this can be seen to have detrimental impact on the cermet toughness,
which is observed in the present materials [Onuoha, Farhat, Kipouros and Plucknett, unpublished
research]. It is also postulated that the binder is effectively under a greater degree of constraint, due to
the surrounding carbide grains being in closer proximity to one another. Combined with a higher
metal:ceramic interfacial area, this leads to an increase in the residual stress at the interface (i.e. an
increase in the dislocation density). The presence of cracks on fine grained cermets suggest that these
factors all contribute in some way to a greater degree of near surface embrittlement when the steel
binder is dissolved. Generally, it can therefore be seen that an increase in the dislocation density can
favour increased wear resistance (e.g. through strain hardening) but negatively impacts the corrosion

resistance.

Figures 7.15 and 7.16 present typical SEM images of the fine- and coarse-grained cermets,
respectively, following potentiostatic polarisation. As it can be seen, there is preferential dissolution
and removal of the metal binder, while the TiC grains are again essentially unaffected. It can also be
seen that the preferred site for the corrosive attack appears to be at the interface between the TiC grains
and the metal binder. The effect of interfacial attack is also more pronounced on cermets with finer
grain sizes. This observation demonstrates that galvanic corrosion is likely the driving mechanism for
both the fine- and coarse-grained cermets. With finer grain sizes, the interfacial area between the TiC
grains and the metal binder is higher (by approximately a factor of three in the present materials) and
the extent of galvanic corrosion is increased. Conversely, by increasing the carbide grain size, the
degree of galvanic attack can be reduced, leading to improved corrosion resistance with the coarse-

grained cermets.
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Figure 7.15: SEM images of the fine-grained TiC-316L cermets following potentiostatic polarisation
testing: (a,b) 10 vol. % 316L, (c,d) 20 vol. % 316L, and (e,f) 30 vol. % 316L binder.
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Figure 7.16: SEM images of the coarse-grained TiC-316L cermets following potentiostatic
polarisation testing: (a,b) 10 vol. % 316L, (c,d) 20 vol. % 316L, and (e,f) 30 vol. % 316L binder.
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Clearly, combining low metallic binder contents, together with relatively coarse carbide

microstructures can lead to an enhancement of the corrosion resistance. However, these benefits in

terms of corrosion resistance must be weighed against the potential for reduced wear resistance when

the carbide structure is coarsened, which is the observation made for the present materials [Onuoha,

Farhat, Kipouros and Plucknett, unpublished research].

7.5

Conclusions

The corrosion behaviour of fine- and coarse-grained TiC-316L cermets has been assessed in a

simulated seawater solution (containing 3.5 wt. % NaCl), using a variety of electrochemical techniques,

including Tafel extrapolation, and both potentiodynamic and potentiostatic polarisation. The

electrochemical measurements have been coupled with microstructural and chemical analyses of the

cermets, both before and after corrosion. Based on this study, the following conclusions can be drawn:

(1)

2)

3)

(4)

)

The corrosion resistance of both fine- and coarse-grained TiC-316L cermets increases with a
reduction in the steel binder content (i.e. an increase in the TiC content). This is attributed to an
increase in the surface area coverage by a TiO, semi-protective layer, with a resultant reduction in

the tendency for metallic binder dissolution.

The corrosion resistance of the coarse-grained cermets is slightly superior to that of the fine-
grained counterpart. This is believed to be due to reduced (galvanic) interfacial attack, due to a

reduction in the metal:ceramic grain boundary area by a factor of approximately three.

The combination of ICP-OES and EDS analyses confirmed an increase in the dissolution of the
steel binder with increasing volume fraction, with this effect is slightly more pronounced for the

fine-grained cermets.

Microstructural studies also confirmed for both the fine- and coarse-grained cermets that, while

there is preferential dissolution of the steel binder, the TiC grains remain largely unaffected.

Based on the various electrochemical measurements performed, it can be concluded that in
addition to lowering the binder content of the TiC-316L cermets, increasing the carbide grain size

is an additional approach that can be taken to improve the corrosion resistance of these materials.
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8.1 ABSTRACT

A family of TiC-stainless steel ceramic-metal composites (or cermets) was developed in the present
study, using steel grades 304L, 316L or 410L as binders. Melt-infiltration was used to prepare the
cermets, with binder contents varied between 10 and 30 vol. %. The corrosion behaviour was evaluated
using a range of electrochemical techniques in an aqueous, NaCl-containing solution. The test methods
included Tafel extrapolation, and potentiodynamic, cyclic and potentiostatic polarisation. The corroded
samples were subsequently characterised using SEM and EDS, while the post-corrosion solutions were
analysed using ICP-OES to determine the residual ionic and particulate material removed from the
cermets. It was demonstrated that the corrosion resistance was enhanced through decreasing the steel
binder content, which arises due to the preferential dissolution of the binder phase, while the TiC
ceramic remains largely unaffected. For the present materials, TiC prepared with 10 vol. % 304L

stainless steel provided the highest corrosion resistance.

Keywords: Ceramic composites; electrochemical characterisation; potentiodynamic polarisation;

cyclic polarisation; potentiostatic polarisation; galvanic corrosion; SEM; ICP-OES
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8.2 Introduction

Titanium carbide (TiC) based ceramic-metal composites, or cermets, have become more widely used in
wear applications due to their improved capabilities when compared to more traditional ‘hardmetals’,
such as tungsten carbide-cobalt (WC-Co) [1]. TiC based cermets have several properties that typically
exceed those of WC, such as increased hardness and toughness, as well as a lower mass (the density of
WC is approximately three times that of TiC) [2]. These characteristics, in addition to TiC being of a
lower cost than WC, offers the potential for TiC-based cermets to replace WC-Co in a variety of

industrial applications.

In terms of the development of cermets for corrosion applications, it is invariably noted that the
incorporation of a metallic binder with the ceramic matrix phase degrades the corrosion performance of
the material [58, 91, 94, 155, 181, 196]. Available literature on the aqueous electrochemical behaviour
of cermets, and in particular WC-Co, shows that the binder metallic phase affects corrosion behaviour
due to its selective dissolution, while the ceramic phase remains relatively immune [8, 58, 91, 93, 94,
155, 170-173, 181, 193, 194,196, 197, 210]. Monticelli and colleagues reported a loss in corrosion
resistance through the incorporation of Co binder into WC for thermal spray coatings [197]. By
comparing the corrosion performance of WC and WC prepared with 5 wt. % Co, the corrosion
resistance of WC-Co cermets decreased, and the loss in corrosion resistance was attributed to
preferential dissolution of the Co binder in the composite. Dissolution of the Co binder phase in WC-
Co cermets has also been reported by other authors [170, 181], and it was confirmed that the loss of the
metal binder governs the corrosion behaviour of WC-Co cermets, although it is dependent upon the
applied potential. A reduction in the corrosion resistance of WC-Co with increase in Co binder content
was also reported by Mori and colleagues [94], who showed an improvement in the corrosion
resistance of cermets with a higher dissolved WC content in the Co binder. The corrosion behaviour of
TiC-304L and TiC-316L stainless steel based cermets has also recently been reported [155, 196], and it
was demonstrated that the corrosion resistance was improved by lowering the steel binder content (i.e.
TiC prepared with 10 vol. % steel content). At high binder contents (i.e. TiC with 30 vol. % 304L),
microstructural analysis revealed preferential dissolution of the steel, resulting in relatively poor
corrosion resistance compared to the materials prepared with 10 vol. % 304L [196]. For TiC-316L
cermets, it was shown that the corrosion resistance is degraded when reducing the TiC grain size [155],
for a constant steel binder content, which was attributed to galvanic activity at the TiC-steel interface;
in this instance cermets with nominal grain sizes of 4 and 11 um were developed, with the finer grain
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sized materials having an approximately three times greater interfacial area than those with the coarse

grain size.

In order to reduce the wear and, potentially, corrosion of metallic components, cermets or hard oxide
coatings are often used. Generally, cermets coatings consist of WC or chromium carbide (Cr;C;)
particles embedded in a metal binder, which can be a pure metal or an alloy, for example consisting of
a mixture Ni, Cr and/or Co [211]. Hard oxide surface coatings are often based on Cr,O; as the
corrosion resistant layer [211]. As many coatings have complex compositions, and multiple
components, the possibility of micro-galvanic corrosion activity between the different constituents can
arise, which is likely to undermine the surface integrity of the coating [211]. An example includes bulk
composites or coatings that undergo tribologically induced compositional changes. For instance, the
presence of carbides in a metallic binder typically improves wear resistance, but at the same time may
establish a micro-corrosion cell at the carbide-metal interface. This can arise as the carbide is likely to
be more cathodic, with respect to the surrounding metallic matrix, leading to the possibility of
preferential anodic dissolution of the metallic matrix close to, or at, the matrix-carbide interface. This
process can consequently accelerate carbide removal from the surface, and hence reduce the wear-
resistant properties [12]. Such behaviour has been reported for the corrosion-wear response of HVOF
sprayed WC cermets coatings, with metallic binders of Co, Co-Cr, Cr;C,-Ni and Ni, when tested in a
strong acidic environments [212]. Considerable micro-galvanic corrosion occurred between the WC
particles and the binder, and uniform corrosion occurred in the binder materials of WC-Co, WC-Ni
[212]. The occurrence of galvanic corrosion was confirmed in WC-Co cermets by examining the
dissolution behaviour of Co, WC and the WC-Co composite itself, and it was demonstrated that there
was serious dissolution of Co, while the WC remained essentially unaffected [12]. Perry and colleagues
studied the corrosion behaviour of WC-Co and WC-CoCr coatings [213], and reported a general
corrosion of the Co binder in the WC-Co coatings, while in the WC-CoCr coatings the corrosion
mechanism was of a more localised nature, attacking the interface between the carbide and metal

phases.

There is a continuing demand to develop new and improved materials, that can offer superior wear and
corrosion resistance, especially in the mining, and oil and gas industries, where corrosion and
erosion/wear are major concerns. For instance, the US Navy is currently interested in materials that
exhibit superior wear and corrosion resistance [192]. Unfortunately, the microstructural modifications
that can enhance wear resistance, may also adversely affect the corrosion resistance. For example,

cermets intrinsically consist of a ceramic and metal phase that will likely have differing electrical
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characteristics, thereby opening up the possibility of galvanic corrosion at the interface [95]. With that
in mind, Wu and colleagues studied the corrosion behaviour of TiC particle-reinforced 2Cr13 stainless
steel metal matrix composites (MMCs) in a 5 wt. % HCI aqueous solution (with 0 to 2.5 wt. % TiC)
[190], and reported that the addition of TiC resulted in the formation of Cr-rich carbides in the alloy; in
this instance the TiC concentration was relatively dilute, and the composite can be viewed as a metal
matrix composite, rather than a cermet. The presence of the Cr-rich carbides, together with the more
noble TiC particles, led to the formation of galvanic microcells with the adjacent steel matrix. It was
also noted that the difference in the thermal expansion coefficient between TiC and the steel matrix
resulted in a high dislocation density at the steel matrix/TiC interface, which accelerated the corrosion

at higher TiC contents [190-191].

The objective of the present paper is to investigate the corrosion behaviour of TiC-stainless steel
cermets in a simulated seawater environment, through the application of selected electrochemical
measurements, in combination with microstructural and compositional analysis. Stainless steel grades
304L, 316L and 410 L have been used for the cermet binders, with processing controlled to ensure a
nominally constant mean grain size for the TiC in each of the cermets. To further elucidate the
behaviour of these cermets, their corrosion response has also been compared to the equivalent ‘pure’

stainless steel grades (i.e. 304L, 316L and 410L).

8.3 Experimental procedure
8.3.1 Sample Preparation and Characterisation

All of the TiC-based samples were prepared using as-received TiC powder (Grade TiC-2012; Pacific
Particulate Materials, Vancouver, BC, Canada), with a mean particle size of ~1.25 um [96]. TiC
preforms were prepared by uniaxial pressing (at ~67 MPa) to produce samples ~31.75 mm in diameter
x ~4 mm thick. The preforms were then further compacted by cold isostatic pressing at ~220 MPa.
Following compaction, the TiC pellets were weighed and placed onto a layer of bubble alumina within
an alumina crucible. An appropriate amount of steel powder was then placed on top of the TiC
preforms, with the steel content varied from 10 to 30 vol. % in the final cermet composition. Three
stainless steel powders (Alfa Aesar, Ward Hill, MA, USA) were used, each with a nominal particle size
of -100 mesh: austenitic grades 304L (Lot # K19M09) and 316L (Lot # A04S008), and the martensitic
grade 410L (Lot # 123M43). The nominal composition of each grade of steel used in the present work
is provided in Table 8.1[97]. Melt-infiltration was subsequently conducted at 1500°C (for 304L and
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316L containing samples) and 1550°C (for the 410L samples), under a dynamic vacuum (better than 20
milliTorr). A graphite resistance furnace (Materials Research Furnaces, Suncook, NH, USA) was used,
with heating and cooling rates of 10°C/min and 25°C/min respectively. The sintering temperature was
held for a period of 60 minutes in each case. These conditions were selected to provide a nominally
equivalent grains size for each of the TiC-stainless steel cermet systems, so that potential interfacial

area effects, relating to differing grain sizes, could be minimised [155].

Table 8.1: Nominal compositions for the stainless steel grades used in the present work [97].

Type | Nominal composition (max. wt. %) Density
Cr Ni C Mn |[Si |P S N | Mo (g/cm’)
304-L | 18-20 8-12 10.03 |2 1 0.045 |0.03 | 0.1 - 8.03
316-L | 16-18 10-14 | 0.03 |2 1 0.045 |0.03 | 0.1 2-3 8.03
410-L | 11-13.5 | 0.75 0.03 |1 1 0.04 0.03 |- 0.75-1.25 | 7.75

The infiltrated cermet densities were determined using the Archimedes immersion method in water. For
microstructural examination and corrosion testing, the densified cermet samples were initially ground
flat using a coarse, 149 um (100 mesh) peripheral diamond wheel (Saint-Gobain Abrasives, Worcester,
MA, USA). They were then ground and polished using successively finer grades of diamond, starting
with 125 pm diamond pads and finishing at 0.25 pm diamond paste. Microstructural characterisation
was subsequently performed using both optical microscopy (Olympus BX-51, Olympus, Tokyo, Japan)
and scanning electron microscopy (SEM; Model S-4700 Hitachi High Technologies, Tokyo Japan), the
latter with associated energy dispersive X-ray spectroscopy (EDS; Model X-Max/Inca, Oxford
Instruments, Concord, MA, USA).

Grain size measurements were made using the linear intercept method on digital SEM images [125].
This allowed determination of the mean grain intercept dimension, which was then multiplied by 1.56
to determine a mean grain size d,, for each material. A minimum of 300 TiC grains were measured for
each sample to determine the individual mean grain sizes. In addition, two further microstructural
parameters were determined for each of the TiC-stainless steel cermets. The contiguity is a measure of
the ratio of carbide-carbide to carbide-binder interfaces that are intercepted per unit line length, and it

was determined for each sample following [152]:
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where N, and N, are the number of carbide-carbide (i.e. TiC-TiC) and carbide-binder (i.e. TiC-steel)
interfaces, respectively. The mean free path of the steel binder, d,, is a measure of the metallic ligament
dimensions between individual carbide grains. The mean free path is given by [153]:

L [V
=——| 2 \d. Equation 5.2
1-c\y,

where V}, and V. are the volume fractions of the binder and carbide phases, respectively (for the present

case it is assumed that V;, + V.= 1).

8.3.2 Electrochemical Testing

The corrosion response of the TiC-stainless steel cermets was assessed in a simulated seawater
environment, containing 3.5 wt% NaCl, at room temperature (nominally 23°C). A standard three-
electrode, flat cell configuration was employed, with the cermet sample acting as the working electrode
(the exposed surface test area was 1 cm?). A platinum mesh was employed as the counter electrode,
with a saturated calomel electrode (SCE; 0.241 V versus a standard hydrogen electrode) as the
reference. All of the potential measurements that are subsequently discussed will consequently be
referred to the reference electrode. In order to compare the corrosion behaviour of the cermets, ‘pure’
304L, 316L, and 410L stainless steel specimens were used as reference materials; the ‘pure’ steel

grades were sourced commercially from McMaster-Carr (Aurora, OH, USA).

Prior to potentiodynamic polarisation measurement, the samples were immersed for a period of 240
minutes to ensure steady-state conditions. For the actual potentiodynamic polarisation experiments, the
potential was scanned from -0.75 to +3.5 Vgcg, at a scan rate of 0.1667 mVs™! (EG&G Princeton
Applied Research Potentiostat/Galvanostat Model 273, Princeton Applied Research, Oak Ridge, TN,
USA). For each test, the corrosion potential (Ey) and the corrosion current density (icon) Were
estimated through the use of an instantaneous, Tafel-type fit, derived using CorrWare corrosion
analysis software (Scribner Associates, Inc., Southern Pines, NC, USA). The critical current density,
iit (1.6. the current measured at the peak of the active region) and pseudo-passive current density ipass

(i.e. the minimum current in the pseudo-passive region) are also used to characterise results obtained
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after potentiodynamic polarisation. The Tafel-derived corrosion rate (in mm/year) is then calculated

following [107]:

-3 .
Corrosion rate (Tafel) = 3.27x10 DX Leors X W Equation 3.1

where W is the equivalent weight of the alloy (i.e. composite), D is the density of alloy (in g/cm’), and
icon (in pA/cm?) is the corrosion current density of the specimen extrapolated from the Tafel
polarisation plots. In order to have an idea of the actual material lost by corrosion, and for comparison
with the electrochemical-derived corrosion rate, the cermets samples were also weighed before and
after corrosion, and the weight loss was used to calculate the corrosion rate (in mm/year) following

[37]:

Corrosion rate (weight loss) = 87.6xM Equation 3.2

TxAxD

where M is the weight loss (in g) after exposure time, 7 (in hours), and 4 is the area of the exposed
specimen (in cm?). For cyclic potentiodynamic polarisation testing, scans were initiated 240 minutes
after the specimen was immersed in the test solution. Each scan was initiated from the open circuit
potential (OCP) to the point where a significant current increase was observed in the anodic (positive)
direction. As the scan reached a user-programmed threshold current value and/or offset potential, it was
reversed and the sample was then scanned in the cathodic (negative) direction. When the reverse and
forward scans intersect, the scan was stopped. The scan rate was 0.1667 mVs™ for both the forward and
reverse directions. The cyclic potentiodynamic testing allows determination of both the pitting and
protection potentials, Epi and Epr, respectively. In this instance the value for Ey,;; was determined from
the point where a sudden increase in current was experienced during the forward scan, while the value

for Epror Was determined from the intersection point of the reverse scan on the forward scan.

Microstructural evaluation of the corroded surfaces was carried out using optical microscopy,
SEM/EDS and XRD. In order to determine the concentrations of various elemental species released
from the cermets during testing, the solutions remaining after the electrochemical tests were examined
using inductively coupled plasma optical emission spectroscopy (ICP-OES; Varian Vista Pro (Radial
View), Varian Inc., Mulgrave, Australia). The solutions recovered from the test cell were initially
filtered using a Millipore vacuum filtration system (with a 1.0 pum pore size). Filtering allowed the
separation of any fine particulate material released from the corroding surfaces, which could then be

analysed independently from any dissolved elemental species. The remaining solution following
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filtration was directly analysed using ICP-OES. To assess the filtered particulate material, the
recovered residue was dried at 105°C and then weighed. It was then dissolved in a sequence of acids
(HF, HNOs3, HCIO,), within Teflon beakers, and then dried again. The dried residue was then brought
back into solution with HCI, made up to 100 ml in volumetric flasks, and subjected to ICP-OES

analysis.

8.4 Results and Discussion
8.4.1 Cermet Characterisation

Following melt-infiltration, all the samples were densified to in excess of 99 % of theoretical (based on
a simple rule-of-mixtures related to the starting constituent densities), such that subsequent
electrochemical testing can be viewed as being performed on fully planar surfaces (i.e. there are no
complicating factors relating to surface connected porosity that would increase the effective surface
area). Representative SEM images of the microstructures of the TiC-stainless steel cermets are shown
in Figure 8.1, confirming the high degree of densification that was achieved for each compositional
variant. In each case there is good homogenisation of the TiC ceramic phase within the steel binder,

with little evidence of anomalous grain growth.
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Figure 8.1: Representative SEM images of TiC-stainless steel cermets prepared with: (a) TiC-10 vol.
% 304L, (b) TiC-20 vol. % 304L, (c) TiC-30 vol. % 304L, (d) TiC-10 vol. % 316L, (e) TiC-20 vol. %
316L, (f) TiC-30 vol. % 316L, (g) TiC-10 vol. % 410L, (h) TiC-20 vol. % 410L, and (i) TiC-30 vol. %
410L.

The mean grain size, calculated using the linear intercept method, was broadly consistent for each
composition at ~6 um (Figure 8.2(a)). The carbide-carbide contiguity is observed to decrease in a
broadly consistent manner with increasing binder content (Figure 8.2(b)), while the binder mean free
path increases with the binder content (Figure 8.2(c)). These microstructural observations regarding

contiguity and binder mean free path are generally consistent with prior studies of TiC-Ni3;Al cermets
[124].

221



(a)

100
E L
2
S 80
o L
=
= - & =
S 6.0 . g-‘-..':....;..'-“"-' e
g | - "'JL _____ -
§ I
© 4.0
[ | -oee 304L
2O T 6L
— = -410L
R r——— e —r e ———r———
0 5 10 15 20 25 30 35
Binder content (vol. %)
(b)
5 10 —
E w9 304L
2} - -a- - 316L
S 08 — = -410L |
o ' L)
[ N
0.6 R
N
L '\‘ L] .
0.4 Wy
I N
~ B
0.2} B %X
[..'"I I-l i Ao i g b 4 4 i 2 ¢ j 4 i ||I-il-l|
0 5 10 15 20 25 30 35

Binder content (vol. %)

222



(c)

5.1)

E: | e 3041
z [ |- -a--316L
S 40| == -410L
= [ ]
o /9
= 30 e
; | '_‘.‘ {'- . -
] P e -
E | B S ey
= 2.0 A ..,_,.-;!'-
- i -——-- -
E [
2 [
1.0}
.ol . .
0 5 10 15 20 15 30 35

Binder content (vol. %)

Figure 8.2: The effects of binder composition and content on the various microstructural parameters
assessed for the TiC-stainless steel cermets developed in the present work: (a) grain size, (b) contiguity,

and (c) the binder mean free path.

8.4.2 Electrochemical Measurements

Typical examples of the plots obtained for the OCP, as a function of time, are shown in Figure 8.3. It is
apparent that by increasing the steel binder content, the OCP becomes more negative. The relative

parameters determined from the OCP analysis for each of the cermet compositions are presented in

Table 8.2.
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Figure 8.3: Representative OCP curves, demonstrating the effects of binder content for each of the

TiC-stainless steel cermets, together with comparison of the ‘pure’ stainless steels: (a) TiC-304L, (b)

TiC-316L, (c) TiC-410L, and (d) the ‘pure’ grades of stainless steel.
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For comparison purposes, values for the OCP obtained with the ‘pure’ steels are presented in Table 8.3.
As can be seen for each of the systems examined, the OCP values for the respective steels are less
negative (i.e. more noble) than for the corresponding cermets, which indicates better surface

passivation behaviour and, consequently, improved corrosion resistance [214].

Table 8.2: OCP values determined for the cermets as a function of the steel binder content. Each value

is the mean of 10 repetitions (standard deviation shown in parentheses).

Binder content | OCP (V vs. SCE)*

(vol.%) TiC-410L TiC-316L TiC-304L
10 L0470 (0.034) | -0.241(0.058) | -0.224 (0.039)
20 20526 (0.018) | -0.2640.018) | -0.260 (0.027)
30 20520 (0.020) | -0.233(0.028) | -0.278 (0.031)

Table 8.3: OCP values determined for the ‘pure’ steels. Each individual value is the mean of 10

repetitions (standard deviation values are shown in parentheses).

OCP (V vs. SCE)
304L 316L 410L
-0.105 (0.021) -0.123 (0.040) -0.455 (0.030)

**Values are mean (standard deviation), N = 10

Slight oscillations in the potential are occasionally observed in the OCP curves (Figure 8.3), which
suggests the likelihood of an aggressive action of the Cl™ ions towards the protective surface passivation
layer [184]. The OCP values for the cermets broadly increase with steel binder content (i.e. TiC-304L),
as shown in Table 8.2, but on occasion show a slight decrease at the highest binder content. This is
particularly apparent for TiC-316L, where the OCP value for 30 vol. % binder is actually less negative
than for 10 vol. % binder. The more noble OCP values generally observed at the lowest steel binder
content for each cermet can be attributed the excellent corrosion resistance offered the protective

surface layer, which can be anticipated to be titanium dioxide (Ti0O;). TiC behaves in a broadly similar
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manner to pure Ti, in that there is formation of a TiO; protective oxide layer [37, 215]. The presence of

this TiO; layer helps in reducing the progression of corrosion [37, 166].

In order to determine the corrosion current density, iy, and the corrosion potential, E .y, Tafel
extrapolations were performed following potentiodynamic polarisation tests, with the results presented

in Table 8.4.

Table 8.4: The Tafel-derived values of i and E., determined for the cermets and ‘pure’steels. The

presented values are the mean for 4 repetitions (standard deviation values are shown in parentheses).

Sample Eorr (V vs. SCE) Lcorr (uA/cmz)
TiC-10 vol.% 304L -0.210 (0.047) 0.576 (0.206)
TiC-20 vol.% 304L -0.288 (0.023) 0.922 (0.033)

TiC-30 vol.% 304L

-0.264 (0.029)

1.440 (0.235)

304L stainless steel

-0.204 (0.023)

0.221 (0.013)

TiC-10 vol.% 316L

-0.211 (0.031)

1.261 (0.808)

TiC-20 vol.% 316L

-0.266 (0.028)

1.522 (0.230)

TiC-30 vol.% 316L

-0.234 (0.023)

3.043 (0.516)

316L stainless steel

-0.221 (0.031)

0.190 (0.022)

TiC-10 vol.% 410L

-0.465 (0.035)

2.298 (0.649)

TiC-20 vol.% 410L -0.499 (0.001) 4.483 (0.163)
TiC-30 vol.% 410L -0.506 (0.037) 5.965 (2.426)
410L stainless steel -0.400 (0.024) 2.004 (0.263)

It is apparent that both i, and E.o for the cermets increase with steel binder content. In comparison,
the values of i.. for each of the ‘pure’ steels is lower than for the cermets, again indicating better
corrosion resistance. From Figure 8.4, based on the Tafel extrapolation data, it can be seen that the

corrosion rate increases with binder content for all of the cermets. For the ‘pure’ steels, it is observed
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that the corrosion resistance of 316L is the highest, followed by 304L and then 410L. This response is
as expected [42], and relates to the different chemical compositions of the steel grades, as outlined in
Table 8.1. It is apparent from the data presented in Figure 8.4 that the best cermet corrosion resistance
is achieved for the lowest binder content samples. This response arises from the effectively increasing
TiC surface area, at lower binder volume fractions, with the TiC being protected by a TiO, surface

layer, as outlined earlier [215].
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Figure 8.4: The effects of binder composition and content upon the Tafel derived corrosion rates for

the TiC-stainless steel cermets.

Another factor that could aid in explaining the improved corrosion resistance, for lower binder content
samples, is related to a potential galvanic effect between the TiC and steel binder. Given a nominally
constant grain size (Figure 8.2(a)), it is clear that as the binder content is reduced, the carbide-carbide
contacts increase (Figure 8.2(b)). The corrosion potential of TiC in 3 wt. % NaCl is +0.28 V [180],
which is more noble than the corrosion potentials of the steels used in the present study, within a
similar electrolyte. It can consequently be anticipated that the difference in corrosion potentials
between the TiC ceramic phase and the steel binder, in a conducting electrolyte, will lead to galvanic
activity at the interfaces. As a consequence, cermets with a greater steel binder content are prone to
more extensive attack, leading to an increase in the corrosion rate. It can also be seen from Table 8.5
that, of the ‘pure’ metals, 316L stainless steel has the best corrosion resistance, but when incorporated
with TiC into a cermet structure, the TiC-304L cermets have better corrosion resistance than their TiC-

316L and TiC-410L counterparts. The reason to this could be related to difference in electrochemical
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potentials and galvanic activity between the TiC and 304L, 316L or 410L steel binder. Generally, when
two dissimilar materials are incorporated in a conducting electrolyte, and one is more noble (cathodic)
while the other is more active (anodic), the difference in potential between the cathode and anode site
will indicate the expected degree of galvanic corrosion. Consequently, the smaller the difference in
potential, the lower the expected extent of galvanic corrosion [37]. However, changes in electrolyte

composition and temperature could also alter the potential positioning in the galvanic series [37].

Table 8.5: The measured corrosion rates for the ‘pure’ steels used in the present work, based on Tafel

extrapolation of potentiodynamic polarization data.

Corrosion rate (mm/year)

304L 316L 410L

0.0022 0.0020 0.0219

The OCP of TiC in a similar electrolyte to the current study was determined to be +0.28 V, [180] while
those of 304L, 316L and 410L steels are approximately -0.105 V, -0.123 V and -0.455 V, respectively.
Comparing the difference in the OCP between TiC (cathodic) and the various steels [37] (anodic), it
can be seen that based on this principle, TiC-304L cermets should be expected to have the best

corrosion resistance, which is confirmed in Figure 8.4.

Comparing the Tafel-based corrosion rates for the present materials with previously published data, it
is apparent that the TiC-stainless steel cermets perform well in comparison with commercially
available cermet coating systems. Using a broadly similar approach, Toma and colleagues determined
aqueous corrosion rates for WC-Co and WC-CoCr, and demonstrated the former to be ~0.76 mm/year,
which is lowered to ~0.32 mm/year through the addition of Cr [198]. The best cermet coating systems
for corrosion resistance are presently those based on Cr;C,, with a NiCr binder, which have been
demonstrated to exhibit aqueous corrosion rates as low as 0.008 mm/year [199]. Some caution should
be taken when evaluating these different materials, particularly in comparing bulk cermets and
coatings, where coating porosity may play a role in degrading the corrosion properties. However, it is
clear that the present materials exhibit generally similar performance, in comparison to the Cr3;C,-based

cermets, when assessing electrochemically derived (i.e. Tafel) corrosion rates.

In addition to estimating the response from the Tafel extrapolation procedure, the corrosion rates of the

cermets were also obtained through weight loss measurements (Figure 8.5). It is apparent that the rate
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of corrosion determined by weight loss also increases with binder content, confirming the general Tafel
observations. It is notable that the TiC-410L cermets exhibited a slightly higher corrosion resistance
than the other cermets under selected conditions. However, generally the trend is consistent with the

corrosion rates determined from Tafel extrapolation.
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Figure 8.5: The effects of binder composition and content upon the corrosion rates derived from

weight loss measurements for the TiC-stainless steel cermets.

It is also apparent that the corrosion rates calculated from the weight loss measurements are
approaching one order of magnitude greater than those obtained with the Tafel electrochemical
measurement technique. Other authors have also reported significant discrepancies in corrosion rates
when comparing electrochemical measurements with weight loss [208, 209], occasionally differing by
several orders of magnitude (with weight loss measurements being greater than those obtained
electrochemically) [208]. The corrosion rate trends observed from both the Tafel and weight loss
approaches are in good agreement with the observations of Sacks [58], who studied the corrosion
behaviour of WC-Co composites in tannic acid-based electrolytes, and reported an increase in the
corrosion rate with increasing Co binder content. It was demonstrated that there was a preferential
dissolution of the Co binder, while the WC grains retained their sharp facets, and are effectively not

attacked during the corrosion tests [58].

Representative examples of the potentiodynamic polarisation plots obtained for each of the TiC-

stainless steel cermets, as well as the baseline steels, are shown in Figure 8.6. Table 8.6 presents the
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accompanying quantitative data obtained after potentiodynamic polarisation experiments. From Figure
8.6 it can be seen that the representative potentiodynamic plots for each of the cermet types show
active, passive and transpassive regions. It is also apparent from Table 8.6 that the critical current
density, iui;, and pseudo-passive current density, ipas, increase with steel binder content. This response

relates to the passivation tendency of the cermets.
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Figure 8.6: Representative potentiodynamic polarisation curves, demonstrating the effects of binder
content for each of the TiC-stainless steel cermets, together with comparison of the ‘pure’ stainless

steels: (a) TiC-304L, (b) TiC-316L, (c) TiC-410L, and (d) the ‘pure’ grades of stainless steel.
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Table 8.6: Electrochemical results following potentiodynamic polarisation, showing the critical current

density, icrt, and the minimum current density in the pseudopassive region, ipass, for the cermets.

Sample erit (A/em?) ipass (A/em’)
TiC-10 vol.% 410L 0.018 0.010
TiC-20 vol.% 410L 0.030 0.020
TiC-30 vol.% 410L 0.043 0.031
TiC-10 vol.% 316L 0.024 0.013
TiC-20 vol.% 316L 0.045 0.030
TiC-30 vol.% 316L 0.062 0.056
TiC-10 vol.% 304L 0.021 0.015
TiC-20 vol.% 304L 0.044 0.028
TiC-30 vol.% 304L 0.066 0.057

The low critical anodic current density at the peak of each of the curves indicates that the specimens
passivate quickly [104], which indicates that the greater TiC fraction, at the lowest binder contents is
contributing to the corrosion resistance of the cermets. Similar results have also been reported by Sacks
[58], who noted an increase in iy with an increase in Co content during corrosion studies of WC-Co
cermets. Sutthiruangwong and Mori also reported a decrease in icis, icorr and Zpass With increasing WC

content [93], which mirrors the observations presented in Table 8.6.

From both Figure 8.6 and Table 8.6 it can be noted that although the potentiodynamic curves show
active, passive and transpassive regions, the current responses in the passive region are relatively high
(i.e. of the order of 10?A/cm?), which is too high to be viewed as a true passive material [8]. It has
previously been stated that Co-based cemented carbides do not passivate, but the potentiodynamic
curves show a conventional anodic behaviour, thereby exhibiting a critical potential and breakdown
potential [8, 93]. However, the current density obtained for WC-Co cemented carbides, after reaching

the critical potential, is several orders of magnitude higher when compared to truly passive materials;
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this behaviour is consequently known as pseudo-passivity [8, 93]. Although some precipitation of a
semi-protective surface layer occurred in the pseudo-passive region, at the interface between the intact
WC-Co cermet and the Co-depleted WC skeleton it is not stable, and it re-dissolves into the corrosive
electrolyte [93]. Human and colleagues have indicated that this pseudo-passive behaviour is prominent
at very high electrochemical potentials [8, 171, 172]. A material that behaves in a truly passivating
manner will have a passivation current not exceeding 10 pA cm™ [8, 183] and any material that
exhibits a current several orders of magnitude higher than this value can therefore be regarded as

pseudo-passive [8, 93, 172].

Generally, for materials exhibiting pseudo-passivity at high electrochemical potentials, after reaching a
critical current density there will be a slight drop in current in the passivation region, as apparent in
Figure 8.6. It can be seen that the passive current density measured for each of the cermets, presented
previously in Table 8.6, is in the region of four orders of magnitude higher than for a true passive
material (i.e. 10pA/cm™). Consequently, the phenomenon of pseudo-passivity is believed to be
happening in the current TiC-steel cermets. The reason for the very high current observed in the
pseudo-passive region is related to the formation of a weak, cracked and/or porous oxide, thereby
allowing the penetration of the electrolyte to the cermet surface [8]. In other words, the presence of
such an oxide scale, which still inhibits diffusion to a certain extent, leads to a limitation of the current
density [8]. A further investigation of the phenomenon of pseudo-passivity is presented in a study of

the corrosion behaviour of TiC-304L cermets [196].

The cyclic polarisation responses of the cermets and the baseline steels are presented in Figure 8.7. The
pitting and repassivation (or protection) potentials (Ep;; and Epy, respectively) are used to study the
susceptibility of materials to localised corrosion. The relative degree of ‘self-healing’ ability of the

surface film is then given by [95]:

AE = Epit - Eprot Equation 8.5

The accompanying electrochemical results of the cyclic polarisation experiments are shown in Table
8.7. It is typical that an increase in Ep;; improves the resistance of the materials to pitting corrosion,
while a decrease of AE indicates a greater ability towards self-healing of the passively-formed surface
film [95]. As can be seen from Figure 8.7, by increasing the steel binder content the pitting resistance
of the cermets is improved (i.e. Ep; increases with binder content). The lower values of AE for TiC
cermets prepared with 10 vol. % 304L and 316L highlight their greater self-healing ability for the

passive film, compared to the other TiC-steel cermets. It is also notable that these values are even
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slightly better than the baseline steels. This indicates that the cermets prepared with 10 vol. % 304L or
316L have the lowest susceptibility to localised corrosion. This behaviour is likely to be related to the
protection rendered by the formation of a protective oxide of titanium (i.e. TiO;) at higher TiC content.
However, for both the TiC-410L cermets (and the 410L baseline steel), as well as the TiC-304L
cermets with higher binder contents, there is no protection offered, as Ep is below Ey, inferring a

high susceptibility to localised corrosion.
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Figure 8.7: Representative cyclic polarisation curves, demonstrating the effects of binder content for

each of the TiC-stainless steel cermets, together with comparison of the ‘pure’ stainless steels: (a) TiC-

304L, (b) TiC-316L, (c) TiC

-410L, and (d) the ‘pure’ grades of stainless steel.
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Table 8.7: Extrapolation of the pitting and protection potentials from the cyclic polarisation curves.

Sample Eic (V vs. SCE) Eprot (V vs. SCE) AE (V vs. SCE)
TiC-10 vol.% 304L -0.068 -0.339 0.271
TiC-20 vol.% 304L 0.150 No protection NA
TiC-30 vol.% 304L 0.567 No protection NA
304L stainless steel 0.101 No protection NA
TiC-10 vol.% 316L -0.132 -0.335 0.203
TiC-20 vol.% 316L -0.186 No protection NA
TiC-30 vol.% 316L 0.513 -0.228 0.741
316L stainless steel 0.014 -0.212 0.226
TiC-10 vol.% 410L -0.167 No protection NA
TiC-20 vol.% 410L -0.276 No protection NA
TiC-30 vol.% 410L -0.283 No protection NA
410L stainless steel -0.238 No protection NA

In order to further confirm the observations from cyclic polarisation, and to substantiate the probability
of localised corrosion, potentiostatic polarisation tests were conducted for all of the current materials at
an applied voltage above E,; (Figure 8.8); the specific polarisation voltages used for each sample are
provided in Table 8.8. Generally, the likelihood of localised corrosion is confirmed, depending on the
nature of the current response after potentiostatic polarisation tests conducted at voltages above Ey;;. An
increase in current above the Ey; indicates localised corrosion, while a decrease in current with time
highlights repassivation, and no tendency towards localised corrosion. As can be seen from Figure 8.8,
all of the studied materials showed an increase in current with time during the potentiostatic scans
above E, indicating the probability of localised corrosion. These observations confirm the results of

the cyclic polarisation tests, shown previously in Figure 8.7 and Table 8.7.
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Figure 8.8: Representative potentiostatic polarisation curves, demonstrating the effects of binder
content for each of the TiC-stainless steel cermets, together with comparison of the ‘pure’ stainless

steels: (a) TiC-304L, (b) TiC-316L, (c) TiC-410L, and (d) the ‘pure’ grades of stainless steel.
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Table 8.8: The applied voltages used for potentiostatic polarisation testing of the TiC-stainless steel

cermets and the ‘pure’ stainless steel.

Sample Polarisation voltage (V vs. SCE)

304L 316L 410L
Pure steel 0.10725 0.16475 -0.175
10 vol. % steel 0.02075 -0.0505 -0.127
20 vol. % steel 0.2475 0.01725 -0.2275
30 vol. % steel 0.575 0.52 -0.195

It can also be seen from Figure 8.8 that, while the cermets with 10 vol. % 304L and 316L steel showed
an increase in current with time, the effect is relatively small. This again highlights the superior
capacity of these low binder compositions towards self-healing of the passive film, when compared to
the other cermets studied. The large oscillations observed in the potentiostatic curves for the pure 316L
and 304L stainless steels presents evidence of localised corrosion, and an aggressive attack of the

passive film by CI ions [184].
8.4.3 Post Corrosion Chemical Analysis

Following the corrosion experiments, the remaining solution from the electrochemical cell was
analysed using ICP-OES, in order to determine both the solid (in terms of fine particulate matter) and
ionic (dissolved) material present in the solution. Assessment of the primary constituent species is
presented in Figures 8.9 and 8.10, for the solid and ionic material, respectively. In terms of the solid
constituents, with increasing binder content it is apparent that there are concurrently increasing
quantities of the steel components (i.e. Fe, Ni, Cr and Mo) liberated during corrosion testing (Figure
8.9). Conversely, there are relatively decreasing amounts of Ti present. The increase in the assorted
steel species indicates that there is a preferential attack of the binder, the extent of which increases in a
nominally linear manner with the overall binder content of the cermets. By comparing the dissolution
of Fe for the three studied cermet types, it can be clearly seen that TiC-410L cermets have the highest
dissolution rate, followed by TiC-316L and lastly, TiC-304L. This observation also confirms the
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superior corrosion resistance of TiC-304L cermets over the other developed compositions, as outlined

earlier.
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Figure 8.9: ICP-OES chemical analyses of the filtered material removed from the post-test solutions
after corrosion testing of the TiC-stainless steel cermets: (a) TiC-304L, (b) TiC-316L, and (c) TiC-
410L.

Figure 8.10 shows the ionic content measured in the filtered solutions (i.e. after removal of all
particulate material), following the corrosion experiments for each cermet. It can be seen that there is
greater amount of Ni and Mo ions in the filtered solutions after testing the TiC-316L compositions (i.e.
Figure 8.10(b)) when compared to other cermets. The loss of Ni and Mo ions, which are important
components that improve the corrosion resistance of the steel, may indicate why the TiC-316L cermets
showed marginally inferior corrosion resistance compared to TiC-304L, where the loss of Ni ions is
minimal. The absence of Fe ions from the solution could indicate precipitation of Fe in some form,
which would then lead to a higher Fe content in the recovered solids component, relative to Ni. As the
pH of the NaCl solution is between 5.3-5.8, which is fairly close to the highly acidic and corrosive pH
range [0-4], the possibility of Fe precipitation can be justified [216].
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Figure 8.10: ICP-OES chemical analyses of the remaining post-test solution, following filteration to
remove particupalte material, after corrosion testing of the TiC-stainless steel cermets: (a) TiC-304L,

(b) TiC-316L, and (c) TiC-410L.

In addition to analyses of the various residual corrosion solutions after electrochemical testing, the
influence of the tests on the cermet composition was also analysed. Figure 8.11 presents the surface
EDS analyses, both before and after corrosion testing, for each of the cermet systems. As can be seen,
by comparing the composition of the metal binder both before and after corrosion it is apparent that
there is heavy dissolution (and hence removal) of the metal binder components during corrosion, for
each of the cermet systems, while the TiC is essentially unaffected. These analyses confirm that there is
selective dissolution of the binder, supporting the ICP-OES data presented in Figures 8.9 and 8.10. In
the most extreme corrosion cases it can be expected that there will also be a slight loss of Ti (and C),
due to the removal of individual TiC grains when the metal binder is degraded (there is no longer
sufficient steel binder to keep the surface grains in place); this will not be observed by EDS analysis, as
Ti and C will still be the predominant components, but can be observed through SEM imaging as the
surface morphology will change from polished (i.e. smooth) to rough (i.e. revealing complete,

individual TiC grains).
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Figure 8.11: Comparative EDS elemental analyses of the surface of TiC-stainless steel samples
prepared with 30 vol. % steel binder, both before and after corrosion testing: (a) TiC-304L, (b) TiC-
316L, and (c) TiC-410L.

8.4.4 Corroded Sample Characterisation

Typical SEM images of the cermets after potentiodynamic polarisation testing are shown in Figure
8.12. Preferential dissolution of the binder is apparent, while the TiC grains remain largely unaffected
following the tests. Even when the steel binder is removed, the TiC particles support each other to a
large extent and form a continuous, rigid skeleton. However, some surface TiC grain removal does
occur; the presence of remnant, surface grains can be easily observed in the form of a retained, uniform
flattened face on each individual grain (e.g. Figure 8.12(f)). It can be clearly seen that at the highest
binder contents, essentially all of the interconnecting metal binder content is removed from the near
surface region, leaving clean and smooth TiC grains. This observation confirms the lowering of the
corrosion resistance with increasing binder contents, as evidenced through the various electrochemical
tests previously outlined in Section 8.3.2: Electrochemical Measurements. The selective dissolution of
the metal binder could be as a result of a galvanic effect, as noted earlier, existing between the TiC

ceramic and steel binder, in an aggressive conducting electrolyte.
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Figure 8.12: Representative SEM images of the corroded surfaces of the TiC-stainless steel cermets
following potentiodynamic polarisation testing, for cermets with, respectively: (a-c) 10, 20 and 30 vol.

% 304L, (d-f) 10, 20 and 30 vol. % 316L, and (g-1) 10, 20 and 30 vol. % 410L.

TiC particles are reported to have a reasonable electrical conductivity (~2><106 Q'm™")[192]. As a
consequence, electrochemically, they are more noble than the steel binder. The likelihood therefore
exists for creating galvanic activity at the interface, leading to serious dissolution of the steel [95, 190,

192].
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The effects of cyclic polarisation on the cermets and the accompanying, baseline steels are shown in

Figures 8.13 to 8.15, for the 304L, 316L and 410L based materials, respectively.

(a) (b)

10.0kV 14.3mm x2.00k SE(M) I 10.0kV 13.0mm x2.00k SE(M)

(c) (d)

10.0kV 13.0mm x5.00k SE(M) 10.0kV 11.2mm x5.00k SE(M)

Figure 8.13: Representative SEM images of the corroded surfaces of the TiC-304L cermets and ‘pure’
304L steel following cyclic polarisation testing: (a) 10 vol. % 304L, (b) 20 vol. % 304L, (¢) 30 vol. %
304L, and (d) ‘pure’ 304L stainless steel.
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Figure 8.14: Representative SEM images of the corroded surfaces of the TiC-316L cermets and ‘pure’
316L steel following cyclic polarisation testing: (a) 10 vol. % 316L, (b) 20 vol. % 316L, (c) 30 vol. %
316L, and (d) ‘pure’ 316L stainless steel.
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Figure 8.15: Representative SEM images of the corroded surfaces of the TiC-410L cermets and ‘pure’

410L steel following cyclic polarisation testing: (a) 10 vol. % 410L, (b) 20 vol. % 410L, (c) 30 vol. %
410L, and (d) ‘pure’ 410L stainless steel.

It is apparent that there is heavy pitting on each of the baseline steel surfaces, which is in agreement
with the experimental results of the cyclic polarisation tests, shown in Figure 8.7. In that instance the
values of E,, for the steels (i.e. the protection potential) are more active than E,;, indicating the
tendency for localised corrosion. The presence of pits on the three steels also relates to the oscillatory
response observed for the steels during the cyclic polarisation experiments (Figure 8.7), which
indicates evidence of Cl ion attack. However, for the TiC-stainless steel cermets, there is only

selective attack occurring locally at the interface between the TiC and steel metal binder (the initial
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stages of which are shown in Figure 8.14(c)), resulting in removal of the binder itself. In this instance
the TiC ceramic particles are not affected in any obvious way. It is also apparent that the intensity of
the corrosive attack increases with binder content, highlighting again that the best corrosion resistance
occurs for the lowest binder content (i.e. 10 vol. % steel). The lack of substantial evidence for pitting
on the cermets can be attributed to the beneficial protective effect offered by the formation of a surface
oxide [186], likely to be TiO,-based in the present materials. Similar results have also been reported by
Wu and colleagues [95], who stated that TiC-containing 304 steel MMCs showed a better resistance to
pitting corrosion than the baseline 304 stainless steel, when tested in a 5 wt. % HCI aqueous solution. It
was also noted that the addition of an approximately 1um thick TiC coating (produced by a high-
energy micro-arc technique), deposited on a 304 stainless steel substrate, improved the corrosion
performance relative to the steel alone, when tested in a 1M H,SO,4 aqueous solution [176]. This
response was attributed to the protection offered by the presence of the continuous TiC coating, which
acts as an effective diffusion barrier to the corrosive species. However, from the present work it can be
clearly seen that there is a selective interfacial attack on the cermets, resulting in steel binder loss,
while the TiC grains are unaffected; in this instance the TiC grains do not form a continuous surface
coating. The reason for selective interfacial attack on the cermets could be related to variations in pH at
the interface and at the bulk part of the cermets. There is the possibility that a local drop in pH will
occur at the interface between steel binder and hard TiC phase, potentially causing an increased
instability of the metal and ceramic phases [217]. However, it is likely that the anodic area is the
metallic side of interface between the steel binder and hard TiC phase (where metallic dissolution takes
place), whereas the adjacent ceramic side of interface is the cathodic region (where oxygen reduction
takes place). Within the interface (anodic region), metal dissolution occurs, and increases the migration
of chloride ions into at the interface. The formation of metal cations decreases the pH (acidifies the
solution) near the interface, due to hydrolysis of metal cations, leading to intensive corrosion in this
region. This theory could explain the reason for localised corrosion at the interface of the cermets, but

is still subject to further investigation.

Examples of SEM images recorded following potentiostatic polarisation above E,;, for both the
cermets and steels, are shown in Figures 8.16 to 8.18, for the materials based on 304L, 316L and 410L,
respectively. These microstructural observations can be compared with the electrochemical data
resulting from the potentiostatic polarisation tests, shown previously in Figure 8.8. It can be seen that
there is general mechanistic agreement between both the electrochemical and compositional

observations, and the SEM images.
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Figure 8.16: Representative SEM images of the corroded surfaces of the TiC-304L cermets and ‘pure’
304L steel following potentiostatic polarisation testing: (a) 10 vol. % 304L, (b) 20 vol. % 304L, (c) 30
vol. % 304L, and (d) ‘pure’ 304L stainless steel.

252



(a) (b)

[ O A e B I e [ T B I R O B
10.0kV 12.8mm x2.00k SE(M) 20.0um 10.0kV 12 4mm x2.00k SE(M) 20.0um

(c) (d)

~k ,‘N
10.0kV 12.7mm x2.00k SE(M) 20.0um 10.0kV 14.3mm x2.00k SE(M) 20.0um

Figure 8.17: Representative SEM images of the corroded surfaces of the TiC-316L cermets and ‘pure’
316L steel following potentiostatic polarisation testing: (a) 10 vol. % 316L, (b) 20 vol. % 316L, (c¢) 30
vol. % 316L, and (d) ‘pure’ 316L stainless steel.
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Figure 8.18: Representative SEM images of the corroded surfaces of the TiC-410L cermets and ‘pure’
410L steel following potentiostatic polarisation testing: (a) 10 vol. % 410L, (b) 20 vol. % 410L, (c) 30
vol. % 410L, and (d) ‘pure’ 410L stainless steel.

For the baseline steels there is consistent evidence of localised corrosion on the surface (Figures 8.16 to
8.18), which is confirmed by the increase in current that occurs when holding at a potential above E,;
(shown previously in Figure 8.8). For the cermets, a comparable interfacial attack is observed to the

cyclic polarisation case, while the intensity of attack increases with the steel binder contact.

It can again be confirmed that cermets with lowest binder contents (i.e. 10 vol. % steel) have the best
corrosion resistance, which was also confirmed by the resulting corrosion currents being the lowest

following potentiostatic polarisation above E;.
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8.5 Conclusions

The corrosion behaviour of TiC-stainless steel cermets has been assessed in a simulated seawater
environment (with 3.5 wt. % NaCl), using a combination of electrochemical and weight loss
measurements, together with microstructural and compositional analyses. The cermets have been
prepared with 10 to 30 vol. % steel binder, with the stainless steel compositions 304L, 316L and 410L
examined. Efforts were also made during cermet processing to ensure an essentially identical grain
size, to eliminate any issues arising from changing ceramic-metal interfacial area. Based on this study,

the following conclusions can be drawn:

(1) The corrosion resistance of the baseline 3161, 304L and 410L steels is generally better than the
TiC-stainless steel cermets, but comparable to the cermets with lowest binder content (i.e. 10 vol. %

steel), which would offer significantly superior wear resistance.

(2) For the ‘pure’ baseline steels, the 316L stainless steel has the best corrosion resistance, followed by
304L and finally 410L. Conversely, for the cermets, the TiC-304L system has the best corrosion
resistance, then TiC-316L and lastly TiC-410L.

(3) The corrosion rate of the cermets increases with steel binder content, which is related to selective
dissolution of the steel binders. At low binder contents there is also an increased amount of semi-

protective TiO,-based oxide on the sample surface.

(4) Microstructural studies revealed preferential dissolution of the steel binder, while the TiC grains

remain largely unaffected.

(5) Chemical analyses, using both ICP-OES and EDS, confirmed an increase in dissolution of the steel

binder at higher binder contents.

(6) Based on both the electrochemical measurements and microstructural analyses, it can be concluded
that the cermets with the lowest binder content (i.e. 10 vol. %) have the potential to offer a combination
of good corrosion resistance and excellent wear resistance, as the dissolution rate of the binder is

minimal during aqueous corrosion, while the high TiC would provide enhanced wear resistance.
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9 Conclusions and Recommendations for Future Work

The present study has assessed the wear and corrosion behaviour of a series of novel TiC-based
cermets, prepared with a variety of stainless steel ‘binders’ (i.e. 304L, 316L and 410L), and with the
steel contents varied from 10 to 30 vol. %. All the TiC-steel based cermets were successfully fabricated
through melt-infiltration and sintering, with samples typically exhibiting densities in excess of 99 % of
theoretical. The high sintered densities of these cermets are confirmed by SEM examination, and there
is good homogeneity of the two-phase microstructure, with little evidence of anomalous grain growth.
The mean grain size was calculated by using linear intercept method,and was broadly consistent for
each composition of the cermets. With increasing binder content, there is also an increase in mean free

path of all the studied cermets, as well as a significant decrease in the contiguity.

The reciprocating wear tests were conducted using varying loads (20 to 80 N) and times (15 to 120
minutes), with a ball-on-flat testing geometry. In order to determine the extent of wear, optical
profilometry was used to measure the volumetric wear loss and calculate a specific wear rate. It was
apparent for all the cermets, that the wear rate increases with both the applied load and the stainless
steel binder content. By increasing the binder content, there would be an associated volume reduction
of the high hardness/elastic modulus TiC phase. When the TiC content is very high, the composite
behaviour is dominated by the ceramic phase and the associated hardness of the composite is high (the
contiguity is also high). The TiC particles can resist plastic deformation and offer additional resistance
to the effective Hertzian load applied through the WC-Co containing sphere. This beneficial effect is
degraded by the addition of the steel metal binder (effectively a soft phase in comparison to the TiC).
By increasing the steel binder content, there is a decrease in the contiguity of the TiC particles (with an
associated loss of hardness), and an increase in the binder mean free path, which both enhance the
toughness of the composite. When the applied load is very low and at higher TiC content, the steel
deformation and material removal is effectively minimised due to the contiguity of the TiC grains,
which form a rigid, contacting network that resists compression and extrusion of the softer metallic
binder. Microstructural analysis confirmed the operating wear mechanisms for these cermets. It is
evident that the cermets, wear behaviour is rather complex, but involves a combination of abrasive
wear (with a transition from two- to three-body wear), and adhesive/tribo-chemical wear (notably
present in the form of a new tribolayer that is present on both the wear track and the counter face WC-

Co sphere), which is discussed in more detail in the following paragraphs.
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Examination of the wear track revealed that there is essentially no plastic deformation outside of the
track. The build-up of deposited material at the ends of the wear track is an indicative of two-body
wear. This general behaviour points to an abrasive wear mechanism. In terms of the wear progression,
it can initially be expected that the mechanism will be two-body (ploughing wear), with the cermet
sliding directly against the WC-6Co counter face sphere. This will eventually result in the formation of
debris between the two counter faces, as TiC grains crack and fragment under the Hertzian contact
load, and the steel binder is extruded out from between the TiC grains (binder extrusion is more evident
at higher steel binder content). As a consequence, there will be a transition from two- to three-body
wear, with the debris acting as the third body. Three-body wear ultimately leads to the formation of a
tribolayer (the extent of formation of tribolayer increases with load and time), and a further potential
transition to an adhesive wear mechanism, which was also confirmed by SEM and analysis of the wear
debris. The formation of a tribolayer is promoted by the repeated, cyclic loading, with the third body
material rolling back and forward between the two primary counter faces. This leads to a severe and
massive refinement in the size of the third body particles. By microstructural analysis of the chemical
composition of the of the tribolayer using EDS, it was possible to confirm that a major component
within the tribolayer is oxygen, and this is expected to be mostly in the form of oxides associated with
components from the steel binder (i.e. Fe, Cr, Ni, and Mo), together with Ti from TiC and a small

amount of W from the WC-6Co counter face sphere.

A comparison of the wear behaviour of fine- and coarse-grained TiC-316L cermets followed the same
trend as the conventional TiC-steel based cermets, with fine-grained cermets having the superior wear
resistance and hardness, while the coarse-grained cermets had the better fracture toughness.
Microstructural analysis of the wear debris generated on the coarse-grained cermets showed a coarser
morphology than the fine-grained cermets suggesting that fragmentation of TiC observed on coarse
grained cermets acted as third-body during the three-body wear scenario leading to the coarser
morphology of wear debris. In summary, the smaller the TiC grain size, the better the hardness and

wear resistance, while the coarser the TiC grain size, the better the indentation fracture resistance.

Samples for electrochemical assessment were tested within an electrochemical flat cell in a 3.5 wt. %
NaCl aqueous solution. OCP tests measure the steady state potential of the cell until equilibrium is
established between the sample and the NaCl solution within which it is immersed. Potentiodynamic
testing was used to study the overall corrosion behaviour of the cermets, incorporates an applied

cathodic potential, and measures the resultant current density of the cermet samples being investigated.
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The potentiodynamic test was observed from -0.5 to 3.5 V. Corrosion rates were obtained using both
the Tafel extrapolation method and a direct technique, via weight loss measurements. The corrosion
rates obtained for the cermets were also compared to that of the equivalent pure steels in order to access
the corrosion performance of the cermets. Cyclic polarisation was performed to access the
susceptibility of the cermets to localised corrosion, while potentiostatic polarisation was applied at the
pitting and/or protection potentials (obtained from cyclic polarisation) to confirm the results obtained
from cyclic polarisation. All the tested samples were subsequently analysed to demonstrate any
changes in composition or microstructure, using the same analysis tools as previously mentioned, as
well as ICP-OES. Based on the electrochemical testing and microstructural/compositional analysis, it
was possible to establish a pattern of susceptibility and microstructural response to electrochemical

attack.

The corrosion testing results obtained from both weight loss measurements and Tafel extrapolation on
the cermets showed broadly similar and consistent results, with an increase in the steel binder contents
leading to higher corrosion rates, due to preferential dissolution of the binder. For all the cermets, both
the corrosion potential and corrosion current density increase with binder content, indicating better
corrosion resistance at lower binder contents. It is proposed that there is potential formation of a
protective TiO, layer, which improves corrosion resistance at high TiC content. Microstructural
observations revealed significant degradation of the samples, with the steel binder preferentially
dissolved, while the TiC remained relatively unaffected. Cermets with the lowest binder contents (i.e.
10 vol. %) have the best corrosion resistance. Those based on austenitic steels (i.e. TiC-10% 304L and
TiC-10% 316L) showed the highest ability for self-healing of the passive layer, indicating better pitting
corrosion resistance. This was also confirmed from cyclic polarisation studies. In terms of the
corresponding steels (3161, 304L and 410L), 316L exhibits the best corrosion resistance, followed by
304L and then 410L. Generally speaking the steels have better corrosion resistance than the cermets,
but a comparable performance to the corrosion resistance of cermets with the lowest binder contents
(i.e. 10 vol. %). However, these cermets would offer an excellent combination of wear and corrosion
resistance, as dissolution of the binder is significantly reduced, while the higher TiC content
considerably enhances the composite wear resistance (approximately 1,000 times better than the steels

alone).

The fine- and coarse-grained TiC-316L cermets showed somewhat different corrosion behaviour. The

corrosion resistance of both fine- and coarse-grained TiC-316L cermets increases with a reduction in

259



the steel binder content (i.e. an increase in the TiC content), as with the other TiC-stainless steel
systems. This is believed to be as a result of an increase in the surface area coverage by a TiO, semi-
protective layer, with a resultant reduction in the tendency for metallic binder dissolution.
Microstructural studies and analyses also confirmed for both the fine- and coarse-grained cermets that,
while there is preferential dissolution of the steel binder, the TiC grains remain largely unaffected. The
corrosion resistance of the coarse-grained cermets is slightly superior to that of the fine-grained
counterpart. This is believed to be due to reduced (galvanic) interfacial attack, due to a reduction in the
ceramic-metal grain boundary area by a factor of approximately three. By using combinations of ICP-
OES and EDS analyses, it is confirmed that the dissolution of the steel binder increases with increasing
volume fraction, with this effect slightly more pronounced for the fine-grained cermets. It should be
emphasised that although the coarse-grained cermets showed better corrosion resistance than the fine-
grained variants, these benefits in terms of corrosion resistance must be weighed against the potential

for reduced wear resistance when the carbide structure is coarsened.

9.1 Performance Ranking of Cermets

The performance ranking of all the studied cermets in the present study is presented in Table 9.1 As
can be seen, the improvement in corrosion and wear resistance at the highest TiC content shows that
TiC-steel based cermets have potential for use in highly corrosive and erosive environments. Cermets
with the lowest binder content (i.e. 10 vol. % stainless steel content) offer an excellent combination of
wear and corrosion resistance, as dissolution of the binder is significantly reduced and pitting corrosion
is avoided, while the high TiC content considerably enhances the composite hardness and wear

resistance.

9.2  Contributions to Original Thought

The thorough investigations of wear and corrosion studies on TiC-steel based cermets have led to
improved understanding of their corrosion and wear behaviour, and resulted in a number of innovations
for potential practical applications of these cermets. There is a very high demand in the oil and gas, and
mining industries on materials that would offer superior wear and corrosion resistance, while

improving on approaches to further understand the behaviour of these materials.
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The systematic approach that was originally designed to study the wear and corrosion behaviour of
these cermets was based on studying the effects of binder addition and composition behaviour.
However, modifying this approach slightly by assessing the effect of coarsening, or making the carbide
grain size finer, an improved understanding has been established in terms of how the carbide grain

structure affects both the wear and corrosion response of these cermets.

Secondly, a systematic approach that was in place for corrosion studies on these cermets was solely
based on using electrochemical testing techniques, but by modifying this approach further through the
assessment of non-electrochemical techniques, such as the use of EDS before and after corrosion, and
use of ICP-OES to analyse the corroded solution, a significant improvement in the study and behaviour

of these cermets has been established.

Lastly, the traditional approach to studying the susceptibility of cermets to localised corrosion is simply
by ranking the pitting and protection potentials obtained through cyclic polarisation experiments, but
by going one further step and applying potentiostatic polarisation above the pitting potential (obtained
through cyclic polarisation experiments), and fully supporting it with microstructural analysis, an
improved and comprehensive approach to studying the susceptibility of cermets to localised corrosion

has been established.
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Table 9.1: Performance ranking of all the studied cermets.

TiC-304L cermets

Property investigated TiC-10 vol.% 304L | TiC-20 vol.% 304L | TiC-30 vol.% 304L
Corrosion resistance excellent good acceptable

Wear resistance excellent good acceptable
Hardness excellent good acceptable

IFR acceptable good excellent

TiC-316L cermets

TiC-10 vol.% 316L

TiC-20 vol.% 316L

TiC-30 vol.% 316L

Corrosion resistance excellent good acceptable
Wear resistance excellent good acceptable
Hardness excellent good acceptable
IFR acceptable good excellent

TiC-316L cermets (fine)

TiC-10 vol.% 316L

TiC-20 vol.% 316L

TiC-30 vol.% 316L

Corrosion resistance good excellent acceptable
Wear resistance excellent good acceptable
Hardness excellent good acceptable
IFR acceptable good excellent

TiC-316L cermets (Coarse)

TiC-10vol.% 316L

TiC-20vol.% 316L

TiC-30vol.% 316L

Corrosion resistance excellent good acceptable
Wear resistance excellent good acceptable
Hardness excellent good acceptable
IFR acceptable good excellent

TiC-410L cermets

TiC-10vol.% 410L

TiC-20vol.% 410L

TiC-30vol.% 410L

Corrosion resistance excellent good acceptable
Wear resistance excellent good acceptable
Hardness excellent good acceptable
IFR acceptable good excellent
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9.3 Recommendations for Future Work

Study of the corrosion and wear behaviour of TiC-steel based cermets is still in its infancy, and the
current work is a systematic study to further improve understanding of the corrosion and wear
behaviour of these materials. The outlined research on the electrochemical response of the TiC-steel
based cermets focussed on studying the susceptibility of these materials to corrosion at room
temperature. In addition, future studies on the erosion-corrosion behaviour of these cermets is
recommended, as this would provide useful information for the use of such materials in the oil and gas
and/or mining industries, where these cermets are potentially very relevant materials based on their
outstanding wear and corrosion resistance. Studying the susceptibility of these cermets to localised
corrosion for the present study was based on applying a potentiostatic polarisation above the pitting
potential (obtained after cyclic polarisation experiments), followed by microstructural analysis. A
future recommendation would be to apply potentiostatic polarisation below the protection potential and
supporting it with microstructural analysis. It is generally believed that the higher diffusion rates and
contact stress associated with fine-grained cermets (as a result smaller radius of curvature) is one of the
reasons that contributed negatively to their corrosion performance when compared with coarse-grained
cermets. It would be worthy of a recommendation to use XRD analyses to assess the stress on both the

fine- and coarse -grained cermets before corrosion experiments and relate it to the corrosion response.

With regard to the wear studies, sectioning of the wear tracks using a focused ion beam (FIB)
microscope is highly recommended, as the tribolayer and ‘ploughed’ material at the end of the wear
tracks may be further investigated to confirm their thickness and composition throughout the range of
the examined layer. By doing this, it would be possible to determine if the tribolayer is truly
homogenous or if there is a compositional change throughout the layer. Another benefit that would be
derived by using FIB is to confirm the presence of any sub-surface defects that are generated during

wear testing, especially the presence of Hertzian cone cracking, as it is an indicative of fatigue failure.

Lastly, the current research focused on the development, testing and evaluation of the wear and
corrosion behaviour of TiC-steel based cermets through the application of experimental techniques. It
is therefore desirable to develop corrosion (by monitoring the interfacial attack with time) and/or wear
models ( by using contact mechanics) to further enhance the understanding on the behaviour of these
cermets, and to generate a predictive capability for assessing the behaviour of subsequent variations on

the present materials.
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Appendix A: Materials Characterisation

The following section presents powder and sample characterization results not examined in the
previous chapters. Each powder used was analyzed using SEM, XRD and energy-dispersive x-ray
spectroscopy (EDS) to ensure accuracy to within the manufacturer’s specifications for particle size,
crystallographic structure, as well as chemical composition. Figure 10.1 shows the XRD trace for TiC
powder and associated peaks from the TiC powder diffraction file, or PDF (#03-065-8416) confirming
the same chemical composition provided by the manufacturers. As it can be seen TiC powder showed
no unexpected peaks and aligns very well with the PDF in the ICCD database. These results show
excellent agreement with the ICCD database confirming that the TiC powder received from Pacific
Particulate Materials is of correct crystalline compositions. The density of all the studied cermets is
shown in Figure 10.2, as can be seen, the medium-grained cermets (TiC-304L, TiC-316L, TiC-410L
cermets) have sintered densities in excess of 99% of theorrtical confirming that mrlt infiltration allows
for the formation of high density cermets, even at low steel binder content. However, coarse-grained
cermets (Figure 10.2b) have a slightly lower density than fine-grained cermets. The reason for this
could probably related to preferential vaporisation and / or pore coarsening associated with sintering at
longer times. The XRD of as-sintered TiC-304L cermets is shown in Figure 10.3. As can be seen, all
the major peaks are from TiC. In order to calculate the mean grain size of all the studied cermets, linear
intercept method is used and presented in a Histogram as shown in Figure 10.4. The mean grain size
and sintering conditions of all the studied cermets are presented in Table 10.1 for clarity. In order to
gain insight in the changes in the chemical compostion of the steel binder after infiltration, EDS
analysis was carried out on the 316L stainless steel starting powder, 3161 stainless steel in the
infiltrated cermet and TiC in the infiltrated cermet and presented in Table 10.2. As can be seen, there is
slight drop in the composition of steel binder (Fe, Cr, Ni and Mo contents) after infiltration. Also it can
be seen that carbon content increased after infiltration suggesting that there could be diffusion of

carbon from TiC to the steel.
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Figure 10.2: Infiltrated density of cermets (% TD) (a) Regular TiC-steel cermets, (b) Fine and coarse
grained TiC-316L cermets. All the cermets had sintered densities in excess of 97% of theoretical
confirming that melt infiltration allows for the formation of high density cermets, even when low steel

contents are used (i.e. 5 vol. %).
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XRD of as -sintered TiC 304L cermets
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Figure 10.3: XRD of as-sintered TiC-304L cermets. All the major peaks are TiC and the observation is

consistent with other cermets.
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Mean grain size of fine grained TiC- 10 vol. % 316L cermets
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Figure 10.4: A representative histogram of fine grained TiC —10 vol. % 316L cermets used for the

determination mean grain sizes of all the studied cermets.
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Table 10.1: Mean grain size and sintering conditions of all the studied cermets.

Cermets Mean grain size(pum) Sintering conditions
TiC + 10 vol.% 304L 6.80 1500°C/60 minutes
TiC + 20 vol.% 304L 6.25 1500°C/60 minutes
TiC + 30 vol.% 304L 6.45 1500°C/60 minutes
TiC + 10 vol.% 316L 6.48 1500°C/60 minutes
TiC + 20 vol.% 316L 5.38 1500°C/60 minutes
TiC + 30 vol.% 316L 6.03 1500°C/60 minutes
TiC + 10 VOl.% 410L 6.25 1550°C/60 minutes
TiC + 20 VOl.% 410L 6.09 1550°C/60 minutes
TiC + 30 VOl.% 410L 6.68 1550°C/60 minutes
TiC + 10 vol.% 316L(ﬁne) 4.03 1475°C/15 minutes
TiC + 20 vol.% 316L (ﬁne) 3.57 1475°C/15 minutes
TiC + 30 vol.% 316L (ﬁne) 3.63 1475°C/15 minutes
TiC + 10 VOl% 316L (CO&I'SG) 10.87 ISSOOC/240 minutes
TiC + 20 VOl.% 316L (CO&I‘SG) 10.47 ISSOOC/240 minutes
10.40 1550°C/240 minutes

TiC + 30 vol.% 316L (coarse)
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Table 10.2: EDS chemical composition analysis (wt %) of infiltrated TiC-316L cermet with 30 vol. %

steel binder content and the 316L starting powder.

Element 316L der Steel in infiltrated TiC in infiltrated
e POWAET | 430 vol. % 316L | TiC-30 vol. % 316L
¢ 1.47 2.78 21.88
Cr 14.37 11.95 0.72
Fe 61.25 65.31 12
Ni 20.20 16.32 0
Mo 2.04 0.15 0.235
Ti 3.35 75.93
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Appendix B: Electrochemical Data

The following section presents results of electrochemical experiments that are not examined in
Chapters 6 and 8. In Chapter 7, potentiostatic polarization (held at 1.5V) was performed at the pseudo-
passive region of the fine and coarse grained cermets to confirm the tendency of pseudo-passivity on
the cermets (TiC-304L cermets) but not examined in other regular cermets (TiC-410L and TiC-316L

cermets). The results of the other cermets are presented in this section.

The higher presence of oxygen (shown in Table 10.3) observed for cermets with 10 vol. % 304L steel
content shows greater amounts of oxides responsible for the lower current in the passivation range,
hence indicating adherence of the film for corrosion protection. The drop in current with time
confirmed that the cermets achieved some passivation but the presence of greater oxygen at lower
binder content confirms that TiO, could be responsible for corrosion protection (EDS analysis shown in
Table 10.3). The high current density in the pseudo-passive region confirms that pseudo-passivity
could be exhibiting in these cermets. This observation is consistent with other studied cermets that are
not presented here (TiC-316L and TiC-410L cermets). By using SEM analysis (Figures 10.6 and 10.7),
EDS analysis (Figure 10.8 and Table 10.3), it is clear that TiC-304L cermets with 10 vol percent of

binder has better corrosion resistance and higher oxide content with is believed to be TiO».
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Potentiostatic polarization of TiC-304L cermets at 1.5V

0.14

0.12
0.1
Ly |
£0.08 —10% 304L
g —20% 304L
§f—0.oa —30% 304L
3
50.04
Q ——

0.02 \\

n L .
0 5000 10000 15000 20000 25000 30000 35000
Time(seconds)

Figure 10.5: Representative potentiodynamic polarisation curves for TiC-304L cermets at 1.5V.
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(a)

TR
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20.0um

Figure 10.6: SEM of TiC-304L cermets following potentiostatic polarization at 1.5V(a) TiC-10 vol. %
304L (b) TiC-30 vol. % 304L cermets. The less corrosion attack on TiC-10 vol. % 304L cermets is

evident and also confirming the lowest current in the passivation region as shown in Figure 10.5.
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(a)

(b)

10pym Electron Image 1

10pm Electron Image 1
Figure 10.7: SEM image of TiC-304L cermets following potentiostatic polarization at 1.5V. (a) TiC-

10 vol. % 304L cermets, (b) TiC-30 vol. % 304L cermets.
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Figure 10.8: EDX spectral analysis of TiC-304L cermets (analysis taken from images of Figure 10.7).
(a) TiC-10 vol. % 304L (b) TiC-30 vol. % 304L cermets.
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Table 10.3: EDS chemical composition analysis (wt %) of TiC-304L cermets (cermets with 10 and 30
vol. % 304L steel binder) following potentiostatic (analysis taken from images of Figure 10.7).
Evidence of higher amount of oxygen at lower binder (TiC- 10 vol. % 304L cermet) content is apparent

leading to lowest passivation current density as shown in Figure 10.5.

Element TiC-10 vol.% 304L TiC-30 vol.% 304L
C 10.86 15.69

O 28.80 6.07

Ti 56.56 78.55

Cr 1.13 0.68

Fe 2.38 0.33

293



Appendix C: Reciprocating Wear Data

The following section presents results of hardness, indentation fracture resistance (IFR), and the
reciprocating wear of TiC-316L and TiC-410L cermets that are not covered in Chapters 4 and 5. The
hardness and IFR (determined using Anstis method as explained in Chapters 4 and 5) of TiC-316L and
TiC-410L cermets are shown in Figure 10.9. As can be seen, hardness decreases with increase in steel
binder content while IFR increases confirming that the hardness of the cermet is dependent on TiC
content while the fracture toughness is dependent on the steel binder content. The COF increases with
steel binder content (Figur 10.10) and a slight drop observed at 60N load for both TiC-316L and TiC-
410L cermets with 10 steel binder content could depict change in wear mechanism from the initial two-
body to three-body wear. The volumetric wear loss (Figure 10.11) increases with load and time as
predicted by Lancaster (Details in Chapters 4 and 5) whereas the specific wear rate (Figure 10.12)
increases with steel binder content and load. This shows that wear resistance of these cermets is
dependent on the TiC content and decreases with load as confirmed by optical profilometry analysis
(Figure 10.13). The Microstructural analysis of the wear tracks using SEM and EDS analysis show
evidence of ploughing and pushing of materials at the ends of the wear tracks, formation of tribolayer,
and mutual transfer of materials from the WC-CO counter face sphere to the cermets ( Figures 10.14,
10.15, 10.16 and 10.19 and Table 10.4). All these point to two- to three-body abrasive and adhesive
wear mechanism operating in these cermets. The transition from the morphology of the wear debris at
lower load ( 60N as shown in Figure 10.17) and at higher load (80N as shown in Figure 10.18) shows

the change of wear mechanism at different loads.
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IFR and Hardness of TiC-316L cermets
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Figure 10.9: The hardness (measured with a 1 kg load) and indentation fracture resistance (measured
with a 50 kg load using Anstis equation) as a function of steel binder content. (a) TiC-316L cermets,
(b) TiC-410L cermets. It is apparent that for the two cermets, hardness is dependent on TiC content

while indentation fracture resistance is dependent on the steel binder content.
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0.4 COF of TiC-316L cermets
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Figure 10.10: The effect of applied load on the COF after 120 minutes of dry sliding, as a function of
steel binder content. (a) TiC-316L cermets, (b) TiC-410L cermets. It is apparent that COF increases

with binder content.
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Volumetric wear loss vs time of TiC 20% 316L cermets
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(b) TiC-410L cermets
Figure 10.11: The volumetric wear loss as a function of applied load and dry sliding time. (a) TiC
prepared with 20 vol. % 316L binder, (b) TiC prepared with 20 vol. % 410L binder. It can be seen that

volumetric wear loss increases with time.
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Specific wear rate of TiC-316L cermets
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Figure 10.12: The specific wear rate as a function of applied load. (a) TiC-316L cermets, (b) TiC-410L

cermets. The specific wear rate increases with load and binder content.
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Figure 10.13: An optical profilometry images showing wear tracks of TiC- 20 vol. % 316L cermets at
different loads. (From left to right, 20 to 80N load). (a) Optical profilometer images (b) Wear track
profile of (a). It is evident that wear resistance increases with decrease in load judging from the depth

of the wear track. This observation is consistent with all the studied cermets.
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Figure 10.14: SEM images of the wear track formed on TiC- 10 vol. % 316L after testing using 20N
and 80 load for 2 hours duration.(total sliding distance ~1.45Km); sliding direction is vertical for all
images. (a, b) 10 vol. % 316L of at 20N load showing initial formation of tribolayer and build of
material at the end and edge of the wear track, (c, d) 10 vol. % 316L at 80N load depicting increase in

build-up of tribolayer and spallation with increase in load.
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Figure 10.15: SEM images of the wear track formed on TiC- 10 vol. % 410L after testing using 20N
and 80 load for 2 hours duration.(total sliding distance ~1.45Km); sliding direction is vertical for all
images. (a, b) 10 vol. % 410L of at 20N load showing initial formation of tribolayer and build of
material at the end and edge of the wear track, (c, d) 10 vol. % 410L at 80N load depicting increase in

build-up of tribolayer and spallation with increase in load.
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Figure 10.16: SEM images showing a typical tribolayer that is generated at higher load after testing
using 80N load for 2 hours duration.(total sliding distance ~1.45Km); sliding direction is vertical for all
images. (a) 20 vol. % 316L (b) 20 vol. % 410L.
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Figure 10.17: SEM Micrographs showing wear debris generated at 60N load, (a) TiC-30 vol. % 316L
(b) TiC-30 vol. % 410L cermets. The morphology of the wear debris suggests a combination of 3-body

and adhesive wear mechanism.
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' Electran Image 1

10dm
Figure 10.18: A representative EDS image of wear debris generation of TiC-30 vol. % 316L, after dry
sliding for 120 minutes under 80N load (analysis shown in Table 10.3). It is apparent that the
morphology of the wear debris changed (compared with Figure 10.17a at 60N load) at higher load from
spherical to coarser, plate-like and irregular structure inferring the change of wear mechanisms at

different loads.
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Table 10.4: An example of the wear debris generation determined using EDS (analysis of Figure
10.18), for TiC- 30 vol. % 316L, after dry sliding for 120 minutes under 80N load. The wear debris

contains cermets elements as well as WC from counter face sphere.

Element(Line) Weight % Atomic %
C (K) 11.26 25.02

O (K) 27.97 46.68

Ti (K) 22.67 12.64

Cr (K) 3.36 1.72

Fe (L) 22.38 10.70

Ni (L) 3.35 1.52

Mo (L) 0.58 0.16
W(M) 7.40 1.08
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Figure 10.19: EDS analysis on wear scar of WC-6Co counter face sphere used on TiC-30 vol. % 410L,
after dry sliding for 120 minutes under 80N load. (a) EDS image of the WC-6Co counter face sphere
(b) Spectral analysis of the counter face sphere(shown in a). It is apparent that there is mutual transfer

of material from cermet material to the WC-6Co counter face sphere (and vice-versa).
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