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ABSTRACT

‘Cermets’ are engineered composites that combine ceramic and metallic phases to generate
materials that, typically, exhibit both high hardness and toughness. Because of this combination of
constituents, cermets can exhibit a moderately low coefficient of friction combined with good wear
resistance. In addition, through careful selection of the actual cermets phase compositions, they
can also possess high oxidation resistance and good thermal stability. The development and
synthesis of TiC/TiN with novel binder alloys such as stainless steel 316L and PH17-4PH, NizAl
and additions such as graphene nanoplatelets (GNPs) and Mo.C were developed for applications
under extreme wear resistance environments.

The effects of incorporating Mo>C additions into TiN-Ni3Al cermets, in terms of their densification
response and microstructural development have also been studied. It is demonstrated that an
increase in the Mo>C content reduces both the melting and solidification temperature of the Ni3Al-
based component of the system, which is initially formed via reaction sintering. The wettability of
the NizAl binder was improved through additions of Mo>C, enhancing the densification process.

The influence of series of post-sinter heat treatments, between 600 and 1340 °C, on atomic
ordering of the NizAl on the TiC-30Ni3Al were also studied. An increase in Vickers hardness, from
1400 to 1530 HV, is observed as a result of heat treatment at 1200 °C. Furthermore, the scratch
hardness value was improved from 11.89 to 18.12 GPa, with the main wear mechanisms being
identified as TiC grain pull out and brittle fracture. Other heat treatments were performed on the
TiC-PH 17-4 stainless steel based cermets, evaluating the effects of heat treatments on
precipitation hardening steels in comparison with non-heat treatable steel, when used in
combination with TiC. Martensitic Cu rich precipitates were identified by X-ray diffraction
analysis when TiC-17-4 precipitation hardening steel was heat treated. An increase in Vickers
hardness from 1160 to 2342 HV is as a result of a 1150 °C heat treatment. Moreover, the scratch
resistance was significantly improved, dropping from 1.74 to 0.8 um in scratch depth, when
performed at a load of 30N.
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CHAPTER 1 INTRODUCTION

Transition metal carbonitrides, in particular titanium carbonitride (Ti(C,N)), have been shown
increase interest due to a combination of unique properties such as high melting temperature, high
hardness, wear resistance and, high thermal conductivities [1]. Titanium carbide (TiC) and
titanium nitride (TiN) are isomorphous, therefore a continuous solid solution can be prepared
selecting the right ratio of Ti/C and N [2]. Ti(C,N) has high hardness (2000HV), but its toughness
is limited for most applications [3]. Therefore, the toughness is usually improved by addition of a
metallic binder. The most common binders are nickel (Ni) alloys, due to their improved corrosion
resistance. However, metallic binders such as iron (Fe), chromium (Cr), cobalt (Co), molybdenum
(Mo) were also successfully introduced [4]. An intermetallic phase, stoichiometric (and non-
stoichiometric) nickel aluminide (Ni3Al) has been receiving special attention due the its elevated
strength and oxidation resistance at high temperatures (~1100°C) because the formation of passive
alumina (Al203) layer [5]. However, while these materials have been studied substantially in the
last three decades, the most used ‘hardmetal’ in the industry is still tungsten carbide cobalt (WC-

Co), with higher molecular weight and a significant negative impact environmentally [6].

The properties mentioned above make TiC and TiN good candidates to be used in the ceramic-
metal composite (or cermets) family of materials, particularly when coupled with a metallic binder
phase such as stainless steels or NizAl to improve some specific characteristics [3]. Ni3Al has been
also studied and used in many aerospace applications (i.e. coatings for gas turbines and jet engines)
due its high temperature performance [7]. Therefore, Ti(C/N)-NizAl based cermets have attractive
properties that can potentially give large advances in lightweight applications compared to WC,
with a very good combination of high hardness, corrosion and wear resistance [8]. In addition to
that, WC-Co has high rate of deterioration at high temperatures due to its poor oxidation resistance

and plastic deformation [9].

In comparison to TiC, TiN also shows relevant interest due to its physical and chemical properties,
with a high melting point (2927°C), excellent oxidation properties, and a lower friction coefficient
compared to most cermets [10]. TiN is also used as a coating on a variety of machining tools, and
also in many other applications due to its high wear resistance combined with a low coefficient of

friction [11]. The addition of nitrogen in the cermets also is known to decrease the wettability by



molten metallic binders. Pure titanium carbide has good wettability, however as the amount of

nitrogen increases, it is necessary to use secondary agents to improve wettability [4].

In this research, a new class of TiC and TiN cermets were produced using a simple “press and
sinter” methodology. These materials were prepared using NizAl and two different types of
stainless steel as binder phases, namely austenitic 316L and a grade of (martensitic) precipitation

hardened steel 17-4 PH.

Further modifications/additions were also examined in order to increase chemical and tribo-
mechanical performance. To increase the wettability and further densification of TiN- Ni3Al based
cermets, Mo,C was added as secondary phase. Other components were also tested, including the
use of graphene nanoplatelets (GNP), coupled with TiC-NizAl, and aiming to increase wear
resistance and create self-lubricating properties. A series of heat treatment techniques were also
examinated, including long range ordering (LRO) heat treatments on TiC-Ni3Al, and precipitation
hardening heat treatments on TiC-17-4 PH with the goal of increasing the wear resistance of

cermets.

To access the performance and life cycle of this material, several techniques were used to
characterize and test the properties of the manufactured cermets. A common use for such ceramic-
metal composites is as wear resistant parts in the automotive, aerospace, mining, mineral
processing, and oil and gas industries. Due to the extreme environment that these materials are
subjected to in many applications, severe testing conditions were applied when developing the

cermets.

This work uses optical and scanning electron microscopy to characterise the resultant
microstructures of the different compositions. The mechanical properties such as hardness and
indentation fracture resistance, combined with tribological measurements are also tested. The
harness measurements were conducted by an indentation technique using a sharp Vickers indenter,
with the application of low and high loads. These approaches use low loads (i.e. 1kgf) to avoid
crack formation and collect the real hardness without dispersing energy through the formation of
cracks. The higher indentation loads, such as 30 or 50kgf are then used to calculate the indentation

fracture resistance of the material, which is related to the toughness.



The sintering behaviour of the materials are then measured through using thermal analysis
characterisation methods, including differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and dilatometry, while the related microstructural and phase characterisation was
performed using scanning electron microscopy (SEM) and X-ray diffraction (XRD). Using these
systems, it is possible to obtain specific melting and solidification temperatures, shrinkage and
expansion profile(s) and, finally, the densification response during liquid phase sintering. The
melting and solidification of specific phases are related to the phases analysed by SEM identified
with energy dispersive X-ray spectroscopy (EDS), and confirmed with XRD.

This thesis will be subsequently divided into nine chapters, which combines all the goals and
objectives of the research. In Chapter 2, a literature review is presented showing major results on
cermet materials to date, used of advanced binder phases, the materials that are used and their
limitations, synthesis methodologies, industrial applications and an overview of the
characterization techniques that are used in this field of research, with the focus on wear
performance. Chapter 3 presents the main experimental methodologies and types of analysis used
in this research. Chapter 4 then presents a study on the thermal properties, sintering behaviour and
densification mechanisms of TiN-N3Al cermets using Mo,C to improve the wettability of NizAl
on TiN grains. The main densification mechanisms were observed and described, improving then
further the mechanical performance of such materials. Chapters 5 and 6 are related to further
improvements of the wear performance of TiC-N3Al cermets using two strategies. GNPs were
added, substituting for the binder phase, in order to increase toughness and reduce friction,
therefore increasing wear performance. The investigation focused on how the GNPs additions
influence the processing and densification response of TiC-NizAl cermets, their fundamental
mechanical properties and, most importantly, the tribological behaviour of the resultant GNP-
containing cermets is studied. Chapter 6 shows the effects of post-sinter heat treatments (between
600 and 1340 °C) on atomic ordering of the NizAl. These materials have been assessed using
chemical, mechanical and tribological techniques. The main wear mechanisms were identified, as
well as the influence of the heat treatments on the overall performance of the material. Also, the
ordering transitions were subsequently related to the structural changes predicted through ab-initio
modelling approaches by a research collaboration with Dr. Tsanka Z. Todorova in the Department

of Chemistry department at Dalhousie University.



Chapter 7 explain the first principles and experimental validation studies of fundamental
mechanical (elastic moduli, Poisson ratio and hardness) and thermal (expansion coefficient)
properties were compared to assess the responses in fully dense (99% theoretical density) of TiC-
30vol-% NisAl using a liquid phase sintering process. The experimental elastic moduli were
determined using a pulse-echo method, while hardness was assessed using the Vickers indentation
test. The volumetric thermal expansion of the sample was studied using dilatometry. This work

also involved Dr. Tsanka Z. Todorova who was responsible for the first principles calculations.

Chapter 8 is related to a novel processing approach using cermets with stainless steel-based
binders. A 17-4 precipitation hardenable steel was used in order to study the overall mechanical
and tribological performance, following heat treatments on the steel containing cermets. All of the
results and experiments, data analysis and manuscript preparation of this thesis were performed by
the thesis author with the guidance of the PhD supervisors (Dr. Kevin Paul Plucknett and Dr.
Zoheir Farhat), with the exception of the ab-initio and first principles modelling approaches in
Chapter 7 and 8. Chapter 9 provides a summary of these research findings and accomplishments,

as well as future recommendations for work related to this research topic.

The overall objectives of this work are to improve the mechanical and wear performance of
cermets by using diverse approaches that includes heat treatments, incorporation of novel particles
or by changing the chemistry of the cermets. The specific objectives of this work are outlined

bellow:

e Improve the densification and study the sintering response of TiN-Ni3Al based cermets
with Mo,C additions;

e Study the mechanical and tribological properties of TiC-NizAl based cermets with GNPs
additions;

e Investigate the influence of atomic ordering heat treatments of the Ni3zAl on TiC- NizAl
based cermets;

e Study mechanical and thermal properties of TiC- NizAl using experimental and first-
principles calculations;

e Study the mechanical and tribological property of TiC-steel based cermets.



CHAPTER 2 LITERATURE REVIEW

The literature review explores all the concepts and principles necessaries to understand the
following chapters. It gives an overview of the types of materials being synthesised and developed
in this research, as well as including topics related to understanding of basic characterization
methodologies for the cermets. An overview and history of cermets, TiC and TiN power
fabrication methods, the synthesis of cermets, as well as several recent binder phases such as NizAl,
stainless steels are provided, along with the effects of incremental additions such as GNPs. An in-
depth study on the characterization of cermets, such as mechanical properties including Vickers
indentation hardness and fracture resistance, overall chemical and microstructures obtained, and
several approaches of wear testing a material (such as reciprocating sliding wear, scratch testing
and the “pin on disc” approach, with its specific uses and mechanisms) have also been covered.
An overview relating to wear properties and wear rates and the latest achieved results in the
literature are also shown. A review of the limitations and possible ways to further improve

mechanical properties, using additives such as GNPs or using heat treatments, is presented.

2.1 Introduction to Cermets

Cermets are defined as composite materials with ceramic and metallic components. Cermets are
specifically engineered to have the optimal properties that are in between both ceramics, such as
high hardness and elevated temperature performance, and those of metallic materials, such as
ability to undergo some degree of plastic deformation. Cermets and cemented carbides are one of
the most used materials in terms of powder metallurgy products worldwide [12]. The reasoning is
related to its outstanding performance in extreme environments together with a cost-benefit when
compared to materials such as diamonds and high speed steels [13]. Cemented carbides cover a
large range of materials and applications in many important industries, i.e. tool materials (milling,
drilling turning,) for machining metal components in the automotive and aerospace industry, as

well as several components for tools and drill bits, wire drying dies and punch tools [14].

The first cemented carbide was invented in 1927 by the German company Friedrich Krupp, as was

composed of tungsten carbide and cobalt (WC-Co) under the name WIDIA (an acronym for the



German words Wle DIAmant=like diamond) [ 14]. The first use of this material was related to wire
drawing and wear resistant parts. In recent years after this invention, the additions of other carbides
(such as TiC) were made to improve properties of basic WC-Co compositions for specific
machining operations. Subsequently, additions of nitrogen in the form of TiN and Ti(C,N) to TiC-
Mo>C-Ni created the first “advanced” cermet with increased performance for high cutting speeds

and better finishing outputs [13].

During the decade of the 1980s, with the introduction of aluminum oxide (Al2O3) and other
refractory metals, a dramatic increase in cutting tool performance was obtained. In terms of
coatings, processes such as chemical vapour deposition (CVD) or physical vapour deposition
(PVD), using hard materials such as TiC, TiN and Ti(C,N) on the surface of cemented carbides
allowed a significant improvement in the wear resistance of tools. In the last decade, the focus has
changed to high performance multilayer CVD coatings containing Al,Os, Ti(C,N), Zr(C,N) and
(T1,AI)N, where high resistance against oxidation and wear, combined with a low coefficient of
friction, were obtained. Other types of coatings have shown significant progress, such as high
velocity oxyfuel (HVOF) surface protection that demonstrated minimal porosity and excellent
bond strength. The process of HVOF thermal spraying coatings was also originally developed in
the early 1980’s by Browning Engineering Co in the U.S.A. and marketed as the Jet Kote HVOF
spray system. During the spraying, a carrier gas with hypersonic velocities of about 1800 m.s™! and
combustion temperatures in the order of about 3,000 °C spray the particles onto the surface,
creating a protective coating layer. Depending on particle size and density, and the ceramic/binder
chemistry the coating can achieve outstanding properties. In addition, high spray distances allow

to produce coatings with porosity levels of less than 1% with the right application conditions [15].

By selecting the right combination of the ceramic, metallic binder and process parameters, a wide
variety of chemical, mechanical, tribological and microstructures can be achieved. Some
international classification system has been created with the scope of standardizing cermets. The
most relevant ones are the [ISO-committee TC (29 April 1958), the US-Industrial code and the DIN
4990 (1948)[14]. These materials are then divided into four categorizations according to the
microstructure and chemical properties, as shown in Figure 2.1. These include WC morphology
and chemistry, cubic carbide containing cemented carbide and cermets, functionally graded

cemented carbides, and binder design of cemented carbides.
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Figure 2.1 Categorisation of cemented carbide according to their microstructures and
chemical properties [3].

Cermets usually consist of approximately 50-95% of the ceramic phase by volume, embedded in
a continuous matrix of an elemental metal or alloyed binder. The combination of metal and non-
metal in cermets occurs on a microscale, with fine ceramic particles ranging usually from 1-25pum.
These materials have desirable qualities, depending upon physical characteristics such as
densification and wetting behaviour. For instance, the wetting response of the molten metal on the
ceramic is a critical factor that determines the final strength and wear resistance. For instance, a
cermet that has 3% porosity, due to poor wetting, could have a wear rate 2 orders of magnitude

larger than a fully dense one [3].



Figure 2.2 shows a typical cermet microstructure and chemical composition of a sample imaged
in a scanning electronic microscope (SEM), coupled energy dispersive X-ray spectroscopy (EDS),
in this instance a TiC based composition sintered by the liquid phase sintering methodology. The
formation of a core-rim structure and its composition is shown in Figures 2.2 and 2.3. The dark
gray grains represent the ceramic phase, which in this case shows a core-rim structure, with W and
Zirconia (Zr) present in the rim. The light gray phase represents the metallic binder phase,

composed of NizAl.

m x2.00k SE(M,-50) 20.0um

Figure 2.2 Scanning electron microscopy of TiC with NiszAl as metallic
phase and W and Zr as impurities [1].
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Figure 2.3 EDS of the TiC grains with showing the core-rim structure [1].

The overall market for cermets has grown fast in the past 30 years. The total production in 1993
was around 20,000 tons and increased to 30,000 tons (2000), with almost 60,000 tons being
produced in 2008, with significant contribution from the Chinese in the market more recently. The
production of these materials in China raised from 7,000 tons in 2001 to 20,000 tons in 2011, and
28,000 tons in 2017. In the same time that China is also responsible for 60% of the world
consumption reaching 55,000 tons in 2017 [3]. The market shows that as of today, 35% of the
cermets are recycled. The processing industry consider tungsten and titanium containing scrap
high value in comparison to ore, due to its price as raw material. In terms of applications, around
65% of the total cemented carbide production is applied to metal cutting tools. The oil and mining
industry also take a significantly large piece of the market, with about 15% market share, whereas

wood and construction industries account for 10% [3].

2.2 Titanium Carbide and Titanium Nitride

TiC and TiN are two of the most important compounds amoung the transition metal carbides, due
to their excellent combination of physical and chemical properties. TiC has a high melting point
(3067°C), Vickers hardness (2855 — 3569 HV), Young’s modulus (410-450 GPA), a good flexure
strength (240-400MPa) and low density (4.93 g/cm?®), combined with a good thermal conductivity



(21 W/m? K) [16]. Due to its properties, TiC-based cermets are used in several wear resistant
applications. TiN also has a high melting point (2930°C), Vickers hardness (1800-2100HV),
Young’s modulus (251 GPA), flexure strength(210-350MPa) and a low density (5.22 g/cm®,
combined with a good thermal conductivity (19.2 W/m?K) [17]. Both TiC and TiN can be used as
substitutes for WC due to their elevated hardness and therefore, high wear resistance. Ni is also
added as a alternative binder for TiC, being more environmental friendly and economical than Co

[18,19].

2.2.1 Crystal structure of TiC and TiN

TiC and TiN have a sodium chloride crystal structure like many carbides, which is the face-
centered cubic (FCC) crystal structure. The Ti atoms are localized at the edge of the crystal cell,
with C atoms in the interstitial sites[2,20]. The carbon atoms on the TiC superlattice can be
replaced by nitrogen atoms in any proportions, that means C for TiC or N for TiN-filled edges of
face-centered cubic, while Ti atoms occupied (0.5, 0,0) position of the superlattice, as shown
schematically in Figure 2.4. Therefore, it is possible to form Ti(C,N) in solid solution. It is
important to outline that the physical-mechanical properties would vary with the amount of

nitrogen and carbon [20].

1 TiN: 0.4240 nm 1
I Tic:0.4320nm !

Figure 2.4  Crystal cell TiC and TiN [20].
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2.2.2 Production of TiC, TiN and Ti(C,N) powders

TiC, TiN and Ti(C,N) can be produced by several techniques, including direct carbonization or
nitridation of elemental titanium metal or titanium hydride. The reaction takes place using titanium
oxide (TiO2) in excess of carbon or nitrogen, slowly generating the final product [12,21]. The
process to produce this powder requires unusually high temperatures and relatively large periods
of time, i.e. 2000°C for up 20 hours. The reactions [22] to produce TiC, TiN and Ti(C,N) are

represented bellow:

TiO2(s) + 3C(s) = TiC(s) + 2CO(g) Equation 2.1
TiO2(s) + 2C(s) + 0.5N2(g) = TiN(s) + 2CO(g) Equation 2.2
Ti02(s) + 3C(s) + 0.5N2(g) = + Ti(C,N)(s) + 2CO(g) Equation 2.3

After these steps, the reaction produces agglomerated powders that must be further milled and
chemically purified. Oxygen from the starting powders and contamination from WC-Co milling
media are common on industrial grade powders. Other less relevant methodologies are also used
in order to produce TiC and TiN, such as the reaction of Ti with carbon and the chemical reaction

using titanium halide (TiCls) in carbon and hydrogen atmosphere [12].

2.3 Nickel Aluminide Binders

Nickel aluminide intermetallic based alloys have been developed for use in high temperatures,
where stainless steel use is limited. Because of that, the aerospace industry is one of the early
adopters of this material. The Ni-Al binary phase diagram in Figure 2.5 shows the following
intermetallic compounds (Al3Ni, Al3Niz2, Al3Nis, NiAl, NizAl) of those Ni3Al is the most used due
to its high temperature properties. Ni3Al presents the one of the highest melting point (lower than
Ni/Al only) according to the phase diagram shown in Figure 5, as well as, good strength and high

temperature corrosion resistance.
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Figure 2.5  The Ni-Al phase diagram adapted from [23].

An intermetallic compound is formed as ordered phases of two or more metallic elements that have
created an new alloy, with multiple lattices that described its atomic structure [24]. The degree of
ordering within the structure drives the physical properties of the alloy and are usually dictated by
the processing methodology. When they achieve a long range ordering superlattice, this

mechanism restricts the dislocation movement maintaining physical properties at high temperature
[24].

Between all intermetallic forms, the NiAl compound has the higher melting point (1638°C) when
compared with NizAl (peritectic, 1385 °C). On the other hand, it suffers from low temperature
brittleness and poor strength at high temperatures [25]. Some improvements have been made in
terms of the brittleness though grain refinement and incorporation of a second phase. This material

has attracted significant interest in substituting for Ni-based superalloys.
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2.3.1 Crystal structure of NizAl

NizAl has a cubic crystal structure with a space group Pm3m and a Strukturbericht structure .12
[26]. Figure 2.6 shows the unit cell of NizAl, with Al atoms occupying the corners of the cube and
Ni atoms located at the cube faces in the lattice. The NiAl crystal structure is classified as primitive
cubic CsCl structure. The Strukturbericht designation for this structure is B2. It can be described
in terms of two inter penetrating cubic cells where Al atoms occupy one sublattice and the Ni

atoms occupy the second sublattice [27].

O

Figure 2.6~ Unit cell of NizAl. Ni atoms (filled circles) are on face centres and Al
atoms (open circles) at corners [27].

2.4 Stainless Steel Binders

Stainless steels are a class of iron-based alloys that contain >10.5% chromium (Cr). The main

function of the Cr is to form a passive layer of chromium oxide (Cr203). Other elements that may

13



be added to the steel are Ni and Mo, with the function to increase the corrosion resistance. There
are a significant number of stainless-steel grades, with the most common being the 300 series.
These alloys have 18% of Cr, with specifically 316 also having 8% of Ni and 2% Mo, and being
particularly recommended for applications against corrosion in marine environments due to salt
and pitting corrosion resistance. All these properties made them particularly appropriated for use

as binder in cermets.

2.4.1 Classification of Stainless steel

A system to catalog and classify different types of stainless steel according to their compositions
and characteristics have been developed by the American Iron and Steel Institute (AISI) and as
well the Society of Automotive Engineers (SAE). The following table shows the series that were

developed to classify stainless steel:

Table 2.1 Series of stainless steel and its composition
Series name Characteristics
AISI 200 series austenitic chromium-nickel-manganese alloys
AISI 300 series austenitic chromium-nickel alloys
AISI 400 series ferritic and martensitic chromium alloys
AISI 500 series heat-resisting chromium alloys
AISI 600 series special alloys that are not included in the above

The austenitic class of stainless steel have the best corrosion resistance among the different grades.
On its alloying elements, Cr and Ni further increase the resistance of the passive films in the surface
against acidic atmospheres. Characteristics of this family of stainless steels include an FCC crystal

structure, good corrosion resistance and high toughness at ambient temperature.

This class of steel presents work hardening properties, being able to be cold worked. The 300 series
are extensively used in the piping and marine industry, as well for heat exchange applications. The

most common types include 304, 316 and 317. Slight variations on the compositions are suitable
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for specific applications, depending on the environment, for i.e. high Cr and Mo contents are used
for superior corrosion resistance and nitrogen (N) for applications where there it is a required high

strength.

Martensitic steels have a body centred cubic structure (BCC) and are usually heat treated for
different notable applications that require high strength and hardness. The most common
martensitic stainless steels are the 400 series. While the corrosion resistance of these steels is lower
than the other series, they are applied in mild environments due to being susceptible to hydrogen

embrittlement and cracking.

Precipitation hardening heat treatments are also applied for a range of martensitic steels. These
alloys combine very high strength, hardness and corrosion resistance, with a yield strength up to
1300 MPa. These properties are achieved by additions of Cu and Nb. A large series of heat
treatments are possible, due to the small additions of precipitates that work as secondary phase.
These particles impede the movement of dislocations, causing the material to increase strength.
One example of this type of steels is grade 17-4PH, which is a 630 series alloy. The corrosion
resistance of alloy 17-4PH is comparable to the 300 series and superior than the 400 series stainless
steels. This alloy is used in applications where the combination of moderate corrosion resistance

and high strength are required.

2.5 Novel Particle Additions

Several secondary particles have been examined to further increase the wear resistance of cermets.
For instance, industrial diamonds and graphene particles can be added to these composite materials
with the functionality of increasing hardness, toughness or decreasing the coefficient of friction.
The addition of fine industrial diamonds particles substituting the TiC offers the potential to
significantly increase the composite elastic modulus, hardness and, potentially, the wear resistance
and fracture toughness of the final composition [28]. The toughness in this case would be increased
due to greater crack deflection around the ultra-high hardness diamond particles. Similarly, the
addition of graphene or graphene nanoplatelets (GNPs) would increase the yield stress of the

binder alloy [29].
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Graphene is defined as a single layer of carbon atoms that are bonded by covalent bonds in
hexagonal honeycomb lattice and van der Waals forces in between layers. Graphene is an
allotropic form of carbon, effectively a plane of sp2-bonded atoms with a molecular bond length
of 0.142 nanometers. Graphene particles have a great potential to increase the hardness of the
cermets, but also to reduce the coefficient of friction of the surface. Several layers of graphene
stacked on top of each other form graphite. Graphene is defined by the ISO/TS 80004-13:2017

according to the number of layers as follows[30]:

- Single layer graphene: single layer of carbon atoms arranged in a hexagonal lattice. Must
have a flake thickness <0.335 nm;

- Few layers graphene: 2-5 layers of graphene.

- Graphene nanoplatelets: stacks of graphene that are 1 to 15 nanometers thick, with

diameters ranging from sub-micrometre to 100 micrometres.

2.6 Production of Cermets

2.6.1 Powders Selection and Processing

Cermets are essentially manufactured by powder metallurgy (PM) processes. The production starts
with micron-sized powders and the understanding of basic properties to achieve a homogenous
and controlled process [31]. The powder attributes such as size, distribution of size, particle
agglomeration, surface area, particle friction, flow and packing, internal structure and composition

play very important roles to control the output of parts from a PM process [31].

Usually, most of the particles used in the PM process are in the range from 0.5 — 40 pm. However,
particles size is not as important as the size distribution for packing density, green strength and
final densification of the parts [32]. Particles sizes and shapes are important in order to obtain a
good flow by gravity force (free flowing in the Hall flow meter), which simulate the "feed shoe"
used by the PM industry. The particles should flow from a hopper to the "feed shoe" naturally, and
then fill the whole format of the produced part. The size of particles is very important for green
strength as well, for i.e. for iron particles, they need to be smaller than 54 pm. in diameter to have

enough green strength to be sintered [32].
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Fine particles produces a better surface finish, because of the small pores and fast sintering due to
the high surface area, usually generating a denser part when compared to large particles [31]. On
the other hand, fast sintering may result in rapid shrinkage, that can lead to problems with
dimensional control and cracks in the surface of the material. Small particles are also expensive to
produce, hard to flow, and tend to have irregular shape resulting in final low green strength [31].
For this reason, binders tend to use additives in the composition to improve particle flow and green

strength. These additives, usually organic are further eliminated in the sintering process [31].

2.6.2 Mixing, Milling and Sieving Procedures

To obtain a uniform mixture, dry powders are subjected to a series of processes that includes
mixing, milling and sieving. The constituent powders are typically mixed in batches using ball
mill methodology, usually in solutions containing solvents. The recommended mixture uses a ratio
of 10:1 media to powder in mass ratio. These variables are selected to improve the total energy
that the ZrO or WC-Co milling media have to reduce the particles size and homogenize the
powders. After being completely homogenized, the powders are dried and sieved through a mesh

to remove agglomerated particles.

2.6.3 Compaction Methodologies

Several techniques can be applied in order to compact powders in specific shapes. This process is
crucial in order to produce powder metallurgy components. The two main approaches applied by
the industry are uniaxial and isostatic pressing. For simple and rapid shape formation, die
compaction is used with fast formation of objects with accurate dimensions. An organic binder
may be added in the composition to reduce die wall friction. Also, a combination of coarse particles

and small particles can be made to achieve high green strength and densities [12].

Green strength is one of the most important factors for powder compaction. To obtain a good green
strength it is necessary to have a good powder compressibility and interlocking between particles
and with binders and lubricants. Another important variable of green strength is powder shape.
Irregular powders tend to result in a poor packing condition, on the other hand allows the green

part to obtain a better green strength due the particle interlocking mechanisms [12].
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When using uniaxial pressing, the pressure is applied in one direction in a hardened die. The final
part takes the shape of the die and compress though the pressure. This methodology is applied to
simple shapes, that allows compaction and densification through one plane. The advantage of
uniaxial pressing is high speed, which is preferred by industry due its simplicity [12] Uniaxial die
compression has many benefits; however, it also has problems. There are limitations on the
component size and density, density gradient can form within the sample, and complications such
as high die wear arise. Compressibility plays an important rule for hard feedstock powders, being

more challenging to obtain a part with a suitable density due to low compaction ability [12].

Another common methodology used to compact powders is isostatic pressing. This method
involves the application of pressure in all directions and no longer require the use of a die. This
fact gives a lot more flexibility to the process in terms of shape, and no longer requires use of a
lubricant to reduce the die wall friction effect. Two methodologies are used in this process, wet-
bag processing and dry-bag processing. Wet bag process requires that the part is already in shape
before pressing and can cause slight shape changes in parts with high angles. In the wet bag
method, the object must be sealed in a plastic bag, which is pressed by a hydraulic fluid in all
directions. The dry-bag processing uses a plastic rubber in the shape of the final part, where the
powder is poured into and submersed in the hydraulic fluid, which is pressurized in the shape of
the bag [32]. This methodology has more flexibility in terms of parts with high angles and complex

shapes, however it is not widely used by industry due to its low production yield.

Other parameters must be observed when pressing powders. When a new part is being designed, a
homogeneous microstructure in terms of density and composition must be obtained to avoid
problems related to the development of cracks, deformation in shape, and potentially failures in
the final sintered body. When in the green condition, and while is being ejected from the die, the
die wall friction can generate density gradients in the microstructure which can cause flaws in the
compact. One way to minimize this problem is by levelling and uniformly filling the die before
compaction. Also, lubricant can be used to reduce particle inter-friction and friction between the
die and part to obtain a more uniform densification. Another important relation that can be
engineered for a successful pressing, is the use of the lowest length to diameter ratio as possible,
with a maximum value of r=0.5 for a single press [1,23]. Once the part has enough green density

and green strength, the heat treatment is performed.
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2.6.4 Sintering

In order to increase the mechanical properties of the compacted part, it is necessary to thermally
induce the particles to fuse to each other, a process that is called sintering. The bonding and mass
transfer between particles are accelerate by an increase in the temperature of the compound.
Microstructural changes and chemical reactions that promote the total decrease in free energy of
the system, by reduction of the porosity, surface area, while promoting densification of the
material, are consequences of the sintering process [33]. After compaction, particles touch each
other and create contact between the particles. During the different stages of sintering, many
diffusion processes occur, filling the porosity between these particles. As thermal energy and time
increases, the particles create a bond between each other by the formation of a neck, and eventually
the particles form an isolated pore in the grain boundary region. This isolated pore is indicative of
an intermediate/final stage of sintering. As the time increases, the porosity gets smaller and more
spherical, and sometimes they can break the retention of the grain boundaries and mover through
to the core of the grains, which is a indicative of final stage sintering, as highlighted by the Figure

2.7 and Figure 2.8 [12].

network of
open pores

Figure 2.7  Stages of sintering. Diagram showing grains, pores and grain boundaries.
Originally from [34].

When these sintering stages happens below the melting temperature of the constituents, the
sintering is achieved by atomic diffusion, from the bulk region of the particles in direction to the
grain boundary and neck of the particles. Some of the small particles, that have a higher surface
area are diffused into larger grains, resulting in coarsening of the microstructure as time is
increased. As a result, the number of grains is proportionally reduced over the sintering time. In
addition to the bulk transport phenomena mentioned above, there are a few mass transport

processes that happen at/in the surface region of the particles at relative low temperatures. The
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surface mass diffusion does not promote densification; however, they promote growth of the neck
radius between the particles. Essentially, there are three kinds of surface diffusion mechanisms
that are outlined in the following schematic: evaporation-condensation, surface diffusion and

volume diffusion as shown in Figure 8 [35].
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Figure 2.8 = Mechanism of sintering. Adapted from [32].

Bulk mass transport mechanisms are prevalent at high temperatures and promote atomic
transportation from the bulk of the particles to the pores and to the surface [12]. The major mass
transport mechanism is the movement of vacancies in a direction to the bulk of the particles and

atoms going to the surface in the opposite direction, resulting in “neck” growth between particles

[32].
2.6.4.1 Liquid Phase Sintering

Liquid phase sintering is a methodology that uses a phase with lower melting point, in order to
obtain a molten liquid phase between the solid grains to accelerate diffusion. Due the presence of
a liquid phase, the kinetics of the reactions can speed up by tenfolds when compared to solid state

sintering. This methodology is specially used for materials with high melting point, that cannot by
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sintered efficiently otherwise. A few requirements are necessary on this type of sintering, such as:
the liquid must not be soluble within the matrix, to allow high diffusion rates. In addition, a
minimum solubility of the solid phase into the molten phase is necessary [33]. The liquid phase
must have some degree of wettability on the solid grains, allowing low contact angles and therefore
allowing the molten phase spread over the solid grains [12]. Once the melting temperature is
achieved, the liquid wet and spreads between the solid particles, giving freedom for particle
rearrangements [36]. The solid phase can then diffuse through the liquid by Ostwald ripening
(solution-reprecipitation process), increasing the dissolution of small grains and reprecipitation
onto larger grains, and the associated larger grains into even bigger ones. This process is
responsible for the coarsening of the microstructure [32] and allows the changes in shapes, i.e.
grains change shape to spherical and fill the porosity with a better packing factor. This
methodology is used in large scale by industry with the advantages of using lower temperatures
and shorter sintering times than solid state sintering. The main mechanisms are sketched in Figure

2.9 as follows.

initial state
mixed powders

s0lid state

\r____ \
additive
pare
rearrangement
o ;,

2

solution-reprecipitation

L+
i

P »
o
=
final densification
i
I.'v-"' _-.,'
L

Figure 2.9  Mechanisms of liquid phase sintering [36].
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The contact angle between the liquid and solid phases plays a very important role in liquid phase
sintering. The contact angle represents a metastable equilibrium measurement of the interfacial
energy balance, represented in Figure 2.10. In order for a liquid to wet a solid, the total interfacial
energy must be minimised [4]. The contact angle characterizes the degree of wetting of the liquid
into the solid phase. The contact angle changes with the balance of the three-surfaces energies. A
poor wetting of the liquid phase results in sweating of the liquid from the sample, resulting in a
large amount of porosity [4,12]. With successful wetting, the liquid phase creates a capillary force

witch drives densification between the liquid and solid phases.

Gas

0, Solid

Figure 2.10  Schematic diagram of contact angle [37].

Residual pores can be the source of internal cracking and frequently result in poor mechanical

resistance, or negative effects on the strength of the sintered part [38].

In order to promote low angle contacts, usually in the range of < 30 °, the addition of active
elements is sometimes required. These additives promote a thin interfacial phase that increase the
wettability of the liquid compound onto the solid. For example, in the case of cermets, one of the
common additions is Ti which forms an intermediate cluster of TiO or TiN (depending upon local
atmosphere) on nitride ceramics [39]. This additive must satisfy the free energy conditions (liquid

metal must have lower surface free energy than solid) and react with the base ceramic. It’s has
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been suggested that a metallic character in the ceramic is necessary to promote a good wetting by

liquid metals [30,31]

The literature shows that the wetting behavior of TiC systems is strongly related with the presence
of oxygen in the sintering environment. The carbon content of TiC phase alters the wetting by
metals. As the carbon content increases towards stoichiometry, the dissolution of the metals
decreases [40]. Additions of Ti can increase the metallic character of the compound, and therefore

decrease the wetting angle [37,40].

Other common additions to cermets are Mo or Mo>C. In small amounts, Mo shows a tendency to
envelope the solid particles of TiN creating an interfacial layer that speeds up diffusion and reduce
the wetting angles to lower than 6 <4 °0 [8]. The wettability of TiC, TiN, and TiO by metals tends
to increase with decreasing C, N, or O concentrations, and with the increase of the metallic bond

content on the solution [37,41].

2.7 Thermal Analysis

Thermal analysis involves a broad spectrum of analytical techniques that determine the behaviour
of a material according to the temperature. Some types of analysis focus on quantifying the thermal
effects in terms of released substances, for example mass spectroscopy and other evolved gas
analysis (EGA) coupling methods. In the field of powder metallurgy, the three most used
measurements categories include calorimetry changes (differential scanning calorimetry, DSC),
mass change (thermogravimetric) and length change (dilatometry) during sintering and heat

treatments.

2.7.1 Differential Scanning Calorimetry and Thermogravimetric analysis (DSC/TG)

The differential scanning calorimetry and thermogravimetric (DSC/TG) analyses are techniques
where it is possible to study the reactions, sintering development and microstructure evaluation of

materials in terms of changes in mass and thermal flow during melting and solidification events.
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All materials have a unique amount of heat that is absorbed to undergo a physical transformation.
This physical transformation, for metallic elements characterize phase transitions that will show
as an exothermic or endothermic peak according to its phase diagram. The working principle of a
DSC is that each material has a unique specific heat, so they require a well know amount of heat
to increase the temperature of a determined weight. In order for comparison, a reference material
with a known heat capacity is used. For DSC, the often-chosen material as a reference is alumina

(Al203—99.9999% purity), which allows measurement of the heat flow with very high precision.

Thermogravimetric (TG) analysis is a technique that measures the changes in mass as a function
of working temperature and time. For cermets characterization, it is important to understand the
level of oxidation of the components, which is important for the metallic binder. Mass loss due to
phenomena such as vaporization, sublimation, absorption, adsorption and/or desorption are also
measured. Information regarding phase transitions may be also be observed, however the DSC
traces must be analysed for confirmation. The thermal degradation of constituents within a specific
time and temperature can also be obtained, i.e. water content and lubricant evaporation

temperature.

Other factors such as oxidation behaviour as a function of temperature, in different atmospheres,
can generate information about necessary sintering and heat treatment conditions for commercial
applications. One of the main advantages of thermogravimetric analysis is the very small amount
of sample (mass) required by the test. Also, the possibility to observe kinetics of reactions and run,

in most of the cases, differential scanning calorimetry analysis simultaneously.

2.7.2 Dilatometry analysis

Dilatometry analysis is one of the main instruments used to obtain thermal properties of materials.
The change in length temperature and time are measured with a nanometric precision. The
dilatometry analyses use a pushrod “arm” which is coupled to the sample in order to detect
dimensional changes. Normally, a force of at least 5 mN is applied to the tested specimen to
guarantee the contact between the tested material and the instrument. For this test, the sample must
be solid in shape, being either fully dense or pressed to a suitable strength to be tested. The dynamic

and static coefficient of thermal expansion is then obtained using the variation of length as a
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function of temperature. If the sample is isotropic, it is possible to obtain the volume expansion
coefficient as well. For powder metallurgy, when the material is being submitted to a sintering
condition, it is expected to shrink due to the reduction of porosity. The volumetric size reduction
allows then the geometric calculation of the density. In the same way, for liquid phase sintering,
the diffusion is enhanced by the presence of the molten phase, increasing the reduction of length
by fast diffusion rates a liquid phase formation temperature. Shrinkage or expansion measured by
dilatometry is also used to determine phase transitions events if there are associated volume

changes.

2.8 Hardness and Wear Performance

2.8.1 Vickers Hardness

The hardness and wear resistance of a material is often related in a direct proportion. To a certain
extent, as the hardness increases the wear resistance also increases. One of the most used
methodologies to measure the hardness of cermets is by Vickers indentation. The test is performed
by applying a fixed load using a predetermined indenter geometry. In the case of Vickers hardness,
the geometry is a diamond pyramid where the hardness is evaluated by the ratio between applied
load versus penetration depth of a specific contact area. The Vickers scale present a continuous

value when compared with Rockwell hardness, that present different scales [42].

Other properties and mechanical characteristics of the tested materials can be calculated from
hardness measurements, such as the indentation fracture resistance. It is previously presented in
the literature that as the hardness increases, the indentation fracture toughness decreases [35]. As
a “generic rule”, brittle materials tend to form larger cracks more easily when compared with
ductile materials [42]. In result of that, for cermets, as the concentration of the metallic phase is
increased, the higher the fracture resistance will be expected. The toughness of cermets also vary

according to factors such as the binder mean free path and ceramic grain sizes[43].

The Vickers hardness indenter is a square-based pyramid, with an angle of 136°. The indenter tip
is a sharp diamond typically with the ability to apply loads of 1, 5, 10, 20, 30, 50, 100, and/or 120

kg. For most applications, 50 kg is the maximum used load while 1 or 5 kg are used to brittle
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materials. When subjected to this test, an “imprint” of the indenter geometry is created in the

surface of the material, and the hardness value is then calculated using the following equation:

F 1.8544F
HV =- =

a1 7 Equation 2.1

where F is the force in kilograms, A is the surface area of the resulting indentation in square

millimeters, and d is the distance between the corner of the indent imprint in mm.

2.8.2 Indentation fracture resistance

The indentation fracture resistance is related to the toughness of the material, or the crack
resistance. Materials properties such as grain size, presence of defects and porosity, or the presence
of hard particles within the microstructure can define the crack pattern within the microstructure
of a composite or an alloy. The concept that relates the length of the indentation cracks to the
toughness of a material was first proposed by Palmqvist, while working with metal carbides and
performing a Vickers indentation experiment. Two types of crack where observed, including one
named after “Palmgqgvist” itself, and half-penny (also called medial cracks), that are shown in Figure

2.11.

Half penny cracks are a type of fracture seen in brittle materials, while Palmqvist cracks form
predominantly in more ductile systems [44]. The crack formation has first been studied by Niihara
et al [45], where several ceramic materials were used to determine the types of cracks, using the
crack ratio between length(l): indentation size(a); if the ratio is below 2.5 the material is believed

to be more ductile in nature, however if the ratio is above 2.5 it is predominantly brittle.
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Palmqvist crack

Median crack

Figure 2.11  Types of cracks developed by Vickers indentation hardness. (a)Top view
of Vickers indenter print (b) Palmqvist type crack and (¢) Median or half-penny type crack [46].

Further development of more wear resistant and hard materials is a challenge in the development
of novel cermets. Increasing hardness without the reduction of indentation fracture resistance is a
challenge yet to be overcome. In this instance, flake-like materials such as graphene have been
used, due to its properties related to increased hardness and as a crack barrier between grain

boundaries, increasing the fracture resistance simultaneously.

2.8.3 Wear Damage

Wear is defined as damage in a surface caused by one or two surfaces in contact, and in relative
motion. All materials have imperfections on the surface, that create a surface profile with a specific
waviness and roughness. The “peaks” of contact between two surfaces are called asperities,
defined as an unevenness of the surface. The scale of this roughness can be in km (for example a
mountain) to nanometers (electropolished material) depending on the surface history of the
material. During the wear process, there is transference of material from one surface to another or
to the ambient environment, altering the physical and chemical properties, and generating loss of
material. When the material removed from one of the surfaces is transferred to the counter face, a
type of wear named adhesion wear is occuring [47]. Also, the removed material could potentially
become loose, and stay in between the two surfaces as a third body, generating a three-body
abrasion wear mechanism. Abrasive wear is caused by the interaction of a surface though abrasive

particles, fluids, chemicals or heat [42]. Wear can also be combined with chemical reactions that
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can either benefit the exposed surface or cause more damage [42]. In some cases, the resultant
oxide layer can be protective against corrosion or be more wear resistant than the substrate bulk

material.

The most common type of wear is mechanical. This can be classified as adhesion, erosion, impact
and/or surface fatigue. Also, there is fretting wear, when adhesive and abrasive wear is combined.
When the affected surface reacts with the ambient environment or the other surface, corrosion or
oxidation of the surface generates a phenomenon defined as tribocorrosion. The adhesive type of
wear is caused by fusion of face and counter surface contact area, which leads to fracture of the
least strong surface. Fatigue wear is related to a cyclic force applied over the same surface area,
which eventually leads to failure [48]. From a practical perspective, all wear processes are failure

or damage of engineering surfaces.

To avoid excessive costs with failure of materials, several ways have been researched to control
problems with wear and friction. A popular way of reducing wear is by the addition of a third body
in between the two contact surfaces. The most used material is defined as “l/ubricant”, most
commonly making use of polymers with a long carbon chain, which creates a thin layer between
the two moving surfaces, reducing the friction between the contacts [42]. Alternatives solutions
add lubricants directly into the base material, which leads to a self-lubricated material that slowly
release this substance over time when subjected to wear degradation. The used of a lubricant is
one extra step during production or use of an engineer part, which can add significant cost for the
final product [42]. In the next sections, each types of wear will be further explained in order of
importance, starting from adhesive wear. Wear mechanisms tend to not happen in isolation;

however, a separation must be made in order to study wear mechanisms more deeply.

2.8.3.1 Adhesive Wear

Adhesive wear is related to the contact between two asperities, which causes a high-pressure
contact area due a low surface in contact with the applied load. This localized force eventually will
cause a catastrophic failure and detach part of the material from one surface to the other, with
material transfer to this new surface. Adhesive wear is characterized by high material removal

rates and an unstable coefficient of friction [42]. The transfer of material occurs in both directions,
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and eventually will result in the formation of a layer of loose material in between the contacts.
This loose material can create further damage to the surfaces, increasing the wear rates or can help
prevent surface damage by lubricating the sliding bodies, thus supressing wear of the surfaces.
One of the most common types of failure due to adhesive wear is an absence of lubricant when

needed, generating dry contact, adhesion of asperities and aggressive damage [49].

Adhesion wear of composites and engineering materials has a different mechanism when
compared to classic materials. The adhesion wear is mainly controlled by the resistance against
local plastic strain, which represents the resistance of the binder phase to hold the matrix of the
composite. The stress caused by the load can cause the binder to be extruded from the surface and
compress the composite matrix. The main factor that influences the wear rate by adhesion wear in

these types of materials involve the resistance to the plastic strain [47].

Figure 2.12 shows the adhesion mechanism of a single asperity, where the exposed surface surfters
adhesion, then is further removed by a counter surface with the higher yield strength. The removed
particle then left a high angle asperity surface, that will be subsequently removed by similar
mechanism. Studies that were conducted using SEM shows that the removed asperity may form a
true wear particle that is removed or forms a third body that is transformed into a tribofilm between

the two surfaces [50].

29



gpe—y

"~ Adhesion without sliding’

Figure 2.12  Mechanism of debris formation during adhesive wear [33].

2.8.3.2 Abrasive Wear

Abrasive wear is one of the most aggressive and common types of wear mechanisms that generate
catastrophic failure. It most commonly occurs when fragments, particles or fluids, usually

including brittle and high angle constituents, act as a third body in between two surfaces.

The solid object(s) that have equal or higher hardness tends to wear the one with lower hardness.
Because of the small surface area in contact, the asperities are fractured in between the surfaces
leaving a fingerprint, or a simple defect on the surface. Many of these phenomena cause abrasive
wear. This process can be also initiated because of the asperities present in the surface of the
material, when in contact with another surface cause plastic deformation and final displacement of
material. For surfaces with very high hardness, the removed particle can be generated by
catastrophic fracture, which generates micro-cracks in the materials and results in high wear rates

[42].
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The nature of abrasive wear is well identified by the macrostructure and groves in the surface of
the worn material. In the literature, it is possible to identify two modes of abrasive wear: two- body
and three-body abrasive wear. The main difference between the two modes is that in a two-body
abrasive wear the asperities are rigidly attached to the surface of one body, on the other hand, for
a three-body abrasive wear the abrasive particles are free to roll and slide under the two surfaces.

The differences are demonstrated in Figure 2.13.

Previous reports show that there are significant differences between these two types of abrasive
wear. Two-body wear could cause wear rates up to ten times larger than three body wear, due to
the combination with other types of aggressive wear mechanisms [51]. Also, the hardness of the
bulk material plays a significant role in three-body abrasive wear, but not as significant in the two-
body type wear. Two-body wear has similarities with the cutting mechanism (to be discussed in a
following section). Its suggested also that for the three body model, the debris is removed in

successive layers in contact with the abrasive particles [52].
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Figure 2.13  Two and Three body abrasive wear [54].
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2.8.3.3 Erosive Wear

Erosive wear is caused when a solid and fluid impact a solid surface. Erosive wear happens
frequently in particular types of industries that use particles or liquids moving in contact with a
surface. Typical examples of erosive attack are in turbine blades in gas pumps and airplane
turbines, oil gas pipes, mineral slurry systems and propellers of vessels [52,53]. The main variable

of this type of wear are the properties of the eroding particles and the fluid.

2.8.3.3.1 Mechanisms of Erosive Wear

Erosive wear depends on several variables that are mainly defined by the material, size, velocity,
and angle of impingement of particles onto the eroded surface. If the particle is harder than the
worn surface, it is possible erosive wear will occur. When fluid and particles are present, there is
a combination of fatigue and erosion wear [52]. As can be observed in Figure 2.14, the incident
angle of the particle has a large influence on the type(s) of wear mechanism. At low angles, the
particles tend to travel along the surface of the material. At high angles, the particles tend to break

and damage the surface. High speeds are also responsible for higher abrasive wear rates.
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Figure 2.14 (a) erosive wear at low angles, (b) erosive wear at high angles and (c)
plastic deformation and brittle fracture by multiple particle impact at medium velocities [54].

2.8.3.4 Corrosive and Oxidative Wear

The main characteristic of corrosive and oxidative wear is the chemical reaction between the worn
material and atmosphere. The atmosphere could be in the form of humidity in the air, salt water
from the sea, a chemical reagent or even a lubricant on/in the surface[55]. It is important consider
that corrosive wear is a complex mechanism when compared to adhesive or erosive types for
example, due to its relationship with other kinds of mechanical wear. This combination of wear
mechanisms is called “fribocorosion”. For some applications, the formation of a corrosive layer is
used in favour of maintaining the surface integrity against other types of failure mechanisms. The
surface oxide layer may reduce the coefficient of friction, which consequently tends to decrease

the wear rates.

2.8.3.4.1 Corrosive Wear

The chemical reaction on the surface of the solids usually leads to a considerable loss of material
underneath. If the surface is subjected to sliding motion, one of the following process may occurs:
1) a lubricating film may form, which inhibits corrosion and wear; 2) a passive weak film is formed

and subsequently removed from the surface, repeating the process multiple times and causing high
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wear rates; 3) a protective film is formed and may be worn by galvanic/pitting corrosion, where
mechanical and corrosive wear will act independently removing material from the surface. The

forms of interaction are illustrating in Figure 2.15.
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wear still suppressed
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3) Intense corrosion by anodic dissolution 4) Unchecked adhesive wear; rapid corrosion
between fissures in worn film on exposed surface

Figure 2.15 Methods of corrosion and sliding wear [56].

In the first case, a protective film is formed on the surface and further wear is supressed. This film
prevents the material from suffering high wear rates in the first instance. In the ideal case, this
films may protect the surface against wear in the case of high loads[57]. The second process in the
Figure 2.15 is characterized by high corrosion rates, which results from the formation of a film
with low mechanical strength that is constantly removed by wear, and at the same time a new
corroded film is formed on the surface. This is the most common type of tribocorrosion
mechanism. It is important to observe that most parts of corroded films are extremely brittle and
protect the surface only while there is no mechanical stress [58]. The third process shows that wear
mainly caused by highly reactive environments, where localized corrosion occurs on active areas
and interfaces. The last process in the Figure 2.15 happens in situations when the surface is

subjected to extremely corrosive environments, where corrosion products are very weak and
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soluble in the liquid media. It is important to emphasize that corrosive-mechanical wear is mainly

due to the short life time of the passive films formed on the surface [42].

In scenarios where the lubricant reactivity is low, adhesive wear can be predominant because of
the lack of protective surface films. However, if the lubricant reactivity is too high, there is a wear
rate associated with corrosive wear. Figure 2.16 shows that at specific sliding speed it is possible

to obtain an “engineering point”, where the wear rate can be optimized at its minimum [59].
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Figure 2.16 Wear rate associated with adhesive and corrosive wear based on lubricant
reactivity [60].

Abrasion and erosion wear combined with corrosion due the repeated removal of passive (semi-
)protective layers is one of the most aggressive types of wear reported in the literature. The
synergism between corrosive and erosive/abrasive wear could potentially be important in
applications such as oil pipes and in the mining industries due the extensive use of slurry-like

materials. These fluids contain chemically active materials in a mixture of hard and brittle particles.
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Lubricants contaminated with grits from mechanical wear, i.e. engines can also cause failure. The
first model, where thin superficial layers of passive films are removed was proposed by Zelders

[61] and is shown in Figure 2.25.

[ |

Initial rapid corrosion Formation of passivating film

Cycli =T
process Grit

Loss of film

Figure 2.17  Cyclic wear mechanism by erosive/abrasive and corrosive wear [62].

This mechanism is prevalent when the corrosive mechanism alone results in wear rates higher than
mechanical wear itself. In the other cases, the surface will wear due to abrasive/erosive

mechanism(s) and the oxidation of the surface will be irrelevant [63].

2.8.4 Wear of Cermets

Cermets generally exhibit good resistance against oxidation and build up edge formation due to
better chemical stability and high temperature hardness when compared to non-engineered
materials [18]. WC-Co based hardmetals are tough and hard, however, they tend to have a high
wear rate when applied in high temperature situations due to their lack of oxidation resistance and
high levels of plastic deformation [18,64]. Several studies show that TiC-based cermets can be
applied in such scenarios for high temperature abrasive wear resistance performance, high
temperature hardness, good thermal chemical stability and thermal deformation resistance. These

cermets can be particularly brittle, however significant toughness improvement could be achieved
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by addition of selective binders such as Fe, Cr, Ni, Mo and special alloys, depending on the
applications [18,65,66].

Some wear mechanisms such as binder extrusion, ceramic grain fracture and grain pull out are
more frequently observed on cermets due to the presence of a ductile binder and a hard phase.
When this material is subjected to high stress abrasive environments, limited plastic deformation
of the carbide phases and a more significant deformation is seen in the binder. When a less
intensive form of wear occurs, the material is removed by abrasion, leading to binder extrusion,

ceramic grain fracture and/or pull out, and cracking by fatigue [67,68].

Fe-based alloys are a good choice among the chosen binders due to their low cost and good
mechanical properties. For instance, WC-10wt.%Co, WC-10wt.%Ni, and WC-10 wt.% Fe all
present very similar hardness and fracture toughness properties [69]. Studies have indicated that
Co binders can be further substituted by Fe-alloys, however some challenges remain due to
problems with hydrogen embrittlement, lower corrosion resistance and the high cost of sintering

[70,71].

Ni based binders are one of the most widely used by industry. Ni-alloys and elemental Ni are
responsible for significant increase in the toughness and ductility of the cermets. Other parameters
such as easier densification and better corrosion resistance, coupled with lower cost and
environmental impact are benefits of using Ni-based binders when compared to Co. Cardinal et al
[3] have observed the wear resistance of TiC and Ti(CxNx) related to their friction coefficient.
These materials have obtained high wear resistance, as shown in Figure 2.17, with wear observed
rates values as low as 1.8x10”7 mm?/N.m"!. Other properties such as a reduction of the coefficient

of friction are promising to further increase the wear resistance of these materials.
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Figure 2.18  Wear rates and coefficient of friction for TiC-TiN based cermets [3].
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CHAPTER 3 EXPERIMENT METHODOLOGIES AND ANALYSIS

This chapter gives the details relating to the methodologies used in this study. This includes
characterization of the raw materials such as dry powders, including TiC, Ni, NiAl, Fe-316L, Fe-
17-4 PH and graphene nanoplatelets, as well processing conditions and the final properties of the

specimens after being sintered.

Properties related to the chemical composition, size and shape of the powders were analysed using
SEM with EDS. In terms of the overall materials processing and characterization, the powder
metallurgy process was used to produce the samples, while microstructure, and mechanical and
wear properties were assessed using optical microscopy, SEM/EDS, Vickers hardness and
universal mechanical testing (UMT) system. The crystallographic structure of the samples and raw

materials were analysed by X-ray diffraction.

3.1 Raw Materials Characterization and Tested Compositions

The cermets in the current study have been prepared using commercially available powders. The
following table outlines the powders used in these experiments, with their respective lot number,
particle size and supplier information. The NizAl intermetallic binder phase was produced using a

reaction sintering approach, based on a Ni and Ni/Al powder blend [22-24,27].

Table 3.1 Powders used in the experiments and their respective size and
manufacturer information.

Powder Lot or batch Particle size(pm) Manufacturer

number
TiN L52737 1-2 Treibacher Industrie AG
TiC 45693 1-2 Treibacher Industrie AG
Ni L10WO013 2.2-3 Alfa Aesar
NiAl D28X029 <150 Alfa Aesar
Mo.C PL71887718 1-2 Pacific Particulate Materials
GNPs B#003 5-10 GIT Inc.
316L 18D0775 1-6 Sandvik Osprey Powders
17-4 PH 18D0788 1-6 Sandvik Osprey Powders
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The microstructure and size of the individual powders and tested blends can be observed in Figures

3.1-3.7.

Figure 3.1 Representative SEM image of the as-received TiC ceramic powders.

Figure 3.2  Representative SEM image of the as-received TiN ceramic powders.
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10.0kV 13.2mm x20.0k SE(U)

Figure 3.3  Representative SEM image of the as-received Graphene nanoplatelets.

10.0kV 13.0mm x5.00k SE(U)

Figure 3.4  Representative SEM image of the powder mixture of TiN — 30 vol.% non-
stoichiometric NiAI-Ni-10 vol% Mo>C powders mixture.
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Figure 3.5  Representative SEM image of the powder mixture of TiN — 30 vol.%
NixAl-Ni powders.
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10.0kV 12.0mm x8.00k SE(U) 5.00um

Figure 3.6 ~ Representative SEM image of the as received pre-alloyed 316L powders,
sized from 1-6 pm.
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Figure 3.7  Representative SEM image of the as received pre-alloyed 17-4
precipitation hardening powders, sized from 1-6 um.

The powder blends tested in this work are shown in Table 3.2, classified based on their category:

ceramic phase, binder phase and noble particles additions.

Table 3.2 List of powder blends and their volume fraction of the experimented tested
compositions.

Composition ID Ceramic Binder phase Particles
phase addition

Vol.% TiC TiN NizAl Mo.C 316L 17-4 PH GNP

TiC- NizAl 70 30

TiC - 316LSS 70 10

TiC - 316LSS 80 20

TiC - 316LSS 90 30
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TiC - 17-4 PH SS 70 10

TiC - 17-4 PH SS 80 20

TiC - 17-4 PH SS 90 30

TiC - NizAl - GNP 70 29.75 0.25
TiC - NizAl - GNP 70 29.50 0.5
TiC - Ni3Al - GNP 70 28.75 1.25
TiC - Ni3Al - GNP 70 27.50 2.5
TiN - NizAl - MoC 70 30

TiN - NizAl - MoC  69.5 30 0.5

TiN - NizAl - Mo,C ~ 68.75 30 1.25

TiN - NizAl - Mo.C  67.5 30 2.5

TiN - NizAl - Mo,C 65 30 5

TiN - NizAl - Mo.C  62.5 30 7.5

TiN - NizAl - Mo,C 60 30 10

3.2 Cermet Fabrication and Characterization

The next sections show in detail the methodology applied to produce and characterize the tested
cermet compositions outlined in Table 3.2. The flow chart in Figure 3.8 shows the main steps

involved in the fabrication of the cermets for this work.
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Figure 3.8  Flow diagram of the steps to produce the samples.

3.2.1 Cermet Sample Preparation

The powders blends listened in Table 3.2 were mixed in 50 g batches, with an addition of 0.5 wt.%
polyvinyl butyral (PVB) wax in order to increase green strength and particle rearrangement during
compaction. The powder blends were ball milled in acetone for 24 hours at 60 RPM, using yttria
stabilized zirconia milling media (@ = 10 mm), with a 10:1 ratio of mass media/powder. The
samples were then dried in a fume hood for 24 hours and sieved through a 75 pm mesh to eliminate
large particles and promote uniformity in the sintering process. The processed ratio between the
ceramic, binder and additions typically had always a constant factor, to study the effect of either
the binder phase, the ceramic phase or a specific post heat treatment to achieve the most desirable
wear properties according to previous publications [72,73]. The exception to this was when GNPs
were added to the TiC-NizAl composition (Table 3.1). The dried and sieved powders were
subsequently compacted in a uniaxial press (Model S/N 41000-102, Carver Inc., Wabash, IN,
USA) with an applied load of 69 MPa (10,000 psi) into disc-shaped pellets with geometry and
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dimensions of 20 mm diameter and ~5 mm thick or 31.75 mm diameter with a ~6 mm thick
samples. For assessment of sliding wear behaviour, cylindrical-shaped test specimens (~4.24 mm
diameter x ~10.56 mm length) were used. The pellets were then compacted in a cold isostatic
press (CIP) (Model S/N-101462-1, Avure Technologies Inc., Franklin, TN, USA) at 207 MPa
(30,000 psi), held for 30 seconds to achieve a green density of 60 % = 5 % of theoretical and

enough green strength to be transfered to the vacuum sintering chamber.

The sintering and post heat treatments were performed in a R.D. Webb Red Devil® vacuum furnace
(Materials Research Furnaces, Suncook, NH, USA) under a maximum of 5 x10™* Torr dynamic
vacuum atmosphere. Heating and cooling rates of 20 °C/min were used. Below ~800 °C the

furnace naturally cools down.

After sintering, the immersion densities of the specimens were determined using Archimedes’
principle, in water (at 24 °C); a minimum of three samples were produced and measured for each
compositional variant to assess reproducibility, with each sample density determined three times.
The specimens were then ground and polished down to a surface profile of about 1 pm using a

0.25 um using diamond paste. The Archimedes’ principle equation is shown in the following:

p=—a Equation 3.1

o 1—(WW/Wa)
where p is the density, p,, is the density of water, w,, is the weight of the object in water and w,

is the weight of the object in air.

3.2.2 Sintered Microstructure

Figures 3.9 and 3.10 present examples of the sintered samples using two of the experimented
binders, namely NizAl and 316L stainless steel. The light gray phase represents the metallic binder
additions and the dark gray phase represent the TiC grains. A highly spherical ceramic phase is
characteristic of the stainless-steel binder, rather than an angular TiC microstructure when NizAl
binder is used, where the grains retain the angular shape of the particles. This suggest that the

TiC-316L system has a higher relative associated surface energy, being more reactive [1,2].
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15.0kV 12.1mm x2.00k SE{M)

Figure 3.9  Typical TiC 30vol.% NizAl sintered microstructure.

10.0kV 12.6mm x2.00k SE(U)

Figure 3.10  Typical TiC 30 vol.% stainless steel (316L) sintered microstructure.
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3.2.3 Hardness and Fracture Resistance

The Vickers hardness of the polished cermets was determined by applying a load of 1 kg, following
ASTM 1327-15. The low applied indenter load helps to avoid significant cracking around the
indent corners, with the sample subsequently analysed using optical microscopy for precise

indentation size measurement.

The indentation fracture resistance (IFR) was also assessed using the Vickers indentation method,
with an applied load from 30 to 50 kg. The IFR was determined by using both the approach
proposed by Anstis et al. [74] and also that of Niihara [45]. The two approaches were used to 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 binder content, to more ductile Palmqvist cracking (i.e.
c:a< 2.5), expected at higher binder contents (here c is the indentation crack length and a is the
indent diagonal). The following diagram (Figure 3.11) shows the types of cracks observed. A
representative of the hardness measurement and characteristic cracks on the edge of the Vickers

indenter is shown on Figure 3.12
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View I |
| |
| |
| |
| |
| |
| |
| 2‘: |
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[ —|-I-l—2u—|-|-.— | ] {-I'l-'l?\-‘t g ] i

Section
/ View
P;:g‘lm]:-i:lﬂ Median
[k Crack

Figure 3.11  Crack formation by Vickers hardness indentation [3].
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Figure 3.12  Vickers indentation representation for (a) 1 kg and (b) 50 kg on the surface
of a TiC-NizAl sample. Note the cracks on the edge of the indenter imprint.
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3.2.4 Wear Testing and Analysis

Assessment of the wear performance of the synthesised composites was performed using a
Universal Micro Tribometer (UMT; Bruker Corporation, Campbell, CA, USA), specifically with
the scratch module using a Rockwell diamond indenter (with a tip radius of 200 um). The

schematic of the equipment setup is shown in Figure 3.13.

Z -CARRIAGE

X - Slider

4° Mounting Block

Dwal Friction/Load

Sensor l""--.‘__‘,,
SuUSpPEnSIoN w,_

Pin Holder—

Test SF'*"-'-'T-.E"""R\ Ijl..-ﬁlam-na: Stylus

Stationgry Table

Figure 3.13  Schematic of the UMT instrument when used for scratch testing (Image
source from: ASTM G171-03 Scratch hardness G171-03 Scratch Test Method for Scratch
Hardness of Materials Using a Diamond Stylus on the Micro-Tribometer).

Using the scratch module, a single pass of 5 mm length was performed, with a sliding speed of
0.166 mm/s, under operating conditions of room temperature and relative humidity from 40-50%
in all the experiments. The applied loads were varied from 10 up to 100 N, to generate the scratch
tracks. Related data was obtained from the associated UMT software, providing dynamic
numerical values for the depth of the indenter versus the applied force nominally continuously
during each test. Moreover, the coefficient of friction, dynamic load and scratch depth were
subsequently extracted through the digital data-acquisition system obtained from the UMT test

equipment.
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For assessment of sliding wear behaviour, cylindrical-shaped test specimens (~4.24 mm diameter
x ~10.56 mm length), were placed into the sample holder of an ‘in-house’ designed and
constructed block-on-ring system. A counter-face ring (grade WC-6Co) was obtained as a
“standard” tribo-pairing system against the specimen, with the WC-6Co rings obtained from

Endurance Carbide Inc.

DRIVING SHAFT

= |

WC-6CO COUNTER
FACE WHEEL

=2

(b)

Figure 3.14 (a) Block-on-ring (grad) attached to the driving shaft of sliding wear
system. (b) Schematic representation of the block-on-ring wear tester used in the experiment. 1
test specimen and 2 counter-face ring.

To access the wear rate of the samples the following procedure was undertaken. Both the samples
and the counter-face ring were ground to a mean surface roughness of ~5 pm prior to the test. The
initial weight and weight of the sample was then measured at 5 min intervals for up to 45 minutes
total test duration, with a precision of 0.0001g. The measured weight loss is then converted into a
material volume loss (V) by dividing by the material density (p), and then further used to calculated

with specific wear rate using the Lancaster equation.

k=— Equation 3.2



where k is specific wear rate in mm>*N "' m™!, Pis the applied load and S is the total sliding distance.
For all tests, the rotation speed of the WC-Co counter-face wheel was maintained constant at 210
rpm, with an applied load of 100 N. The full test duration of 45 min corresponds to a total sliding
distance of 540 m.

Figure 3.15 ‘In-house’ designed block-on-ring sliding wear system. Note the sample and
driving shaft are shown in Figure 3.14.

The wear performance was then evaluated using SEM to observe the damaged area and wear
mechanisms. The depth and surface characteristics were measured using a three-dimensional
confocal laser scanning microscope (CLSM; Keyence VK-X100K; Keyence Company, Osaka,

Japan). The regions of interest was ~0.705 x 3.3mm (i.e., 2.32 mm?). The resolutions of the
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measurements were 0.05 pm in x- and y-dimensions and 0.02 pym in the z-dimension (vertical
direction). For each selected region of interest, the upper and lower limits of the laser scan were

focused to the highest and the lowest elevation levels within the selected area.

The average width of the scratch track is measured using FE-SEM, and the scratch hardness

number, HSp, was then determined using the relationship:

HS=8P

p = 7 Equation 3.3

where P is the applied normal load and W is the scratch width.

The various damage mechanisms were then examined at higher magnifications within the SEM,
inside the area of the scratch track, where it is possible to gather information about the main wear
mechanism(s) of the evaluated cermet material. Mechanisms such as grain pull out, intra-granular

grain cracks, binder extrusion and others are quantified and described.

3.2.5 X-Ray Diffraction Analysis

The crystallographic phase evaluation of the polished cermet surfaces and powders used in this
work were conducted using X-ray diffraction (XRD; Bruker D-8 Advance Bruker Corp., Billerica,
MA, USA), under CuKa radiation, operating at 40 kV and 40 mA, with a scanning range (20) from
20 to 80°.

For the GNP particles, an estimation of the average thickness of the flakes was calculated by the
mean height of the crystallite (L) in the direction of the c-axis according to the Scherrer equation
[26]:

__0.891
¢ [ cos(0)

Equation 3.4

where A is the X-ray wavelength (i.e., 1.5406 A for CuKa), £ is the full width at half maximum
(FWHM) height of the peak (in radians), and € is the Bragg angle.
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3.2.6 Thermal analysis

3.2.6.1 Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis (TGA)

To evaluate the sintering phase evolution, selected compacted samples were sintered in the
DSC/TGA system (Model Q600 SDT, TA Instruments Ltd., New Castle, DE, USA). The chamber
was kept under an Ar (99.99%) atmosphere, with a constant flow rate of 100 ml/min. The DSC
chamber was purged at least twice before each run to avoid sample oxygen contamination from
the atmosphere. The samples were normally heated up to 50 °C for 20 minutes to equilibrate heat
flow measurements, then heated up to 1500 °C at a heating rate of 20°C/min, kept for 1 minute at
maximum temperature, and cooled down to room temperature at 20°C/min according to the Figure

3.16. A minimum of three samples were studied to ensure reproducibility.
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Figure 3.16 DSC temperature profile used on the experiments.
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3.2.6.2 Dilatometry

The expansion/shrinkage response of the various cermet compositions during sintering was
assessed by dilatometry (Model 401C, Netzsch Instruments, Germany). The dilatometer samples
were compacted in a uniaxial single action press using a 6.38 mm diameter hardened steel die, at
a compaction pressure of ~100 MPa. The lengths of the dilatometer samples were 10 mm. Sintering
was conducted under a dynamic vacuum (< 1x 10~ mbar), with the samples heated at a rate of 20
°C/min to 1500 °C. Cooling was conducted at a nominal rate of 20 °C/min. During sintering
samples were supported in the dilatometer on an Al>O3 cradle, with two Al>O3 discs in contact
with the Al,O3 pushrods of the dilatometer, as shown in Figure 3.17. The cradle and plates were
coated with a protective yttria (Y203) layer to prevent any bonding with the samples. A minimum
of three samples of each cermet composition were sintered in the dilatometer to ensure test
reproducibility. All the experiments were performed using alumina (aluminum oxide) coated with
yttria (yttrium oxide) on both sides of the samples to reduce possible adhesion between the samples

and the crucible.
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Figure 3.17 Schematic showing sample arrangement inside the dilatometer furnace.

3.2.7 Raman spectroscopy

Raman spectroscopy was performed with the goal to confirm the quality and number of layers of
the GNPs used in the cermet compositions. For that, T64000 Raman spectrometer (Horiba
Scientific Jobin Yvon, Edison, NJ, USA) instrument was selected to run the experiment. A 632.8
nm HeNe laser (JDS Uniphase Corp., Nepean, Ontario, Canada), with a power of 1.6W and
incident through a 100x objective lens, was used to analyse the GNP spectra and estimate the

number of layers. Five scans were averaged over 20 s for each measurement.

56



CHAPTER 4 THE INFLUENCE OF Mo,C ADDITIONS ON THE MICROSTRUCTURAL
DEVELOPMENT AND SINTERING RESPONSE OF TiN-Niz;Al CERMETS

Status: Published: International Journal of Refractory Metals and Hard Materials, 71(2018) 262-
272.

Abstract

The objectives of this work were to assess the effects of incorporating Mo>C additions into TiN-
NizAl cermets, in terms of their densification response and microstructural development. The
individual powder components, together with the milled/compacted powder blends were
characterised using differential scanning calorimetry and thermogravimetric analysis. Dilatometry
was used to determine the densification and sintering response. It is demonstrated that an increase
in the Mo>C content reduces both the melting and solidification temperature of the NizAl-based
component of the system, which is initially formed via reaction sintering. Crystalline phases were
identified using X-ray diffraction, which demonstrated that TiN and MoC are retained following
sintering, and confirmed the formation of Ni3Al. The wettability of the Ni3Al binder was improved
through additions of Mo.C, enhancing the densification process. A simple microstructural
development model has been outlined, proposing that the Mo>C dissolves during liquid phase
sintering, and re-precipitates as a shell on TiN grains either during sintering or solidification, which

improves the wetting response between the nitride phase and intermetallic binder.

Keywords: liquid phase sintering; wetting; differential scanning calorimetry; dilatometry;

4. 1 Introduction

Ceramic-metal composites, or cermets, are widely used in industrial applications requiring high
hardness and wear resistance [75], including their use as coatings on a wide variety of metallic
substrates [ 76]. These applications include implementation as cutting or machining tools, bearings,
wear resistant coatings, etc. However, many factors can impact the performance characteristics of

advanced cermets, including their phase composition, the ceramic grain size and shape, and the
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metallic binder content and composition [32]. The extent of densification of the final component
is particularly important in terms of mechanical strength and tribological performance, and
processing approaches are invariably designed to achieve near theoretical densities wherever

possible [31].

The ultimate physical characteristics are determined by the constituents used to comprise the
cermet, with the ceramic phase often based on high elastic modulus compounds such as carbides,
borides or nitrides [13]. Similarly, the interactions between the ceramic and metallic phases are
extremely significant for the successful production of fully densified cermets, which are typically
processed by liquid phase sintering [33]. Consequently, the relative wettability and solubility
between the phases are important factors to consider during the sintering stage [32,40]. With the
right conditions, it is possible to obtain a cermet with essentially full density, and therefore the
potential for use in high wear resistance applications. As an example, tungsten carbide-cobalt
(WC-Co) cemented carbides have been widely developed for structural wear resistance [77]. WC-
Co materials have been used in bulk form, and as coatings, typically deposited using high velocity
oxyfuel (HVOF) thermal spraying [78,79]. These cemented carbides are invariably processed
using liquid phase sintering, with the Co phase having some solubility for W and C [80]. However,
WC-Co has a high density (typically ~13 g/cm?), together with relatively poor corrosion and
oxidation resistance, and elevated temperature strength [81]. Consequently, alternative cermet

systems are being continuously developed and evaluated.

Titanium nitride (TiN) is one example of a relatively light weight, high hardness ceramic phase
that can be envisioned for use in cermet applications due to its characteristics [82]. However, the
classical powder metallurgy fabrication process is relatively rarely used for TiN on its own, as the
resulting ceramic is quite brittle and low mechanical strength bodies result [83]. As an alternative,
it is potentially desirable to synthesise high performance TiN-based materials that have desirable
mechanical properties through development of TiN-metal composites [83,84]. To demonstrate the
potential of TiN as a structural material, TiN-based coatings have also been successfully deposited
using a variety of techniques, including physical vapour deposition [85], reactive plasma spraying
[86], and HVOF [87] techniques. In terms of cermet development, one potential issue with the use
of TiN is that it is not wet particularly well by molten metals [4]. It is important that the metallic
phase must have low contact angle with the ceramic particles during sintering (i.e. the system wets

well when molten). However, it has been reported that a variety of molten metals and alloys have
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high contact angles with TiN substrates [37,40]. For the TiN-Ni system, it has been demonstrated
that this problem can be largely alleviated through additions of molybdenum carbide (Mo2C),
which can decrease the contact angle to values close to 0° [80]. Beyond the wettability, it is also
necessary to maintain only limited solubility of the ceramic phase in the molten metal, to achieve
successful liquid phase sintering [32]. If the solubility is too high, then shape distortion is likely

during liquid formation.

In the present study, the processing of TiN-based cermets has been evaluated using a ductile
intermetallic binder based on stoichiometric nickel aluminide (NizAl). The use of NizAl-based
intermetallics in TiC and Ti(C,N) cermets has been previously shown to result in materials
exhibiting an excellent combination of corrosion and wear resistance, together with high
temperature strength retention [1,8]. The influence of Mo,>C additions has also been examined in
the current work, in terms of improving the sintering response and phase evolution of TiN-NizAl
cermets. The cermet densification behaviour has been assessed using a variety of thermal analysis
methods, including differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
and dilatometry, while the related microstructural and phase characterisation was performed using

scanning electron microscopy (SEM) and X-ray diffraction (XRD).

4.2 Materials and methods

4.2.1 Bulk Sample Preparation

The cermets in the current study have been prepared using commercially available TiN powder
(lot: 152737 TiN-1.8/15; Treibacher Industrie AG, Althofen, Austria), with a manufacturer
specified particle size of 1-2 pm. The NizAl intermetallic binder phase was produced using a
reaction sintering approach [ 1,88], from a mixture of fine Ni powder (lot no. NAD71; particle size
<45 pm) and a pre-alloyed 50/50 wt% Ni/Al powder (lot no. D28X029; particle size <150 pm);
both precursor powders were obtained from Alfa Aesar (Ward Hill, MA, USA). The Mo,C powder
(lot no. PL71887718; Pacific Particulate Materials, Vancouver, BC, Canada) had a similar
manufacturer specified particle size range to the TiN (i.e. 1-2 um). The blending of Ni and Ni/Al
powders was designed with the aim of producing a stoichiometric Ni3Al final composition

following high temperature sintering. All powder compositions were mixed in 50g batches, with
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the addition of 0.5 wt% polyvinyl butyral (PVB) wax to aid in compaction and increase sample
integrity. For the present work, the cermet compositions were produced with 30 vol% of NizAl,
and with Mo>C additions varied from 0-10 vol%, substituting in-part for the TiN content; the
examined compositions are summarised in Table 4.1. In order to prepare powder blends, the
mixtures were first ball milled for 24 hours at 60 RPM in high density polypropylene bottles, using
acetone as the suspension medium and with yttria stabilized zirconia milling media (@ = 10 mm),

charged at a 10:1 mass ratio of media: powder.

Table 4.1 Composition of sintered samples.
Element/Blend TiN (vol.%) Ni3Al (vol.%) Mo:C (vol.%)
1 70 30 0
2 69.5 30 0.5
3 68.75 30 1.25
4 67.5 30 2.5
5 65 30 5
6 62.5 30 7.5
7 60 30 10
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Figure 4.1 Representative SEM image of a dried powder mixture after milling (TiN-
NizAl prepared with 10 vol% Mo2C).

After the milling stage, the suspensions were dried in a fume hood for 24 hours, and then sieved
through a -75 um mesh stainless steel to eliminate any large agglomerates. For bulk cermet
samples, the sieved powder was then uniaxially pressed in a hardened steel die (31.75 mm in
diameter) at a compaction pressure of ~69 MPa, to give discs approximately 6 mm thick; ~0.2 ml
of hexane was dripped onto the loose powder in the die, just prior to compaction, to aid particle
rearrangement and hence further improve green strength. Following uniaxial pressing, the samples
were sealed in polyethylene bags and further compacted in a cold isostatic press at a pressure of
207 MPa. This second stage helps to eliminate any effects from die wall friction, removing any
green density gradients that might form, and helps to achieve higher green densities. Cermet
sintering was performed using a vacuum furnace (Red Devil®, R.D. Webb Co., Natick, MA, USA),
with samples held at 1550°C for 120 minutes, under a dynamic vacuum of better than 5 x 10
Torr. During sintering the programmed heating and cooling rates were 20°C/min, with the furnace

cooling at a slower, natural rate below ~800°C.
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4.2.2 Thermal Analysis Procedures

The various thermal analysis procedures required the preparation of different samples to the ‘bulk’
materials described in the previous section. DSC/TGA samples were compacted from the milled
powders using a uniaxial hydraulic press within a 4.76 mm diameter, hardened steel die. The
internal die walls were lubricated with Licowax® C prior to filling with powder. The samples,
weighing ~50 mg each, were subsequently compacted to approximately 50 MPa. The DSC and
TGA tests were conducted using a simultaneous differential thermal analysis system (Model Q600
SDT, TA Instruments Ltd., New Castle, DE, USA). For the DSC/TGA tests, the compacted cermet
samples were held within alumina (Al>O3) crucibles, with high purity (>99.999 %) argon flowing
through the furnace at a rate of 100 mL/min for the entire heating and cooling cycle. For all tests,
the DSC/TGA furnace was initially heated to 50°C, with a short equilibration hold (20 min.), to
equilibrate the heat flow measurement. After this equilibrating hold, the cermet samples were
heated to 1500°C, and then cooled back to room temperature. The DSC/TGA peaks were resolved
at heating/cooling rates of 20°C/min. A minimum of three samples for each powder composition

were then studied in the DSC/TGA system, to ensure reproducibility.

The expansion/shrinkage response of the various cermet compositions during sintering was
assessed by dilatometry (Modal 401 C, Netzsch Instruments, Germany). The dilatometer samples
were compacted in a uniaxial single action press, in an equivalent manner to those prepared for
DSC/TGA analysis, using a 6.38 mm diameter hardened steel die, at a compaction pressure of
~100 MPa. The lengths of the dilatometer samples were 10 mm. Sintering was conducted under a
dynamic vacuum (< 1 x 102 mbar), with the samples heated at a rate of 20°C/min to 1500°C.
Cooling was conducted at a nominal rate of 20°C/min. During sintering samples were supported
in the dilatometer on an Al>O3 cradle, with two Al>O;3 discs in contact with the Al,Os pushrods of
the dilatometer. The cradle and plates were coated with a protective yttria (Y203) layer to prevent
any bonding with the samples. A minimum of three samples of each cermet composition were

sintered in the dilatometer in order to ensure test reproducibility.

4.2.3 Microstructure and Phase Characterisation

Crystallographic analyses of the various powdered and sintered samples were performed using

XRD (Model D-8 Advance, Bruker Corp., Billerica, MA, USA), with CuKa radiation, at 40 kV
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and 40 mA. Phase identification was then conducted, following XRD, using the ICCD’s PDF-4
database for inorganic materials. For microscopy analysis, the sintered samples were ground and
polished using successively finer grades of abrasive diamond, finishing with 0.25 pm diamond
paste. The resultant polished microstructures, along with selected powder samples (i.e. prior to
sintering), were then analysed using SEM (Model S-4700, Hitachi High Technologies, Inc.,
Tokyo, Japan). Chemical compositions were analysed within the SEM using energy dispersive X-

ray spectroscopy (EDS; Inca X-max, Oxford Instruments, Concord, MA, USA).

4.3. Results and Discussion

4.3.1 Vacuum Sintering Response

TiN-based cermets were prepared with 30 vol.% NizAl, and varying amounts of Mo,C addition,
as a method to investigate and modify the wetting characteristics of the molten intermetallic binder
in contact with the nitride phase. Figure 4.1 demonstrates the extent of homogenisation and size
refinement that is achieved in the dried powder blends following the initial ball milling stage, in
this instance for a sample prepared with 10 vol.% Mo.C addition. The various constituents are well
blended, although visually there is not a significant degree of size reduction. Irregularly-shaped
particles, ranging from <1 to 5 um are observed. The mean sizes of the initial raw powders are
typically in the range of 1-3 um, excluding the pre-alloyed Ni/Al powder, which is initially <150
um. There is a general reduction in particle size arising with the mixing and milling process, and
there is no evidence of the large Ni/Al powder particles after milling and drying. The predominant
morphology is one of angular particles being present in the mixture, which is a result of attrition
processes during milling. The overall reduced particle size can be expected to enhance
densification during the sintering process. Also, there is a broad range of particles from a few
microns up to 15 um, what favours the rearrangement of solid mass to improve packing and green

density [32].
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(a)

(b) ]

Figure 4.2  (a) Macro-photographic images of sintered samples of TiN-Ni3Al cermets,
prepared with various Mo>C additions. Top row, from left to right, compositions 1 to 4. Bottom
row, from left to right, compositions 5 to 7. Samples sintered at 1550 °C for 120 min. (b) Macro-
photographic images of the dilatometer sintered samples of TiN-Ni3Al cermets, prepared with
various Mo,C additions. Top row, from left to right, compositions 1 to 4. Bottom row, from left
to right, compositions 5 to 7. Samples were heated to 1500 °C, and then cooled (no hold).

Macro photographic images of various samples after vacuum sintering are presented in Figure 4.2
(with increasing Mo>C content samples shown from left to right). Without Mo,C addition (upper
row, left hand sample), or with very low additions (upper row), there is a clear inhomogeneity in

terms of the ‘as-sintered’ surface appearance of the samples. These examples show some evidence
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of macro-segregation of components within the composite, at least on the exposed surface. As the
Mo>C content is increased above 1.25 vol%, the surface of the materials appears more
homogeneous. It has previously been reported that, with an addition of 5 wt% Mo, the wetting
angle of NizAl on TiC can be reduced to ~11° [40,89]. In the present work, with a low Mo>C
content it is clear there is still a high degree of segregation. This result can be anticipated from
previously reported wetting experiments with Mo>C presented in the open literature [11]. It was
also recently shown, for high nitrogen content Ti(C,N)-Ni3Al cermets (in this instance with a C:N
ratio of 0.3:0.7) [8,90], that Mo>C can significantly improve melt wetting and densification, even
when present in low concentrations (i.e. 1.25 vol%). It was for this reason that Mo,C was also
chosen as a wetting agent in the present work. As noted earlier, for effective liquid phase sintering
to occur, it is desirable to obtain the lowest contact angle of the molten phase on the ceramic
constituent as is possible [36]. There are several methodologies that can be employed to improve
wetting in cermet systems, such as additions of elemental Mo or its carbide, Mo,C [8,40]. The
processing strategy that is presently proposed is that the Mo or Mo>C may envelope the ceramic
grains, creating a thin layer which will decrease the free energy of liquid-solid interfaces, lowering
the contact angle, and promoting wetting during sintering; a generally similar behaviour was seen

in prior work [91].

The crystallographic stability of the sintered TiN-Ni3Al-Mo,C cermets was examined using XRD,
with representative sample traces of samples after sintering at 1550°C for 120 minutes shown in
Figure 4.3. It is apparent that the Mo,C peak increases in intensity as a greater amount is added to
the composition, as might expected if no deleterious reactions occur. The presence of a very small
amount of retained NiAl is apparent for the smallest Mo,C content, indicating that the NizAl
precursors have not fully reacted within the sintering cycle time. For a higher content of M02C (i.e.
>1.25 vol.% Mo2C), the NiAl peak has disappeared, and only the Ni3Al intermetallic phase is
detected in terms of the reacted binder constituents, indicating there is a minimum content of Mo2C
that effectively assists in reactive homogenisation of the pre-alloying Ni and Ni/Al mixture. A
broadly similar type of behaviour was seen previously [92], where Ni and Ni/Al peaks lose
intensity, while the NizAl intensity rises until the reaction was observed to be complete at 1200°C.
This behaviour suggests that Mo>C act as an homogenizer and participate in the mechanism to
improve densification and wetting during sintering, what will be show further at the SEM-EDS

chemical composition analysis.
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Figure 4.3  Representative XRD traces for the sintered TiN-Ni3Al cermets,
compositions from 1-7. Samples sintered at 1550°C for 120 minutes.

4.3.2 DSC and TGA Evolution

A representative example of the DSC/TGA analyses for the TiC-30 vol% Ni3Al samples prepared
with 5 vol% MoxC is shown in Figure 4.4. As would be expected, an endothermic peak was
observed during melting, with a related exothermic peak recorded on cooling during solidification.
These two peaks correspond quite closely with the melting and solidification temperature of NizAl
(1360-1362°C), following the Ni-Al phase diagram of Okamoto [93].

An initial moderate weight loss (~0.5 wt%) is confirmed by TGA analysis (Figure 4.4), occurring
between 200 and 600°C. This can be primarily attributed to decomposition of the polyvinyl butyral
(PVB) wax and Licowax® C lubricants, which are used to aid compaction of the green bodies prior
to sintering; potentially small amounts of adsorbed surface moisture may also be lost during this
stage. In the TGA trace, it is possible to observe that the final sample weight corresponds to ~99.5
% of the full initial mass. Above 600°C a very small mass gain is noted (~0.15 %). This is
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potentially due to limited oxidation of the samples during heating, which likely arises from the
design of the TGA system, as it is not optimised to be vacuum tight. Above ~1200°C, a rapid
weight loss again arises. As similar response was previously reported in the literature for Ti(C,N)-
NizAl cermets [90], which was attributed to the volatilisation of MoOs3 present in the surface of
the samples. At this temperature, the sample begins to experience rapid mass loss and an

endothermic response is observed [90].
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Figure 4.4  Representative combined DSC/TGA traces for the TiN-NizAl cermet
composition prepared with 5 vol% Mo,C. Samples heated/cooled to 1500°C at a rate of
20°C/min.

Representative DSC heating segment data, obtained between 1300 and 1500°C, is shown in Figure
4.5 for each of the TiN-30 vol% NizAl cermet compositions, prepared with 0 to 10 vol% Mo-C.
These results demonstrate that, as the amount of Mo,C was increased in the cermet composition,
the apparent melting temperature of the NizAl alloy is reduced (by roughly 20°C). The multiple

melting peaks for the compositions from 0-5 vol% Mo,C additions are also proposed to be related
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to the presence of non-equilibrium phases, such as NiAl. For Mo,C concentrations higher than 5
vol%, the peak gets sharper and is better defined, indicating that the liquid phase is more

homogeneous.
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Figure 4.5  Representative segments of the DSC heating curves for TiN-30 vol%
NizAl compositions prepared with varying amounts of Mo,C. Examples show the overall melting
peak shifts as the amount of Mo,C is increased; an exothermic response is shown as the ‘up’
orientation for each graph. Samples heated/cooled to 1500°C at a rate of 20°C/min.

The DSC solidification peaks for these cermet compositions are presented in Figure 4.6. Similar
results were obtained when compared with the melting peaks, which showed that the addition of
Mo C can reduce the melting temperature of the NizAl alloy. It has been noted that the wettability
of a molten metal is partially determined by its thermodynamic stability, and that a small heat of
formation is associated with the lower wetting angle is achieved by the solid/liquid interfaces [94].
Mo:C has the best wettability with liquid metals when compared to related carbides from the

groups IVb, Vb and VIb (American notation) of the Periodic Table of the elements, due to it having
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the lowest heat of formation. It is anticipated that this assists with the wetting and sinterability of
the TiN in the present cermets, through the creation of a thin layer of Mo,C , which surrounds each
ceramic grain and results in a homogeneous melt, as observed in prior work with similar

compositions [95].
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Figure 4.6  Representative segments of the DSC cooling curves for TiN-30 vol%
NizAl compositions prepared with varying amounts of Mo,C. The examples show the overall
solidification peak shift as the amount of Mo,C is increased; an exothermic response is shown as
the ‘up’ orientation for each graph. Samples heated/cooled to 1500°C at a rate of 20°C/min.

Figure 4.7 shows representative TGA curves obtained for each of the compositions within the same
temperature range. Each of the samples contains 0.5 vol.% of PVB binder, which volatilises within
the temperature range of 300-500°C, corresponding to the observed mass loss at these
temperatures. As noted in prior work [90], a mass loss at 800°C occurs due the oxidation of Mo>C,
forming MoOs3, which further reacts with Al to form Al,O3, which was proposed to be responsible

for a subsequent measurable increase in mass upon solidification. Some mass gain is shown during
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solidification in the present work, predominantly for the TiN-NizAl composition, which indicates
that residual oxygen reacts with the Ni and Al present in system, since it wants to physically de-
wet from the TiN phase[11]. De-nitridation of TiN and subsequent oxidation are possible
mechanisms that occur at higher temperatures (e.g. 1500°C), which show as mass loss/gain in all

compositions [9,90,96] .
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Figure 4.7  Representative TGA traces for selected TiN-30 vol% NizAl-Mo,C
compositions, showing the changes in weight as a function of temperature; additional
compositions were omitted for clarity only. Samples heated/cooled to 1500°C at a rate of
20°C/min.

4.3.3 Dilatometry Analysis

The results of dilatometric analysis were used to examine the shrinkage of each composition from
room temperature up to 1500°C (Figure 4.8). The main peak temperature occurs ~78 minutes into

the cycle (corresponding to a temperature of ~1500°C), which relates to a transition between
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expansion and shrinkage. On heating, an expansion of ~1 % occurs at ~71 minutes (at ~1361°C),
which corresponds to the melting of NizAl. Samples with less than 5 vol% of Mo2C exhibited a
maximum shrinkage of 8 %. This moderate shrinkage has been attributed to some loss of the
intermetallic binder through a de-wetting process, which is visible at the bottom of the samples
shown in Figure 4.8. The physical segregation of the metallic phase at the bottom of the sintered
specimen is a result of melt de-wetting, together with the combined action of gravity (the metal

has a higher density than the TiN).
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Figure 4.8  Representative dilatometry curves for TiN-30 vol% Ni3Al cermets with 0
to 5 vol% MoxC, showing the extent of densification as a function of temperature. Samples
heated/cooled to 1500°C at a rate of 20°C/min.

Samples with M0>C concentrations higher than 5 vol% exhibited ~6 % shrinkage, which was
purely attributed to liquid phase sintering of the cermet, as little to no segregation/de-wetting was

observed (Figure 4.9). Dilatometry traces showed a significant expansion at ~71 minutes
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(~1361°C), which can again be interpreted as the initial melting of the NizAl. A significant
reduction in the shrinkage rate was observed at ~85 minutes (~1363°C), which corresponds to
solidification of the melt phase, after which only solid-state sintering takes place for any

subsequent densification.
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Figure 4.9  Representative dilatometry curves for TiN-30 vol%NizAl with 0, 7.5, and
10 vol% Mo:2C, showing the extent of densification as a function of temperature. Samples
heated/cooled to 1500°C at a rate of 20°C/min.

4.3.4 Microstructural Development

It has previously been noted that the sintering behavior of TiN particles can be enhanced through
the formation of a Mo-rich shell, which was reported to be less soluble in the binder phase than in
the TiN; this increases dissolution into the TiN phase, leaving small cores [91]. It is notable that
the addition of M0>C into the cermet mixture creates a Mo carbide ‘shell’ that is invariably located

between the TiN and the NizAl-based binder, effectively isolating these phases from each other (at
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least partially). In some respects this behaviour is similar to the TiC ‘clustering’ that was observed
when large Al,Os particles were added into a TiC-NizAl cermet [97]. In that instance, the NizAl
did not wet the Al>O3, and a structural re-arganisation occurred with TiC particles both segregating
to the AlO3-NizAl interface and showing shape accomodation during liquid phase sintering, in
order to better pack and isolate the interface [97]. In the present case it appears that both the TiN
and Mo,C undergo dissolution and re-precipitation, with the Mo carbide phase preferentially re-
precipitating at the interface between the TiN and Ni3Al. This response favours dissolution-
reprecipitation during sintering instead of segregation of phases [80]. During this stage of liquid
phase sintering, TiN and Mo,C dissolve in the NizAl binder, and there appears to be a preferential
re-precipitation of the Mo carbide on TiN cores when the dissolved concentration reaches
saturation. In the subsequent cooling stage any remaining Mo and C present in the melt (above the
room temperature solubility limit) also precipitate out, forming outer Mo-rich shells, as shown in

Figure 4.10. Further cooling then results in solidification of the intermetallic binder phase.
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Figure 4.10 Representative SEM EDS image and associated elemental maps for the
TiN-30 vol% Ni3zAl composition, prepared with 10 vol% Mo.C.

Figure 4.10 also presents typical examples of EDS maps for this region, while a related linescan
(for points 1 to 8 in Figure 4.10) is presented in Figure 4.11. Mo carbide is observed in between
the nitride and binder phase. Up to 2 wt% of oxygen is determined within the binder phase. There

is an apparent gradient of composition from the binder to the core of the nitride grain, with up to
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5 wt% of Ni and Al recorded in the Mo,C inner shell; significant caution should be taken in this
interpretation, as the electron beam interaction volume (of the order of 1 um?) is likely to extend
slightly into the surounding binder regions. No significant binder constituents were found to be

dissolved into the nitride phase, while up to 4 wt% of residual Ti and N were measured in the

binder phase.
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Figure 4.11 Typical EDS compositional profile for a TiN-30 vol% NizAl sample with
10 vol% Mo2C, which matches Figure 4.10. Samples sintered at 1550°C for 120 minutes.

The SEM images and associated EDS maps presented in Figure 4.12 demonstrate the elemental
segregation observed in the composition with 10 vol% MozC. It is apparent that the TiN phase is
largely physically separated from the intermetallic NizAl phase after sintering, through the

presence of a molybdenum carbide ‘shell’ covering much of the TiN surface.
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Figure 4.12  Representative EDS elemental maps showing the macro- and micro-
segregation in the compositions of: (a) TiN-30 vol% NizAl, and (b) TiN-30 vol% NizAl-10 vol%
Mo:C. Samples sintered at 1550°C for 120 minutes.
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The EDS maps in Figure 4.10 demonstrate the elemental segregation observed in the composition
with 10 vol% Mo,C. It is clear that the TiN phase is largely physically separated from the
intermetallic NizAl phase after sintering. As increasing Mo,C is incorporated, the structural
interaction is further developed, leading to micro-segregation within the microstructure. For the
present work, a simple microstructural model has been developed, based on the SEM-EDS
mapping observations, to explain the liquid phase sintering response and associated microstructure

formation.

Evaluation of the effects of Mo2C on the final microstructure development are presented in Figure
4.13. The main differences between the samples without and with Mo>C during liquid phase
sintering relate to the pore sizes and distributions. Large, irregularly-shaped pores are observed in
Figure 4.13(a), in the absence of Mo,C additions. In this instance the Nizal binder tries to de-wet
from the TiN ceramic phase, so instead of the capillary force driving liquid phase sintering and
densification, effectively there a repulsion between the TiN and molten intermetallic phase. Dense,
NizAl-rich areas are apparent, with minimal TiN present in these regions. This segregation likely
happens as soon the sample reaches the melting temperature of Ni and NiAl mixture. Incorporation
of Mo,C starts to reduce these effects, as highlighted in Figures 4.13(b) and, to a lesser extent,
4.13(c). Addition of 10 vol% Mo.C further reduces this segregation, and regions of Mo carbide
(light contrast) can be seen around many of the TiN grains aiding the liquid phase sintering process.
At this level of Mo,C addition porosity is largely reduced. In addition to this reduction of porosity,
it is also possible to observe some limited coarsening within the microstructure of the TiN phase
(dark contrast), which is arises through Ostwald ripening due to enhanced mass transfer during the
dissolution/re-precipitation sintering stages. A more uniform phase distribution is also clearly

observed as the Mo>C content is increased to 10 vol%.
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Typical SEM images of TiN-30 vol% NiszAl samples liquid phase sintered with Mo>C contents of: (a) 0 vol%,
(b) 2.5 vol%, (c) 5 vol% and (d) 10 vol%. Samples sintered at 1550°C for 120 minutes.
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For the present work, it is possible to propose a simple microstructural evolution model (Figure
4.14), based on the SEM-EDS mapping observations, that helps to explain the liquid phase
sintering response and associated microstructure development. In the absence of Mo,C, the TiN is
not wet very well by the intermetallic melt, segregating from the TiN and even fully de-wetting
(Fig. 4.14(a)). As increasing Mo2C is incorporated, the structural evolution becomes more
complex, as both TiN and Mo,C are dissolved into the melt. However, here it can be anticipated
that dissolution of Mo,C dominates; in a prior study, it was demonstrated that for a solely Mo>C-
Ni3Al cermet composition, significant Mo>C coarsening occurs, indicating a high solubility and
diffusion rate [30]. Only minimal TiN coarsening is noted in the current study, while the Mo»C is
selectively re-precipitated directly on to TiN grains (as shown in Figure 4.14(b)); effectively this
changes an entirely TiNNizAl melt interface to a predominantly Mo>C-NizAl melt interface.
Further elucidation of the densification mechanism(s) may be achieved through isothermal
sintering studies [39], in addition to constant heating rate dilatometry, which will provide the focus
for future studies on the TiN-Mo>C-NizAl compositions; such studies can provide detailed

information regarding both densification and grain growth exponents.
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Figure 4.14 A simple schematic representation of the effect of Mo,C additions on the
sintering behaviour of TiN-NizAl cermets. (a) In the absence of Mo,C, the liquid formation is
accompanied by de-wetting, and the subsequent segregation of the molten Ni3Al phase. (b)
Mo C additions result in the formation of a thin molybdenum carbide layer on the surface of the
TiN grains, leading to significantly improved wetting and densification behaviour.

4.4 Conclusions

In the present work, TiN-based cermets have been prepared with a stoichiometric NizAl, and
varying amounts of Mo,C addition. Macro- and micro-segregation phenomena were observed in
the basic TiN-NizAl system, resulting in high porosity. The incorporation of up to 10 vol% of

Mo:C into the hard phase was shown to significantly improve wettability within the system,
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thereby reducing porosity in the final sintered microstructure. The addition of Mo2C also resulted
in some limited coarsening of the microstructure, by improving material transport and promoting
Ostwald ripening during liquid phase sintering. A simple microstructural model was developed,
based on the use of EDS chemical mapping. It demonstrates that that during sintering/cooling a
Mo carbide phase precipitates directly onto TiN, creating an enveloping shell structure, which can
be anticipated to lead to a reduction of contact angle between the TiN and intermetallic binder

phase. This study highlights the beneficial effects of Mo>C additions in processing TiN cermets.
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CHAPTER S THE EFFECTS OF GRAPHENE NANO-PLATELET ADDITIONS ON THE
SLIDING WEAR OF TiC-NizAl CERMETS

Status: Published: Tribology International, 130(2019) 119-132.

Abstract

TiC-NizAl cermets show considerable promise as replacement materials for WC-based hardmetals
when component mass, corrosion resistance or higher temperature strength are of importance. The
current study investigates potential improvements to selected mechanical and tribological
properties of these cermets through addition of graphene nano-platelets (GNPs) to a baseline TiC
cermet with 30 vol.% NizAl binder. GNP contents of up to 2.5 vol.% were assessed, replacing
NizAl in the overall composition, with samples vacuum sintered at 1550 °C for 2 hours. The
resultant sintered densities all exceeded 99% of theoretical. From initial assessment of the
mechanical and tribological responses, it is demonstrated that GNP additions up to 2.5 vol.% can
increase the Vickers hardness (from ~1060 to ~1220 HV1) and indentation fracture resistance
(from ~14.2 to ~16.7 MPa*m®?). At the same time, GNP additions significantly lower both the
coefficient of friction, from ~0.53 to ~0.15, and the specific wear rate, from ~15.5 to ~1.7 x 107

mm?>/Nm, when assessed with a block-on-ring wear test geometry.

Keywords: cermet, graphene nano-platelets, scratch testing, hardness

5.1 Introduction

‘Cermets’ are engineered composites that combine ceramic and metallic phases to generate
materials that, typically, exhibit both high hardness and toughness [98]. Because of this
combination of constituents, cermets can exhibit a moderately low coefficient of friction combined
with good wear resistance [99]. In addition, through careful selection of the actual cermets phase

compositions, they can also possess high oxidation resistance and good thermal stability [2,100].
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As a consequence, the use of cermet materials as thermal spray coatings is also widely studied,
with targeted applications in aggressive corrosive and/or erosive environments [101,102]. A
common use for such ceramic-metal composites is as wear resistant materials in the mining,

mineral processing, and oil and gas industries [103].

One of the most important characteristics of cermets, as well as tungsten carbide-cobalt (WC-Co)
based hardmetals, is their capacity to be tailored, in terms of their properties, by changing the
chemical phase compositions and the volume (or weight) ratios between the ceramic and metallic
phases. This approach can potentially be applied to increase the cermet wear resistance, by
increasing the ceramic phase content, which is typically between 70-90 vol.%. However, this can
cause the material to become more brittle, and consequently increase erosion wear [13]. An
alternative approach to increasing the wear resistance is through addition of a phase with an
extraordinary high hardness, such as industrial diamonds, although this can result in an excessive

cost increase.

Perhaps unsurprisingly, it has also been shown that the wear resistance of ceramic/ceramic tribo-
pairs can be increased under oil lubrication [ 104]. However, the use of such lubrication is generally
unfavourable, due to potential associated environmental issues, as well the limitations the lubricant
might impart on the working conditions (e.g., temperature). For this reason, self-lubricating
materials have been utilized in composites and cermets as a potential solution [105], as well as in
powder metallurgy systems [106]. These previous studies have demonstrated the potential to
process graphite-containing cermets at temperatures of ~1440 °C, with nearly fully dense
composite materials obtained [107]. Additions of up to 5 vol.% of graphite and/or a decrease in
the graphite flake size significantly decreased the wear rates of self-mated wear pairs. A transition
from particle extrusion to a plastic deformation wear mechanism occurs, when compared to the

baseline cermet compositions [108,109].

As an alternative to graphite, closely related graphene nano-platelets (GNPs) are a relatively cheap
material solution, which have been reported to improve mechanical properties in a number of
composite systems, such that they present an interesting choice for the manufacture of self-
lubricating cermets [110,111]. In the present work additions of GNP particles up to 2.5 vol.% were
examined for titanium carbide-nickel aluminide (TiC-NizAl) cermets, whereby the GNP is added

specifically into the NizAl intermetallic binder phase using powder metallurgy-based processing
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routes. TiC-NizAl cermets, along with WC-Ni3Al, have been widely studied in recent years
[98,112], and have been shown to possess comparable wear resistance to WC-Co [112], while
exhibiting superior aqueous corrosion resistance [113]. Furthermore, the TiC-based materials are
less than half the density of WC-Co. For the present work, the main objectives are to investigate
how the graphene additions, in this case in the form of GNPs, influence the processing and
densification response of TiC-NizAl cermets, their fundamental mechanical properties and, most

importantly, the tribological behaviour of the resultant GNP-containing cermets.

5.2 Experimental Procedures

5.2.1 Materials Preparation

The following raw materials were used in the present study for the fabrication of TiC-NizAl
cermets with GNP additions (summarised in Table 1): TiC powder (lot no. 45693; particle size =
1-2 um) supplied by Treibacher Industrie AG (Althofen, Austria), elemental Ni (lot no. LIOWO013;
particle size 2.2-3.0 um), and Ni/Al 50:50 at. % (lot no. D28X029; particle size <150 um), both
obtained from Alfa Aesar (Ward Hill, MA, USA). The GNPs (30-50 layers thick; flake size = 5-
10 um) were obtained from Graphite Innovation and Technologies Inc. (Halifax, Nova Scotia,
Canada). Prior to incorporation into the cermet blends, the GNP particles were evaluated to
confirm their characteristics, using a T64000 Raman spectrometer (Horiba Scientific Jobin Yvon,
Edison, NJ, USA). A 632.8 nm HeNe laser (JDS Uniphase Corp., Nepean, Ontario, Canada), with
a power of 1.6 watts and incident through a 100x objective lens, was used to analyse the GNP

spectra and estimate the number of layers. Five scans were averaged over 20s for each

measurement.
Table 5.1 Characteristics of starting powders.
Powders Particle size(pm) Shape Supplier
TiC 1-2 Angular Treibacher Industrie
Ni 2.2-3.0 spiky dendritic Alfa Aesar
NiAl 150 Irregular Alfa Aesar
GNP 5-10 (~15nm thick) Flake GIT Inc
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The final compositions of the TiC-Ni3Al cermets, both without and with GNP additions, were
produced by using an in-situ reaction sintering process to form the NizAl binder phase [114]. To
achieve this, mixtures based on a blend of Ni and Ni/Al powders were produced with the intent to
form a nominally stoichiometric Ni3Al intermetallic composition in the final cermet. For each of
the examined cermet formulations, the TiC, Ni, Ni/Al and GNP powders were milled
simultaneously in ~50 g batches, with 0.5 wt.% polyvinyl butyral (PVB) wax added to aid
compaction; blends were milled in acetone for 24 hours at 60 rpm, using yttria stabilized zirconia
milling media (@ = 10 mm), with a 10:1 ratio of mass media/powder. The powder mixtures were
subsequently dried in a fume hood for 24 hours, and then sieved through a -45 pm mesh stainless
steel screen to eliminate any hard agglomerates. All of the cermet compositions were prepared
with a fixed 30 vol.% NizAl and GNP combined content, as the baseline 30 vol.% NizAl
composition has been shown to exhibit the best wear response in prior studies [1]. In this instance,
the GNP additions specifically replace NizAl in the overall composition on a volume basis (up to
2.5 vol.% GNPs), with a baseline cermet of TiC with 30 vol.% Ni3Al binder (no GNP addition)

also prepared. The resultant cermet compositions are summarised in Table 5.2.

Table 5.2 Compositions of the cermets studied in the experiments.
Cermet TiC (vol.%) NizAl (vol.%) GNP (vol.%)
1 70 30 0
2 70 29.75 0.25
3 70 29.50 0.5
4 70 28.75 1.25
5 70 27.50 2.5

The resultant powder was then compacted at ~70 MPa in a hardened steel die (4.76 mm diameter);
~0.2 ml of hexane was added to the powder mixture during die loading as a volatile ‘binder’ to
improve green strength during compaction and die ejection. The samples were then vacuum
bagged and cold isostatically pressed (CIPed) at ~207 MPa to further improve the green density
and handling strength. Vacuum sintering was subsequently performed at 1550 °C for 120 minutes,

under a dynamic vacuum better than 5x10™* Torr. Nominal heating and cooling rates of 20 °C/min
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were utilised during sintering, while on cooling below ~800 °C the furnace follows a natural

cooling rate that is less than 20°C/min.

5.2.2 Cermet Characterisation

After sintering, the immersion densities of the specimens were determined using Archimedes’
principle, in water (at 24 °C). The specimens were then ground and polished down to 0.25 pm
diamond paste. Subsequent crystallographic phase evaluation of the polished cermet surfaces was
conducted using X-ray diffraction (XRD; Bruker D-8 Advance Bruker Corp., Billerica, MA,
USA), under CuKa radiation, operating at 40 kV and 40 mA. The sintered microstructures were
examined using both optical microscopy (Olympus BX-51, Olympus Corporation, Tokyo, Japan)
and field emission scanning electron microscopy (FE-SEM; Hitachi S-4700, Hitachi High
Technologies, Tokyo, Japan), with energy dispersive X-ray spectroscopy (EDS; Inca X-max,
Oxford Instruments, Concord, MA, USA) available on the FE-SEM for compositional analysis.

The Vickers hardness of the polished cermets was determined applying a load of 1 kg, following
ASTM 1327-15. The low applied indenter load helps to avoid significant cracking around the
indents, with the sample subsequently analysed using optical microscopy for precise indentation
size measurement. The indentation fracture resistance (IFR) was also assessed using the Vickers
indentation method, with a 30 kg applied load. In the current indented samples (for a 30 kg load),
only Palmqvist-type cracks were observed, so that the IFR values were determined using the Shetty

equation [115]:

__ 0.0319P

KIC = W Equation 5.1

where P is the applied load, a is the crack length distance from the center of the indent and / is the
indentation crack length. To ensure the repeatability of the measurements for both the hardness
and IFR values, a minimum of 10 indentations was made for each of the test procedures and

materials.

The wear performance was evaluated using both scratch and sliding wear tests. For scratch testing,
a Universal Micro Tribometer (UMT-1; CETR, Campbell, CA, USA) was used with a diamond

indenter sliding in linear motion across the flat surface. This is achieved using a single pass of 5
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mm length, with a scratch speed of 0.166 mm/s. Tests were conducted at room temperature (22 +
2 °C), and with a relative humidity of 40-50 %. In the scratch test, the load is applied downward
against the surface of the sample with a Rockwell diamond indenter (with a tip radius of 200 pm).
Loads of 50 or 100N were applied to generate the scratch tracks, although data is only presented
for 100 N tests as the lower loads did not provide good reproducibility. Data was obtained using
the UMT software, which allowed determination of the coefficient of friction (COF) of the surface.
The average width of the scratch track was subsequently measured using FE-SEM, and the scratch
hardness number, HS),, was then determined using the relationship [116]:

8P
HS, = 2

Equation 5.2

where P is the normal load and W is the scratch width.

For assessment of sliding wear behaviour, cylindrical-shaped TiC-NizAl test specimens (~4.24
mm diameter X ~10.56 mm length), both without and with GNP additions, were installed into the
sample holder of an ‘in-house’ designed and constructed block-on-ring system; the testing
arrangement is shown schematically in Figure 5.1, along an example of the actual cylindrical
cermet test sample and also a WC-Co counter-face sample. The annular cross-section WC-Co
counter-face ring (grade WC-6Co) of the tribo-pairing was obtained from Endurance Carbide Inc.
(Saginaw, MI, USA), with physical dimensions of 18.0 mm outside diameter x 10.0 mm internal
diameter x 10.0 mm overall length. The TiC-NizAl based test samples and the WC-Co counter-

face wheel were both ground to a surface roughness (R,) of ~5 um prior to testing.
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Figure 5.1 (a) A schematic representation of the block-on-ring wear test geometry used in the present
work, showing the specimen being evaluated and the WC- 6Co counter surface. (b) Representative images of the test
sample, held in a pair of caliper jaws (left), and the WC-Co counter face cylinder (right).

Before each wear test, and then at 5 minute intervals up to 45 minutes total test duration, the weight
of the samples was measured (with a precision of 0.0001g). The resultant weight loss is then
converted into a material volume loss, V, for each sample [77], with the specific wear rate, & (in
units of mm* N' m), determined for the 45-minute test duration using the Lancaster equation

[117]:
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k =— Equation 5.3

where P is the applied load (in N) and S is the total sliding distance (in m). The rotation speed of
the WC-Co counter-face wheel was maintained constant at 210 rpm for all tests, with an applied
load of 100 N. The full test duration of 45 minutes corresponds to a total sliding distance of 540
m. The tribo-pair interfacial temperature profile during the sliding wear test was measured with a
thermal imaging camera. Due to potential fluctuations in the wear response, each of the tests were
repeated three times under identical conditions, with both the resultant mean and standard
deviation values determined. After testing, the wear damage was evaluated using FE-SEM, with

any compositional changes determined using EDS analysis.

5.3 Results and Discussion

5.3.1 GNP and Cermet Microstructure Characterization

In the present work, graphite-derived GNP additions are employed with the aim of improving the
wear resistance of TiC-NizAl cermets. An initial aspect of this study is therefore characterisation
of the GNPs. Figure 5.2 presents XRD spectra of the supplied GNPs compared with the original
graphite feedstock used for GNP production; Miller indices for the respective peaks are also
indicated in the graph. It can be seen that there are significant decreases in intensity of the (002)
and (004) peaks for the GNP when compared with the raw graphite feedstock material [118]; note
that the data has been normalised, based on the relative intensities of the (002) peaks. The inset in
this figure highlights the significant reduction in the intensity of the (002) peak, for data presented

without normalisation (i.e., the raw data).
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Figure 5.2 (a) X ray diffraction traces obtained for the GNP particles and graphite, for comparison

(note that the data is normalised, based on the (002) peak intensity). The inset figure shows the raw data without
normalisation. (b) Overlayed data from (a) highlighting the peak broadening that arises for the GNPs.
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The mean height of the crystallite (L) in the direction of the c-axis, which represents the average
thickness of the GNP particles, was then estimated from the Miller indices (002) using the Scherrer
equation [119]:

__0.891
€7 Beos(6)

Equation 5.4

where / is the X-ray wavelength (i.e., 1.5406 A for CuKa), S is the full width at half maximum
(FWHM) of the peak (in radians) and 6 is the Bragg angle. A clear reduction in Lc demonstrated
that the number of layers has been decreased during the GNP synthesis process, in this case
corresponding to a mean value reduced from ~129 to ~19 layers. As shown in Figure 5.3, when
compared to graphite, for Raman analysis there is a change in the shape of the bands D, G and 2D,
with the most significant changes observed in the 2D bands [120]. Previous studies have also
reported comparable differences in the 2D bands for graphite and graphene [121], showing that
the graphite 2D bands consist of two integrals 2D1/2D; that overlap inside the 2D band, while the
GNPs have an increase in the second part of the 2D band.
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Figure 5.3 Raman mapping comparing the spectra between 1250 and 2800 cm—1 for GNP particles
and the original graphite feedstock material (532 nm excitation).

Figure 5.4 shows a typical FE-SEM image of an as-milled powder mixture, used in the subsequent
preparation of the green preforms. The extent of homogenisation and size refinement that is
achieved following the initial ball milling stage is demonstrated; in this instance the baseline
composition, with TiC-30 wt.% NizAl is shown. The fine, angular particles within the size range
of 1-2 microns correspond to the TiC, although visually there is not a significant degree of size
reduction. The irregularly-shaped particles ranging from 4-8 microns are agglomerates of small
TiC grains and milled particles of Ni/Al and/or Ni; particle compositions were confirmed through
EDS analysis. The fine particle distribution improves the potential for production of fully dense
samples during the subsequent sintering process, due to the high densification that can be achieved

during stage 1 of the liquid phase sintering process [32]. The predominantly irregular morphology,
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with angular particles in the powder mixture, results in high attrition during the milling process.
The overall moderately broad size range and shape of the powder particles can be expected to
improve the green density, through better particle packing during cold compaction, which is further
improved by the addition of the PVB lubricant during milling.

10pm ’ Electron Image 1

Figure 5.4 (a) Representative FE-SEM image of the blended/milled powder mixture. (b) Inset shows
region where EDS analysis was conducted, and the resultant phases.

After sintering, it is clearly important to achieve high density cermets, so the influence of GNP

additions on densification was assessed. Figure 5.5 demonstrates that the GNP additions, up to a
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maximum of 2.5 vol.% in the present work, do not have any significantly deleterious effects on
the densification response, with each of the cermets sintered to greater than 99 % of theoretical
density. Figure 5.5 shows a small density decrease is noted with the GNP additions, but it is less
than 0.5 % reduction of the theoretical density. Ultimately, if the GNP content is increased past

2.5 vol.% it is likely that some drop-off in final sintered density will be observed, which warrants

further study.
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Figure 5.5 The sintered densities for the TiC-30 vol.% NisAl cermets as a function of GNP content;

values were determined by Archimedes immersion in distilled water.

The high degree of densification is further confirmed through optical and scanning electron
microscopy examination of the GNP containing cermets (Figures 6 and 7). Here the small, dark
contrast regions are GNP particles and occasional clusters of particles. It is apparent that the GNPs
are relatively well dispersed through the TiC-NizAl cermet structure, which is desirable from a

predictive property perspective.

94



s o
el a“"'b(,.;
O ot

, oy,

£

Figure 5.6 The effects of GNP additions on the TiC-Ni3Al cermets, examined using optical
microscopy: (a) 0 vol % GNPs, (b) 0.25 vol.% GNPs, (c) 0.5 vol.% GNPs, (d) 1.25 vol.% GNPs, and (e) 2.5 vol.%
GNPs.

Qualitatively, there also appears to be a small degree of refinement of the TiC ceramic grains with

increasing GNP contents. In a recent study, graphite particles were added to Ti(C,N)-Ni based
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cermets [107]. They indicated that a dissolution/re-precipitation can occur with the graphite
additions, such that it dissolves into the Ni-based liquid during sintering and then re-precipitates
during cooling [107]. In that instance, the addition was termed “dissociative graphite” [12], due to
the proposed dissolution/re-precipitation mechanism, although there was no confirmation in the
article that it was retained in a graphitic form if it was dissolved and then re-precipitated. It was
indicated that increasing the graphite particle size subsequently retards their dissolution [12], as
might be expected in such a scenario. This difference in dissolution response was suggested to
result in the observed transition from an aggregated morphology to isolated graphite with

increasing initial particle size.

]
%

8.0kV 13.6mm x1.00k SE(M) 50.0um

(b)

20.0kV 12.7mm x1.00k SE(M)

Figure 5.7 Representative FE-SEM images of the as-sintered and polished cermets prior to wear
testing: (a) TiC-Ni3Al and (b) TiC-NizAl with 2.5 vol.% GNPs.
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The phase formation and stability of the vacuum sintered TiC-Ni3Al cermets, without and with
GNP additions, was examined using XRD. Representative traces, after sintering at 1550°C for 120
minutes, are presented in Figure 5.8 for the TiC-NizAl cermets with 0 and 2.5 vol.% GNP. The
presence of the NizAl intermetallic phase is detected through XRD, confirming that the reactive
homogenisation of the Ni and Ni/Al mixture was successfully achieved. No significant changes in
the peak positions, intensity or width was noted for the GNP additions, which indicates their
stability during sintering, and the likely scenario that they do not dissolve and then re-precipitate

during sintering.

- T T T T T T T ' T '
| é5-575¢-Tic | 0 vol.% GNP content | |
X 9-97 Ni Al 2.5 vol.% GNP content
| # 89-0440 GNP = E
5T
= | 8 X ]
= £
c |- S -
= =
o & o =) = |
3 g - g S eba
~— - O
Z F # X % o< a'
c J\ \ l * X g
g T -
= . LV W - AL
v L i
2
© ;
o :
(2 :
oo . ,
RN ni!‘kmd: l\rw'll\‘ il 2 ;1' e J‘MWW\‘J
1 1 1 1 L 1 L 1 ! 1 1
20 30 40 50 60 70 80
Angle (28)
Figure 5.8 Typical, representative XRD diffraction traces for TiC-30 vol.% NizAl cermets with GNP

additions of 0 and 2.5 vol.%.

5.3.2 Mechanical Properties

The wear response of a material is typically affected by several parameters, notably the hardness

and fracture toughness. Figure 5.9(a) demonstrates the influence of GNP content on the resultant
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Vickers hardness (measured under a 1 kg load) for the various TiC-NizAl cermet compositions. It
is apparent that GNP additions have a moderately significant effect on the hardness, with an
increase of ~16% for the maximum GNP addition of 2.5 vol.%, raised from ~1060 HV1 to ~1220
HV1. This can, at least in part, be related to the reduction of ductile NizAl content and increasing
addition of high modulus GNPs. It has been noted for some ceramic systems, for example SizNa,
that additions of more than 1 vol.% of GNPs tends to result in degraded final densification, with a
resultant reduction of the hardness values [122]. Such a trend is not observed for the present TiC-
Ni3Al materials, as densification is largely unaffected by GNP additions up to 2.5 vol.%, while the
hardness is noticeably improved. Fracture toughness is also an important parameter in determining
the response of nominally wear resistant materials [72]. The application of indentation fracture
resistance (IFR) testing, using a Vickers indenter, is a useful toughness-related parameter for
characterising materials that will be subjected to analogous situations of impact by sharp particles
[123], such as during abrasive or erosive wear. Figure 5.9(b) presents the IFR measured data for
the present cermets, as a function of GNP addition. It is apparent that the overall IFR increases
with added GNP content above 0.25 vol.%. Its was reported in the literature that pure TiC has a
relatively low fracture resistance at ~2 MPasm!? [124], highlighting the benefits of metallic phase
addition and development of the cermet-type microstructure. In comparison to TiC, pure NizAl
has a value of 14.6 to 18.2 MPa*m'!?, depending on the grain size [125]. Simply assessing the
composite constituents, GNPs are a relatively hard phase in comparison to the binder, which could
be anticipated to lead to an increase the brittle characteristics of the binder phase, subsequently
reducing the fracture resistance. However, a recent study of GNP additions to alumina ceramics
has demonstrated that the most probable mechanism of the increase in IFR is a crack/deflection
bridging effect [35]. It was proposed in that work that since the GNP dimensions are small, and
they uniformly distributed within the composite, the flakes may concentrate at the grain
boundaries, helping to reduce crack propagation between individual grains [126]. Hence, it is
proposed that the GNPs will increase the fracture resistance through crack deflection and bridging
mechanisms in the present cermet systems. However, in addition, there is an apparent TiC grain
refinement with the GNP additions, as noted earlier, which likely also therefore reduces the NizAl
ligament dimensions, such that further strengthening through a Hall-Petch type mechanism cannot

be discounted.
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(a) Vickers hardness values for the TiC-30 vol.% NizAl cermets as a function of GNP
content. (b) Indentation fracture resistance (IFR) values for the TiC-30 vol.% NizAl cermets as a function of GNP

content.
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5.3.3 Sliding Wear Behaviour

The wear performance of the TiC-30 vol.% Ni3Al cermets and, particularly, the effects of GNP
additions on the wear mechanism(s) was evaluated through a combination of scratch testing and
sliding wear experiments. The scratch test is a relatively simple and precise method to evaluate the
abrasive wear response, and allows determination of the true friction coefficient by elimination of
the third-body effects, which are typically generated during more traditional dry sliding wear
tests [127]. In the case of a single-pass scratch test, on bilinear elastic-plastic materials, the
coefficient of friction (COF) is defined by the ratio between tangential force (F7) to the normal

force (Fy):

U= Fr Equation 5.5
Fn

The frictional force increases with surface roughness and the adhesion between the diamond
indenter and the material being evaluated. In the present work, the 50-100 N load range was
initially chosen in order to minimize any effects due to surfaces imperfections/roughness, and to
identify the true COF of the composite material [128]. However, ultimately the lower load did not
provide reproducible data, and only the higher 100 N was utilised. The resultant COF shows a
tendency to decrease significantly as GNP additions are incorporated, from ~0.53 to ~0.15 when
the 100 N applied load was used (Figure 5.10). Clearly, in this instance even small GNP additions
are acting as an effective solid lubricant, as noted in prior studies using graphite rather than GNPs

[13].
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Figure 5.10 The coefficient of friction determined from scratch testing on the TiCNi3Al cermets as a
function of GNP content. Tests were conducted with a 100 N applied load.

Figure 5.11 shows examples of the scratch damage examined using SEM, where the crack damage
within the surface can be analysed. The 100 N load was chosen, as noted above, as a larger scratch
width generated and the data was more reproducible. Due to the fixed indenter geometry, the wider
the measured scratch track, the greater the penetration depth (and hence, in principle, the softer the
material). For the present cermets, the scratch hardness number increases from ~13.8 to ~18.9 GPa
with the GNP additions. The SEM images also shows a moderate amount of edge “chipping” in

the samples prepared without GNP additions, while such damage is minimal for the example with

2.5 vol.% GNP incorporation.
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Figure 5.11 FE-SEM images of the scratch track surfaces, indicating the width of the tracks created
using a Rockwell diamond indenter, with an applied load of 100 N: (a) TiC-30 vol.% NizAl cermets with 0 vol.%
GNPs, and (b) TiC-30 vol.% Ni3Al cermets with 2.5 vol.% GNPs.
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The dry sliding wear response was determined using a continuous sliding block-on-ring type
geometry, which allows measurement of the material loss as a function of sliding distance, and
subsequently calculation of the specific wear rate, following Eqn. 5.3. As would be anticipated,
Figure 5.12 demonstrates that the material volume loss of the cermets during the sliding wear tests
increases with increasing sliding distance (i.e., increasing test duration). However, it is also clearly
apparent that the extent of material loss decreases with an increasing GNP content, for a fixed
time/distance, further highlighting the benefits of low volume fractions of GNP addition. All
samples follow an initial transient stage of wear up to ~100 m in distance, typically referred to as
the “running-in period” [107,129], after which the wear volume change is roughly linear with

increasing sliding distance (i.e., nominally ‘steady state’).
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Figure 5.12 The calculated wear track volumes for the TiC-NizAl cermets as a function of sliding

distance and GNP contents.

Figure 5.13 presents the specific wear rate data for the present cermets, calculated based on weight
loss at the end of the wear test period of 45 minutes (i.e., a total sliding distance of 540 m). The

specific wear rates are seen to decrease incrementally with increasing GNP content, with the lowest
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wear rate (~1.7 x 10 mm?/Nm) obtained for 2.5 vol.% GNP content, being essentially one order
of magnitude lower than the baseline cermet without GNP additions. It should be stressed that
these values are over one order of magnitude higher than observed for similar TiC-NizAl materials
when tested with a reciprocating, ball-on-flat test geometry [20], which can mostly be attributed
to the test approach, although those materials also exhibited a subtle core-rim structure. In
comparison, very similar wear rates were observed for Ti(C,N) cermets with graphite additions

using a more comparable block-on-ring geometry [13].
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Figure 5.13 The calculated specific wear rates (k) for the TiC-30 vol.% Ni3Al cermets as a function of
GNP content.

It has previously been reported that graphite can act as a “soft” filler, which may be released during
the sliding wear process, and can then be incorporated into a tribolayer between the contact
surfaces [107]. Consequently, the graphite (or graphene) can act as a solid lubricant, which
contributes to a reduction of the frictional sliding coefficient, which was shown previously in
Figure 5.10. An apparently related behaviour can be seen from the trends in the present work,

when utilising the GNP additions; here it can be hypothesised that the graphene flakes are extruded
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from the grain boundary during Hertzian compressive loading, and these flakes subsequently
contribute to the tribofilm. When two surfaces are in sliding contact, the temperature can rapidly
rise, through frictional heating produced at the interface between the materials. In extreme
situations, the surface and sub-surface temperature can cause material property change, and
consequently having an effect on the wear performance, and as well deformation and friction of
the surface [129]. Figure 5.14 demonstrates that there is an almost constant rate of temperature
rise, up to ~90°C at the conclusion of the test. GNP additions slightly lower this thermal increase,
by lowering the COF. It is important to stress that such temperatures are far below those needed
for any significant oxide formation to arise on the exposed wear surface, aside from any formed
through simple passivation of newly exposed surfaces. As shown in the present work, GNP
additions significantly improve both the mechanical and tribological performance of the present

TiC-Ni3Al cermets, including a significant decrease of the COF and specific wear rate.
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Figure 5.14 - The nominal measured temperature profile for the interface between the test sample and WC-
Co counter-face material, as a function of total sliding distance and GNP content, for 0 and 2.5 vol.% GNPs.
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Typical FE-SEM images of the worn surfaces of the TiC-NizAl cermets, with various GNP
contents, after continuous dry sliding wear, are presented in Figure 5.15. It is evident that the extent
of wear on the surfaces of the cermet samples becomes progressively less severe with an increasing
volume fraction of GNPs. At the highest GNP loading (i.e., 2.5 vol.%), the original, nominally
two-phase cermet surface microstructure is still largely visible. Previous studies have shown that
additions up to 0.8 wt.% of graphite can enhance the sliding wear performance of Ti(C,N)-based
cermets [108], while for higher graphite contents, the wear rate starts to increase again. For
comparison, in the current work, additions of up to ~1 wt.% (i.e., 2.5 vol.%) are used, and the wear
resistance of the cermets continues to increase within the composition range examined; this may
indicate a small benefit to using GNP additions over graphite particles, but also indicates the need

to study an expanded composition range.

From Figure 5.15 (a,b), the surface appears to be quite rough, and there is a clear formation of a
surface tribolayer or tribofilm; in this instance the original two-phase TiC-Ni3Al microstructure
(without GNP additions) cannot be clearly discerned. The formation of a tribofilm indicates the
occurrence of adhesive wear, which usually follows abrasive wear. Here the surface damage
initially arises from an abrasion process, mainly by material ploughing. This creates damaged
material that is freed from the surface, often from both the test sample and the counter-face. Several
prior studies have shown similar transitions, from abrasive wear, typically two- to three-body, and
then to adhesive wear [1,130]. In the present case, it also appears that the combination of abrasive
and then adhesive wear is more severe, as the specific wear rate for the GNP-free TiC-NizAl
cermets is higher that when compared to those with GNP additions (shown previously in Figure
5.13). It can be assumed that this increased wear is, at least in part, related to a higher coefficient
of friction for the material prepared without GNP additions. This is further confirmed by scratch
testing and the related COF data presented in Figure 5.10. Considering the two binder phase metals,
for both the test sample(s) and the counter-face wheel, adherence between the NizAl and Co may
potentially arise through cold welding during plastic deformation of any asperities [123]. This
mechanism favours further extrusion of the binder phases, while cracking and fragmentation of

the hard phase ceramic particles will further increase the wear rate.

A previous study has shown that without solid lubricant, the formation of a tribofilm was limited
while additions of a graphitic phase such as GNP or graphite was beneficial in creating a more

uniform and homogenous tribolayer [131]. This is somewhat contrary to our own studies where,
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for TiC-NizAl based cermets, a tribolayer is typically observed (especially at higher applied loads)
[1]. However, small additions of graphite can significantly improve the wear properties of cermets
[107,109], due to the production of wear debris from the extruded binder phase(s) forming a
lubricious tribofilm, thus protecting surfaces from further damage due to the reduction of the direct
frictional contact between them. As with graphite additions [107,108], incremental increases in the
GNP content most likely reduce the coefficient of friction and, in consequence, reduce the degree
of abrasive and adhesive wear. When up to 1.25 vol.% of GNP particles (roughly 0.5 wt.%) is
added, there is an indication of predominantly abrasive/erosive wear occurring on the worn surface
(Fig. 5.15(c,d)). An overall smoother surface is observed, indicating that a stable and continuous
solid lubricant film is likely formed between the tribo-pairing [131]. As can be seen from the
specific wear rate data in Fig. 5.13, and the microstructural observations in Fig. 5.15(e,f), further
additions of GNPs, in this case 2.5 vol.% (or roughly 1 wt.%) significantly increase the wear
resistance of the composite. Here it can be seen that there is relatively minimal surface damage,
which retains a smooth appearance. The original TiC grains and NizAl binder matrix are still
readily visible. In the present case, for moderate GNP additions, a considerable lubrication effect

is seen, drastically reducing the extent of surface wear of the cermet.
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Figure 5.15 - FE-SEM images of the wear tracks for the TiC-Ni3Al cermets at low and high magnifications.

(a,b) TiC-NisAl cermet without GNP additions (c,d) TiC-NizAl cermet with 0.5 vol.% GNPs. (e,f) TiC-NisAl cermet
with 2.5 vol.% GNPs.

Observations from generated SEM/EDS shows an example of a worn surface in the Figure 5.16,

with grooving arising from the sliding motion combined with surface asperities. Chemical analysis
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shows that the composition was consistent after the test, relative to the starting surface, and showed

no significant evidence of effects such as oxidation or associated chemical reactions.

: 2um : Electron Image 1

Figure 5.16 EDS analysis of the surface wear track from the TiC-30 vol.%
NizAl cermet with 2.5 vol.% GNP content. Spectra are recorded for the corresponding
locations identified in the associated FE-SEM image (top).
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Table 5.3 EDS analysis of the surface wear track from the TiC-30 vol.% NizAl
cermet with 2.5 vol.% GNP content corresponding to Figure 5.16

Spectrum Ti Ni C Al Total
1 40.33 43.45 9.12 4.59 100
2 17.19 67.83 5.08 8.44 100
3 41.95 39.08 10.65 4.49 100
4 53.24 31.73 12.33 2.7 100
5 83.89 1.49 14.62 0 100
6 17.41 69.29 4.98 8.09 100
7 40.43 44.68 10.09 4.81 100
8 80.09 3.47 15.87 0.56 100
9 21.92 59.53 11.79 6.76 100
10 41.85 39.73 14.56 3.86 100
11 26.45 58.78 7.79 6.98 100
12 55.85 30.19 11.28 2.68 100

Rough surfaces tend to control the initial contact mechanics between solids, and hence the resulting
early stage wear. Previous studies show that graphene coatings can be utilised as solid lubricants
[126], decreasing friction and consequently enhancing the tribological performance of the
materials [110,111]. From Fig. 5.15(a,b), it is possible to observe that there is significant abrasion
wear and erosion arising from brittle fracture and binder extrusion wear mechanisms; these result
in formation of third-body wear debris. As noted in previous tribological studies on cermets, these
materials often tend to form large, plate-like wear debris [132]; this can be seen as tribolayer
removal or spalling. These plate-like particles, and other generated debris, are then effectively

‘milled’ in between the two surfaces, acting as a solid lubricant during sliding wear.

Wear debris can be generated in a wide variety of sizes and shapes, which can provide some
indication of the operating wear mechanism that generates the debris [123]. To further elucidate
the wear mechanisms relating to the current TiC-NizAl cermets, and the influence of GNP

additions on their wear response, combined FE-SEM observation and EDS mapping were
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conducted on selected samples of wear debris recovered from the tests. Typical FE-SEM images
are presented in Fig. 5.17 of the wear debris generated under constant speed sliding, at an applied
load of 100 N, for 0 and 2.5 vol.% GNP contents in the TiC-Ni3zAl cermets. The morphology of
the wear debris is essentially irregular, with ‘plate-like’ shapes, and with a finer size distribution
for the GNP-containing samples, with particles with ranging from 1-20 pum. The morphology of
the wear debris in shown in Fig. 5.17(a,b) indicates a mechanism that includes a combination of
ploughing and brittle fracture [133]. The individual particles are a composite of predominantly
sub-micron grain fragments of WC and TiC, present within their respective metallic binder phases
(or a mixture). The presence of plate-like particles in Fig. 5.17(a,b), indicates that samples without
GNP additions are affected to a significant extent by an adhesive wear mechanism (predominantly
spalled regions of the tribolayer), while small spherical wear debris particles are mostly likely
caused by attrition under the high stress during the cyclic sliding movement and rolling-contact
fatigue. The plate-like particles initiate by successive adhesion and transfer within the tribofilm,
and then failure and spallation of the tribofilm. As wear progresses, the tribolayer thickness
increases and failure leads to formation of plate-like sections of the film [134]. In analogy with
the process within a high energy ball mill, there are highly stressed (in the ~3.5GPa range [73])
contact regions between the test specimen and the WC-Co counter-face, where any surface
asperities will be the regions where the contact load is the highest. Under the high stress, particles
are removed from both surfaces. These fine particles then interact with other debris and the tribo-

pair surfaces, and through mechanical attrition generate still finer debris.

In contrast, Fig. 5.17(c,d) show the wear debris of samples with the highest GNP contents, which
possess a finer and predominantly spherical morphology. In this instance, the degree of adhesive
wear is dramatically reduced, and the amount of tribolayer that is generated or released into the
debris is much lower. A majority of the debris particles are effectively fine, fragmented material

from the original composite structure.
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Figure 5.17 Wear debris from selected TiC-NizAl samples: (a,b) TiC-NizAl without GNP additions, and (c,d) TiCNiszAl with 2.5 vol.% GNP
additions. (a) and (c) show lower magnification images and overall debris structure, while (b) and (d) shows higher magnification images, where it is possible to
observe individual “debris” morphology. Wear debris was generated with a 100 N applied load at 210 rpm.
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Figure 5.18 EDS analysis of the wear debris from the TiC-30 vol.% NizAl
cermet with 2.5 vol.% GNPs. Spectra are recorded for the corresponding locations
identified in the associated FE-SEM image.

Table 5.4 EDS analysis of the wear debris from the TiC-30 vol.% NisAl cermet with 2.5
vol.% GNPs corresponding Figure 5.18.

Spectrum w Co Ti C (0] Al Total
1 56.52 12.32 15.51 7.9 6.98 0.77 100
2 69.71 8.2 12.12 5.62 3.8 0.55 100
3 87.82 6 2.01 3.03 1.14 0 100
4 71.26 12.59 5.86 8.07 222 0 100
5 75.71 13.84 0 8.23 222 0 100
6 68.3 7.39 14.09 5.94 4.28 0 100
7 89.21 5.01 1.24 3.33 1.21 0 100
8 71.46 10.13 0 11.69 5.03 1.69 100

113



9 77.5 8.97 4.43 591 3.19 0 100
10 69.52 14.93 6.19 6.45 291 0 100
11 63.49 16.78 7.16 8.27 43 0 100
12 68.01 15 8.07 6.27 2.65 0 100

5.3.4 Wear Model

Analysis of the wear sliding wear response, as a function of cermet composition, demonstrates that
a clear transition in behaviour was observed. Aside from an improvement in the wear resistance,
through additions of GNPs, differing wear mechanisms were also observed. Based on this, it is
possible to propose a simple model of the main wear mechanisms observed (Fig 5.19). In the TiC-
NizAl samples without GNP additions (Figure 5.19(a)), the main observed wear mechanism is one
of adhesion, which has followed an initial abrasive wear stage, which can be partly explained by
the chemical affinity between the metallic phases of the sample and counter sphere [134,135]. As
GNPs are added into the cermet microstructure, in the first instance up to 1.25 vol.% (Figure
5.19(b)), there is significantly less adhesive wear, due to the influence of GNPs in lowering the
COF of the tribopair, as well as an increase in the fracture resistance [136,137]. In this instance,
abrasive wear is starting to become the predominant wear mechanism. Also, intercrystallite
fracture is more common resultant due to increase in the toughness of the binder phase [138,139].
The incorporation of further GNPs, up to 2.5 vol.%, results in a further increase in the cermet
toughness, combined with a greater reduction of the COF for the tribo-pairing. Here the wear rate
is significantly reduced, by roughly one order of magnitude over the GNP-free cermet. In this case,
essentially only abrasive wear is observed, and cermet degradation is mainly caused by fatigue and

brittle fracture of the ceramic grains and binder [50-52].
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Figure 5.19 Schematic representation of the proposed wear mechanism transitions when GNPs are
incorporated. TiC-Ni3Al cermets with: (a) 0 vol.% GNPs, 0.5 vol.% GNPs, and 2.5 vol.% GNPs.

5.4 Conclusions

The following conclusions can be drawn in the present work:

e High density TiC-NizAl based cermets can be readily prepared with GNP additions of up to
2.5 vol.%. It is shown that GNP additions do not significantly degrade the densification
behaviour, for the composition range studied, with all materials sintered to greater than 99 %
of theoretical density.

e The cermet hardness and IFR values are both significantly increased through GNP additions.

e The incorporation of up to 2.5 vol.% GNP into the binder phase also demonstrates a significant
reduction in the cermet COF could be achieved.

e For TiC-NizAl cermets fabricated with 2.5 vol.% GNPs, the specific wear rate was reduced
by roughly one order of magnitude relative to the baseline composition prepared in the absence
of GNPs.

e The addition of GNPs to the cermet microstructure results in a transition from a more severe
adhesive wear mechanism, to one that is predominantly abrasive/erosive in nature, and far

more minor in scale.
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CHAPTER 6 THE INFLUENCE OF INTERMETALLIC ORDERING ON WEAR AND
INDENTATION PROPERTIES OF TiC-NizAl CERMETS

Status: Published: Wear 426-427 (2019) 390-400.

Abstract

Cermets based on titanium carbide with a nickel aluminide binder (TiC-Ni3Al) offer potential
substitutes for tungsten carbide (WC) based hardmetals due to their high wear and corrosion
resistance at ambient and elevated temperatures. In the current work, the effects of post-sinter heat
treatments (between 600 and 1340 °C) on atomic ordering of the NizAl have been assessed through
Vickers indentation, scratch testing and nano-indentation methods. Changes in the atomic structure
are evidenced from X-ray diffraction by abrupt increases in the (111) and (200) peak intensities.
An increase in Vickers hardness, from 1400 to 1530 HV, is observed as a result of heat treatment
at 1200°C. Furthermore, the scratch hardness value was improved from 11.89 to 18.12 GPa, with
the main wear mechanisms being identified as TiC grain pull out and brittle fracture. Ordering
transitions were subsequently related to the structural changes predicted through ab-initio

modelling approaches.

Keywords: long range ordering; nanoindentation; scratch testing.

6.1 Introduction

‘Cermets’ are composite materials comprised of ceramic and metallic phases that have been
developed to satisfy industry needs of high hardness, toughness and wear resistance [ 143]. Because
of their characteristics, cermets are widely used in thermal spray coatings and, for applications in
corrosive and/or erosive environments [1,143]. Tungsten carbide (WC) and titanium carbide (TiC)
are the most common ceramic components in cermets, due to their high Young’s modulus and
hardness, chemical and thermal stability, and wear resistance. While both are utilised in aerospace
applications, TiC has a significant advantage due to its low density (4.93 g/cm®) when compared

with WC (15.63 g/em?) [1,8,18].

117



It has been shown that TiC has good wettability by a variety of molten metals, including Ni, Cu,
Al, Co, and Fe, along with a number of different alloys [40]. The intermetallic nickel aluminide
(Ni3Al) has been extensively studied as a metallic binder for TiC-based cermets [1,144,145], and
on its own [26,146,147]. It has excellent properties at high temperature, high oxidation resistance
up to 1100 °C and elevated yield strength for temperatures up to 900 °C [1,72]. Moreover, NizAl
shows high stress-corrosion cracking resistance when tested up to 700 °C [147]. More recently,
the reciprocating wear response of TiC-NizAl cermets has been reported [1,98], showing the
effects of binder content (20-40 vol.%) on the wear mechanisms and hardness. These studies have
also confirmed optimal wear resistance for these materials with intermediate binder contents (25-

30 vol.% NizAl) [1].

Another fundamental property of Ni3Al that has been studied, is the influence of crystal structure
upon mechanic properties. Aoki and Izumi reported that single crystals of NizAl have a
predominantly ductile behaviour while, in contrast, polycrystalline NizAl is very brittle [ 148]. The
crystalline characteristics, such as long-range ordering (LRO), created by disordered-ordered
phase transitions and their effects on the mechanical properties of NizAl phase have been also

reported [147,148].

As LRO is believed to increase properties such as hardness and toughness [149], the main
objectives of the present work were to develop heat-treatments to obtain increasingly ordered
phases of NizAl within a TiC cermet structure, then study the effects of these treatments upon the
wear and mechanical behaviour. Previous work has reported on the kinetics of formation of long-
range-ordered structures through the migration of atoms within the crystal structure by vacancy
ordering [26,150]. NisAl was shown to form ordered structures close to the melting phase, at
~1350°C, however in many cases heat-treatments were only conducted up to 1000 °C
[146,147,149]. The current work investigates the influence of ordering heat-treatments, within the
temperature range of 600 to 1340 °C. The Vickers hardness, indentation fracture resistance (IFR),
and scratch test resistance of TiC cermets prepared with 30 vol.% NizAl intermetallic binder are

tested.
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6.2 Experimental Procedures

6.2.1 Raw Materials and Cermet Processing

The precursor powders used in this study for the synthesis of TiC-Ni3Al cermets included fine,
high purity TiC powder (lot #45693; particle size = 1-2 pm), supplied by Treibacher Industrie AG
(Althofen, Austria), and both elemental Ni (lot # NAD71; particle size <45 um) and Ni/Al 50/50
at.% (lot # D28X029; particle size <150 um) from Alfa Aesar (Ward Hill, MA, SA). The bulk
composition of TiC-30 vol.% NizAl was produced through an in-situ reaction sintering step, from
the initial blend of Ni and Ni/Al [1,151]. The blend of the Ni, Ni/Al and TiC powders was mixed
with the goal to form a nominally stoichiometric Ni3Al binder phase through a subsequent
‘reaction’ liquid phase sintering process. A volume ratio of 70:30 was selected for the TiC:NizAl
composition in the current study, as this nominally exhibits the best wear resistance, in comparison

with other binder contents|1,98].

To synthesise the final compositions, the TiC, Ni and Ni/Al powders were mixed in ~50 g batches,
with the addition of 0.5 wt.% polyvinyl butyral (PVB) wax to aid compaction and increase green
strength. The powder blends were then ball milled in acetone for 24 hours at ~60 RPM, using yttria
stabilized zirconia milling media (@ = 10 mm), with a 10:1 mass ratio of media:powder. The milled
powder mixture was subsequently dried in a fume hood, for a minimum of 24 hours, and then
sieved through a -75 pum mesh to eliminate any large aggregates. The powders were then
compacted within a hardened die using a uniaxial hand press, with an applied load of ~70 MPa,
into 31.75 mm diameter x ~ 5 mm thick pellets. The disc-shaped samples were then sealed in
polyethylene bags and further compacted using a cold isostatic press, at ~207 MPa, to achieve high

green density and minimise possible pressing defects such as residual pores and density gradients.

The cermet samples were sintered in a vacuum furnace (Model Red Devil®; R.D. Webb Co.,
Natick, MA, USA), at a temperature of 1550 °C for 120 minutes. They were processed under a
dynamic vacuum (<5x10* Torr), with heating and cooling rates of 20 °C/min; below ~800 °C the
furnace cools naturally at a lower rate. Post-sinter ordering heat treatments were subsequently
performed on selected samples, using the same vacuum furnace, at 600°C, 800°C, 1000°C,
1200°C, and 1340°C for 120 minutes; vacuum level, and heating/cooling conditions were

essentially the same as for the sintering cycle.
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6.2.2 Materials Characterization

The immersion densities of the specimens were determined by applying Archimedes’ principle in
water (at ~24°C). The sample’s weight was recorded on a scale, with 1 pg resolution, and the test

is repeated 3 times for statistical purposes. The density is then calculated following:

MA .
p= (MA_MW) *xpW Equation 6.1

where p is Archimedes density, MA = mass in air, MW = mass in water and pW = density of water
at the specific test temperature. The specimens were subsequently diamond ground flat, and then
polished down to a 0.25um surface finish using diamond paste for microstructural examination

and further testing.

Crystallographic analyses of the initial milled powders and the resultant sintered and heat-treated
samples were performed using an X-ray diffraction (XRD) system (Model D-8 Advance; Bruker
Corp., Billerica, MA, USA), using CuKa radiation, and operating at 40 kV and 40 mA. A scan
angle range of 20 - 90° 26 was used, with a scan rate of 0.5°/min at room temperature. Phase
analysis was then conducted using the ICDD® PDF-4 database (International Centre for
Diffraction Data®, Newton Square, PA, USA) for inorganic materials. In the context of the present
study, the XRD technique is widely used to identify ordering effects through the relative increase
in the intensity of selected diffraction lines. The microstructures of the raw powders and
sintered/heat-treated materials were assessed using field emission scanning electron microscopy
(FE-SEM) examination (Model S-4700, Hitachi High Technologies, Inc., Tokyo, Japan), and
optical microscopy (Model Olympus BX-51, Olympus Corp., Tokyo, Japan).

The Vickers hardness of the polished surfaces was determined by applying a load of 1 kg, held for
15 seconds, following ASTM 1327-15. The mean indent sizes were then precisely measured using
the above-mentioned optical microscope. The indentation fracture resistance (IFR) was also
assessed with a related Vickers indentation method, using a 30 kg applied load. For the present
materials, it was determined that Palmqvist-type cracks would likely be occurring, using the

method of direct crack propagation, determined from the equation of Shetty and colleagues [44]:

Kic = =1~ Equation 6.2

(ac2)
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where P is the applied load, a is the half the indent diagonal length (i.e., the distance from the
corner to the center of the indent), and c is the indentation crack length, measured using optical
microscopy. To ensure the repeatability of the measurements of both hardness and the IFR, a

minimum of 10 indentations was performed for each of the tests.

Assessment of the wear resistance was conducted using a (UMT-1; CETR, Campbell, CA, USA)
system, using the scratch test, with a diamond indenter sliding in linear motion across the flat test
sample surface. This is achieved with a single pass length of 5 mm, and a speed of 0.166 mm/s,
with tests performed at room temperature (22 + 2 °C) and a relative humidity of 40-50%. In the
sliding scratch test, the load is applied downward against the surface on the sample with a
Rockwell diamond indenter (with a tip radius of 200 um). Loads of 30 N and 100 N were applied
to generate the scratch tracks, where 30 N is used to determine the coefficient of friction (COF),
the scratch depth and to assess the operative wear mechanisms. The 100 N load was applied to
calculate the scratch hardness. To achieve this, the average width of the scratch track was
subsequently measured using the FE-SEM, and the scratch hardness number, HS,, was then

determined using the following relationship [116]:

HS, = = Equation 6.3

where P is the applied load and W the scratch width. The data was collected and processed using
the UMT digital data-acquisition system and software.

6.2.3 Computational Modelling Approach

The first-principles calculations were performed using the VASP code (www.vasp.at), which
performs density functional theory (DFT) calculations using the projector-augmented wave
(PAW) formalism and a planewave basis. The exchange and correlation effects were treated in the
framework of the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof
(PBE) functional [152], and PAW data sets as supplied with the VASP code. To ensure sufficient
accuracy, the energy cut-off was set to 320 eV. The special points sampling integration over the
Brillouin zone was employed by using the Monkhorst-Pack method [153], with an 11 x 11 x 11
special k-point mesh. These parameters were sufficient to converge the cell stress to better than

0.1%. The metallic occupancy of the levels was treated by the Methfessel-Paxton scheme [154],
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using a smearing parameter of 0.2, which was determined by minimising the total energy at the
experimental cell volume of aluminum, and then used for the Ni3;Al variants as well. Each structure
was fully optimized to better than 0.002 eV/A in forces, and using ground state electronic

convergence of 10-5 eV, together with a tolerance for the ionic relaxation convergence of 10-3 eV.

In this work, elastic properties of the optimized cubic and disordered-NizAl structures were
determined by using finite differences, combining both cell distortions and atomic displacements,
thus yielding the elastic tensor including ionic relaxation. Using the computed single crystal elastic
constants, elastic properties including the bulk modulus, shear modulus, Young’s modulus, and

Poisson ratio were obtained by applying a standard Voigt-Reuss-Hill averaging procedure [155].

The mcsqs code reports the best special quasirandom structures (SQS) found, the best match to the
correlations computed in the first step. As the SQS model generated has only P1 symmetry, rather
than the cubic symmetry, a projection technique was used to determine the elastic tensor of cubic

symmetry closest to the elastic tensor determined for the SQS model [156—158].

6.3 Results and Discussions

6.3.1 Microstructure and Intermetallic Ordering of the Cermets

In the present work, fully dense sintered cermet compositions were heat-treated with the objective
of altering the mechanical characteristics of the TiC-NizAl cermets (and specifically the NizAl
binder phase), and therefore the material’s wear resistance. The sintering mechanisms associated
with production of high density cermet specimens are, predominantly, (i) liquid wetting and
capillary driven particle rearrangement, and (i1) dissolution-reprecipitation of the ceramic phase
(e.g., TiC) within the molten metallic binder (e.g., Ni3Al) phase [36]. These processes start to occur
above roughly 1400 °C for the present cermets, once the Ni3Al phase is melted[90], allowing
accelerated mass transport mechanisms to occur in the presence of the liquid phase. Initially,
capillary forces drive some degree of hard TiC particle rearrangement, and consequently
densification. In addition, the dissolution of small TiC grains into larger grains occurs. For ie., as
illustrated by the Figure 6.2 grains with less than ~1 starts to be consumed when the samples are
heat treated at 800 °C and larger grains grow as the sample is heat treated at higher temperatures.

This allows grain shape accommodation and helps to eliminate porosity during sintering [159,160].
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Figure 6.1 illustrates typical SEM micrographs obtained from the polished surfaces of the bulk
cermet specimens, in this instance for the as-sintered material and the equivalent sample after
secondary heat-treatment at 1200 °C for 120 minutes. The LRO heat treatments do not cause any
effects on the respective phase compositions, although there is a small degree of TiC coarsening
evident for the samples heat-treated at 1000—1340 °C (for 2 h), as observed in Figure 6.2(a). This
observation highlights that even are relatively modest temperatures, sufficient diffusion is arising
to coarsen the microstructure. The related subtle changes in the TiC grain size distribution are

shown in Figure 6.2(b).
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Figure 6.1 Representative SEM images obtained from the polished surfaces of the cermets: (a) as-
sintered TiC-NizAl, and (b) sintered TiC-Ni3Al, subsequently heat-treated at 1200 °C (for 120 minutes). Note the
TiC grains exhibit the darker contrast, with the continuous NisAl being the lighter contrast phase.
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Figure 6.2 (a) Comparison of the measured TiC grain size for the as-sintered TiC-Ni3Al cermets and

those subjected to post-sinter heat-treatments at temperatures ranging from 600 to 1340 °C (held for 120 minutes).
(b) The TiC grain size distributions for the as-sintered TiC-Ni3Al cermets and those subjected to post-sinter heat-
treatments at temperatures ranging from 800 to 1340 °C (held for 120 minutes); note that data for 600 °C was

essentially identical to that observed for the as-sintered cermets and those subjected to 800 °C heat treatments.
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Thermodynamic experiments, involving the study of the ordering kinetics in NizAl Ll>-type
superstructures, have previously been conducted by Kozubski [149]. It was shown that there is a
correlation between the “order-order” reactions and the stability of long range ordered phases.
Furthermore, it was reported that the ordering in NizAl superstructures takes place due to
“correlated atomic jumps” between the different sub-lattices and vacancies at specific
temperatures. When this atomic jump takes place, a disordered structure (or a structure that may
have a defect) could become ordered. The process is then facilitated by providing energy into the

system (e.g., heat), and can take place up to the melting temperature of NizAl [149].

The phase formation and evidences of the LRO effects on NizAl were initially examined using
XRD analysis. Figure 6.3 shows representative XRD traces for the raw powder mixture, the as-
sintered TiC-NizAl cermet and a sintered specimen subsequently heat treated at 1200 °C for 120
minutes. An abrupt increase in the intensity of the (111) and (200) X-ray peaks of NizAl and NiAl
is shown on heat treated samples, which indicates the occurrence of ordering effects. In the traces
representing the milled powder mixture, NiAl was understandably not detected. This is due to the
use of a Ni/Al starting powder that has a 1:1 weight ratio, such that the overall composition of this
precursor component is in the AI3Ni-Al3Ni> phase field of the Ni-Al system. The presence of TiC
is clearly identified in each example, showing the stability of this phase when heat treated; the
constancy of the 2 angles of the TiC peaks confirms that there is no C loss, which would lead to

a sub-stoichiometric TiCx phase and a measurable peak shift.
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Figure 6.3 XRD traces obtained for: (a) the raw, as-milled TiC-Ni/Al-Ni powder mixture, (b) an
g p

assintered TiC-Ni3Al cermet (sintered at 1550 °C for 60 min), and (c) the sintered and heat-treated TiCNizAl (with a
post-sinter heat-treatment at 1200 °C, held for 120 minutes).

A previous studies has demonstrated that formation of LRO superstructures within NizAl have an
effect on various mechanical properties by changing the distribution of crystal defects [147]. A
series of atomic migration events occurs through a vacancy-related mechanism, where atoms
diffuse from their initial lattice sites and into an vacant neighbouring site, which is thermally
activated [149]. When the atomic jumps take place, a scenario can arise where a non-equilibrium
system is transformed into a new, lower energy configuration. This usually involves an increase

in the LRO, which shows the minimum free enthalpy and most favorable energy state [149].
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6.3.2 Micro-indentation Response

Cermets and hardmetals are invariably used in applications that require high wear and/or abrasion
resistance. Typically, the Vickers hardness is viewed as being one of the most important factors
relating to wear, while fracture toughness is also regularly considered. When thinking more
specifically about abrasion and sharp particle impact (i.e., erosion), the indentation fracture
response can also be considered to be an important parameter. With this in mind, in the present
work both Vickers hardness and IFR tests have been applied to assess the effects of ordering heat-
treatments on the Ni3Al binder. It must be borne in mind that A large number of variables are likely
to affect both the Vickers hardness and IFR These include factors such as the chemical and
mechanical properties of the ceramic/metal interface, residual stresses between phases, the ductile
binder content, the crystal structure of components, and both the size and shape of ceramic

grains [20,77,161,162][20,77,161,162][30-34].

A comparison of the Vickers hardness of the as-sintered and heat-treated TiC-NizAl cermets is
presented in Figure 6.4. The as-sintered cermet exhibits a hardness of ~1385 HV1 (i.e., a 1 kg
load), which is reduced through an intermediate temperature heat-treatment, to a minimum of
~1340 HV1 at 800 °C. This small reduction may be the result of stress relief between the phases,
through the movement of dislocations during the stages of recovery and recrystallization
[15,20,35]. The initial residual stress is caused by the mismatch between the thermal expansion
coefficients of TiC (a.=7 x 10%/K™)[164] and NizAl (o= 12.5 x 10%/K ") [165]. Recrystallization
of the intermetallic NizAl grains during the intermediate temperature heat treatment can then be
seen to reduce the residual stress, as has been previously observed in the TiC-MoNi system [166].
Increasing the heat-treatment temperature from 800 °C to 1200 °C results in the opposite trend,
that the Vickers hardness now increases, peaking at close to 1520 HV1, which is an increase of
nearly 10 % over the as-sintered material. It is clear that at the higher heat-treatment temperatures
the LRO effects overtake the recrystallisation response, and the rearrangement/ordering of the

NizAl crystal structure is believed to increase hardness.
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Figure 6.4 Comparison of the measured Vickers hardness (using a 1 kg load) for the as-sintered TiC-

NizAl cermets and those subjected to post-sinter heat-treatments at temperatures ranging from 600 to 1340 °C (held
for 120 minutes).

According to previous publications [1,8], both the hardness and IFR of TiC-NizAl cermets are
strongly related to the NizAl binder content (as is the Young’s modulus). For binder contents below
20 vol.%, the hardness (and Young’s modulus) increase, as there is a greater amount of the high
modulus ceramic phase, while the IFR decreases as the material becomes more brittle. However,
for these materials the best wear resistance typically occurs between 25 and 30 vol.% of binder,
highlighting the importance of both hardness and toughness in terms of the tribological response.
In the present study, the percentage of binder is constant, and it is therefore possible to observe the
effects of the heat-treatment on the toughness response of this cermet composition. As shown in
Figure 6.5, a transition to a tougher behavior is apparent following intermediate temperature heat-

treatments (i.e., at 800 °C), as evidenced by an increase in the IFR; this correlates well with the
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decrease in hardness previously noted in Figure 6.4, and corresponds to a more ductile phase
combination in the cermet. With further increase in the heat-treatment temperature (i.e., 1000 °C,
and above), it can be seen that the IFR now decreases, ultimately to a value below that of the as-
sintered material. Under these conditions the binder phase, which is a barrier for crack growth,

effectively becomes more brittle due to the heat-treatments [167,168].
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Figure 6.5 Calculated indentation fracture resistance of TiC-NizAl cermets as-sintered and subjected
to heat treatment for 120 min. All samples show a Palmqvist-type cracking behaviour, based on measurement of the
c:a crack length:indent diagonal ratio.

An evaluation of a material’s fracture toughness (Kic) can be obtained in a diverse number of ways,
which effectively reveal the crack resistance of a material. One approach that is both simple and
directly applicable to sharp impact/abrasion scenarios is the Vickers indentation test, where the
indent and associated crack lengths can give a measure of toughness (or IFR). However, there is

significant conjecture regarding this approach [169], and a large number of equations have been

130



developed and applied. Two of the more widely used in the literature depend on the occurrence of
either a median-radial or Palmqvist crack [45,74]. In particular, the ratio between the indent crack
length (c) and indentation size (a) provides information regarding whether median-radial or
Palmgquvist cracking is more probable. In the present case, for both the as-sintered and 800°C heat-
treated samples, the c:a ratios are less than 2.5 [43], at 1.21 and 1.22 respectively, which is
indicative of a Palmqvist-type crack system. A significant IFR improvement, from ~16.5 to ~19
MPa.m®°, was calculated when comparing these two samples. However, when the TiC-NisAl
cermets were heat-treated at 1200 °C there is a transition to a more brittle behaviour, as evidenced
by the decreased IFR. This is clearly shown by the increase in the c:a ratio, which has increased
to 2.27, IFR, but also clearly by the the c:a ratio, which has increased to 2.27, although it is still in
the Palmqvist-type crack range.

6.3.3 Scratch Testing Behaviour

The wear performance of the various TiC-NizAl cermets, and the effects of applying the various
heat treatments on wear mechanisms, was evaluated through the use of scratch testing, chosen due
to its efficacy as a method to evaluate the abrasive wear behavior and the true coefficient of
friction [127,170,171]. For elastic-plastic materials, the coefficient of friction (COF), , is defined

by the ratio between the tangential force (£7) and the normal force (Fu), represented by:

Fr
M—F—
N

Equation 6.4

The magnitude of the coefficient of friction is susceptible to effects arising from surface roughness
and the adhesion between the (diamond) indenter, in the present work, and the tested material.
Applied loads of 1, 10, 20, 30 and 100 N were initially evaluated. However 30 N was utilized to
record data in order to minimize the effects due to the surface imperfections and identify the true
COF of the composite material [128]. Fig. 6 presents examples of the recorded COF curves,

following scratch testing, for the as-sintered and heat-treated cermets. Similarly, Figure 6.7 shows

the resultant scratch depth for the same samples.
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Figure 6.6 Representative coefficient of friction traces recorded from scratch tests on the as-sintered
TiC-Ni3Al cermets (as sintered), together with those heat treated at various temperatures. Tests were conducted with
a 30 N applied load.

Previous investigations reported by Buckley [48] and Hutchings [173] show that elevated frictional
forces are originated by plastic plowing under dry sliding conditions. The samples heat treated at
1340 °C show the highest COF (Figure 6.6), which also leads to the second highest penetration
depth of the Rockwell indenter (Figure 6.7). High adhesive force is directly related with a high
tangential force, which will result from a high COF between the tribo-pairing, and consequently
high wear rates can be anticipated[50]. As might be anticipated from the previous discussion
relating to the cermet hardness values and indentation fracture resistance, the TiC-Ni3Al samples
heat treated at 800°C and 1200°C show the best scratch resistance, with penetration depths of 15
and 4 pm (Figure 6.7), respectively, combined with the lowest COFs (Fig. 6). The depth results of
this samples could be directly compared with WC-Co, where a similar study showed a scratch

depth of ~4 um when subjected to 30N load [51].
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Figure 6.7 Measured scratch depths (with associated standard deviation errors) as a function of the

TiCNi3Al cermet processing condition (as-sintered or heat-treated at a temperature between 600 and 1340 °C). Tests
were conducted with a 30 N applied load.

Representative cermet microstructural damage, after scratch testing of the surfaces, are presented
in Figure 6.8, for the as-sintered and 1200 °C heat-treated samples, respectively. Significant
grooving surface damage is generated on the as-sintered samples (Figure 6.8 (a) and (b)), which is
reduced measurably for the 1200 °C heat treated samples (Figure 6.8 (c) and (d)). A resultant
improvement in the scratch hardness number, from 11.89 to 18.12 GPa, was calculated when
comparing these samples, based on the mean scratch widths (for example, as shown in Figures
6.8(b) and (d), respectively). The presence of several wear mechanisms, such as plastic
deformation of the binder phase, micro-cutting, micro-grooving, and grain fracture, are all
observed in the tested cermets during scratch testing. The microstructural damage evolution

indicates that the heat-treated binder phase in the TiC-Ni3Al cermets provides a more robust matrix
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for the containment of the ceramic grains, especially after processing at 1200 °C, with

(qualitatively) a lower degree of plastic deformation than is seen for the as-sintered samples.
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Figure 6.8 Representative FE-SEM images of a scratch test conducted on the as-sintered TiC-NizAl cermet using a 100 N applied load. (a) The
scratch initiation point. (b) Higher magnification image showing the mean scratch width (and standard deviation error) and associated damage. Representative
FE-SEM images of a scratch test conducted on the sintered and heat-treated (1200 °C for 120 minutes) TiCNizAl cermet using a 100 N applied load. (c) The
scratch initiation point. (d) Higher magnification image showing the mean scratch width (and standard deviation error) and associated damage.
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The various damage mechanisms are better highlighted by examining the samples at higher
magnifications within the FE-SEM. The response following intermediate temperature heat-
treatments, at either 600 or 800 °C, is presented in Figure 6.9. The presence of partial TiC grain
pull out is shown in Figure 6.9(a) [indicated with arrow 1], together with intra-granular cracks
within TiC grains [indicated with arrow 2]. Brittle fracture is a common wear mechanism observed
when the locally applied load causes a (nominally compressive) stress that exceeds the maximum
ultimate strength of the brittle ceramic grains [50,52]. It has been shown in related work on TiC-
stainless steel cermets that the Hertzian contact stresses under such applied loads are well into the
GPa range [53], which will be even higher when using the smaller radius Rockwell indenter in the
present work. The grain/grain fragment pull-out mechanism is characteristic of cermets, linked to
the relatively weak bond ultimate strengths of the grain boundaries between the ceramic and binder
phases, which can result in complete removal of the ceramic particles [54]. Figure 6.9(b) shows
the presence of extensive plastic deformation, which ultimately can lead to ‘chip’ debris
formation [55]. Due to the stress caused by the diamond indenter, the binder deforms (i.e., is
extruded) and is lifted by the indenter, a process that is often called ‘buckling’ [as indicated with
arrow 3 in this figure] [56]. Eventually, this whole region of material might be removed as a ‘chip’.
Extensive, localized deformation in the region inside the scratch track is apparent, where carbide
grains are pushed against each other, causing impingement wear and binder extrusion [indicated
with arrows 4 and 5, respectively]; Larser-Basse first described this process of removal of the
binder phase from between hard particles, where the binder phase is extruded away from the
surface and carbide grains are retain in the matrix [57]. In the case of reciprocating sliding wear,
the formed wear debris tends to be retained more between the sliding tribo-pair, and the particles
are eventually ‘crushed’, due to the cyclic back-and-forth movement, resulting in a form of
‘fretting’ wear. This process eventually tends to generate a somewhat protective tribolayer on the
surface of the sample, as the third-body debris is constantly refined through attrition; this also
tends to result in high oxygen content within the tribolayer [2,3]. In the case of a single pass scratch
test no oxygen content was observed using the SEM-EDS analysis, such a tribolayer will not be
generated, and it is therefore possible to observe the generation of debris by removal of individual
grains [58]. An example of this is presented in Figure 6.9 (c), where a single exposed carbide grain
is apparent, that has been severely fractured into multiple parts due to sufficient contact stress to

overcome its ultimate strength.
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Figure 6.9 (a) Representative FE-SEM image demonstrating the microstructural characteristics
relating to the various wear mechanisms for TiC-NizAl, heat-treated at 600 °C, after scratch testing, showing: (1)
grain pull-out, and (2) intra-granular cracks. (b) Typical FE-SEM image showing the start of chip formation on a
TiC-NizAl cermet, heat-treated at 600 °C. (c) A FE-SEM image demonstrating brittle fracture of a single TiC grain
(which occupies most of the field of view) in a TiC-NizAl cermet heat treated at 800 °C. All samples were tested
with a 30 N applied load. Note that arrowed regions correspond to discussion within the main text.

When heat-treating at higher temperatures, from 1000 to 1340 °C, a transition to a more brittle

failure mechanism becomes apparent during wear testing. It should be stressed that cermets are
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excellent wear resistant materials due to a variety of factors. One of these relates to the properties
of the metallic phase, which can still hold the ceramic particles and protect the surface even once
the ceramic phase particles might be damaged [58]. For reciprocating sliding wear scenarios,
surface and sub-surface cracks are typically the initiation points for grain pull-out mechanisms,
which can also arise in other forms of erosive and abrasive wear [59]. In the case of scratch testing,
the initiation of this cracks can be readily observed at high magnifications (Figure 6.10(a)), in this
instance for a sample heat-treated at 1000 °C. Moreover, the binder extrusion and removal process
are lessened, and the carbide grains maintain a high degree of their original separation, indicating
that the ordering heat-treatments significantly increase the strength of the binder phase. The extent
of sub-surface damage can be viewed by using FIB microscope, as this allows precision cutting
through the near surface zone to reveal the microstructure immediately adjacent to the surface. An
example of the sub-surface damage and cracking for the same sample shown in Figure 6.10(a) is
presented in Figure 6.10(b). Here it can be seen that the sub-surface damage depth is quite limited
(less than 3 um), and cracking is mostly retained within the brittle TiC grain. Figure 6.10(c)
demonstrate fracture within a TiC grain that has propagated into the adjacent region of the NizAl
intermetallic phase [indicated with arrow 6], which shows relatively minimal ductility in this heat-
treatment condition (1000 °C for 120 minutes). This observation correlates well with the previous
IFR calculations, where the heat-treatment at 1000 °C decreases the toughness of the binder (and

hence the composite).
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Figure 6.10 Damage mechanisms in a TiC-Ni3Al sample heat-treated at 1000 °C. (a) A FE-SEM image highlighting the
retention of TiC grains within the binder phase, even though they are heavily cracked (e.g., as highlighted in the boxed region). (b)
Example FE-SEM image of a FIB-milled cross-section highlighting sub-surface damage in a TiC grain that is still retained within the
binder phase (¢) Closeup FE-SEM image of the inset region from (b) demonstrating that sub-surface crack formation is limited to a
few microns depth. (d) A typical FE-SEM image showing cracking within a TiC grain that has passed through into the now (more)
brittle NizAl binder (arrowed). All samples were tested under a 30 N applied load.
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Further confirmation of the apparent embrittlement of the NizAl binder phase can be observed in
Figure 6.11(a), for a sample heat-treated at 1340 °C. Here it can be seen that a large crack extends
through several TiC grains and the NizAl binder phase without any change in trajectory. A
significant increase in the number and length of the cracks is observed for this heat-treatment,
combined with a larger scratch depth (Figure 6.7). The FE-SEM image in Figure 6.11(b) shows an
example of the extrusion-micro cutting mechanism, which proceeds though a cracking-extraction
of the TiC phase. In this case, the contact stress was sufficient to yield the NizAl binder, which
results in the TiC grain being partially lifted above the worn surface, while adjacent TiC grains are

slightly recessed relative to the original planar surface.
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Figure 6.11 Example FE-SEM images of the damage mechanisms in a TiC-NizAl
sample heat-treated at 1340 °C. (a) Brittle fracture within the binder phase. (b) A partially lifted
out TiC grain, showing extensive debonding. All tests conducted with a 30 N applied load.
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In terms of comparison between the present materials and industrial standard hardmetals, as
outlined earlier, the scratch depth tests highlighted comparable scratch depths between the present
materials heat treated at intermediate temperatures and WC-Co [51]. In prior work, a further direct
comparison was made through reciprocating wear tests [2,4], assessing the present materials with
varying binder contents to commercial WC-Co. Optimized TiC-NizAl cermets, with 25 or 30 vol%
stoichiometric Ni3Al binder, exhibited slightly lower specific wear rates (0.3-0.7x10"'mm*/Nm)
when compared to the WC-Co (~ 1x10 'mm?/Nm) [2,4].

6.3.4 Computational Modelling

The special quasirandom structures (SQS) method [60] was used to generate the NizAl random
model (Figure 6.12(a)), with minimal periodicity error. To construct the disordered NizAl, an
experimental lattice constant of 3.5718 A [61] was used. In the SQS approach, models are
constructed whose particle-particle correlations are optimized to meet a given criterion, extended
out to some pre-determined range, under the assumption that the total energetics are insensitive to
long-range correlations. In this way, a periodic model of moderate size can be constructed whose
properties closely mimic those of a truly random model. The SQS model studied here is generated
by the mcsgs code based on a recently described Monte Carlo method [62]. The SQS model is
presented in Figure 6.12(b), which shows the triclinic cell generated for the disordered-NizAl alloy

with 32 atoms supercell.
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Figure 6.12 (a) Unit cell representation of ordered Ni3zAl (a). The ordered NizAl has CuzAu-type
structure, with Ni atoms at the face centers and Al atoms at the corners of the cube, with a cell constant of a = 3.571
A. (b) The SQS structure has P1 symmetry, and cell parameters a = 16.5158, b= 15.0768, ¢ = 11.6784 A, and a =
104.96°, p= 18.13°,y =56.79°. Ni: small grey spheres; and Al: large red spheres.

The calculated elastic tensor elements of the systems of interest are shown in Table 6.1. Based on
these results the elastic moduli are calculated. The first-principles calculations are in excellent
agreement with the existing experimental measurements [63] and other theoretical data [64]. The
calculated elastic modulus of the ordered L1> phase shows higher values than the one of the

disordered NizAl and overlaps with the experimental measurements where these alloys have been
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made. The higher value of the Ci2 in case of the disordered-Ni3 Al shows more directional bonding,

and a more resistant transverse displacement in response to longitudinal strain is expected.

Table 6.1 Calculated elastic stiffness coefficients of ordered-disordered NizAl (in
black colour), together with other experimental* and theoretical# results.

Structure Stiffness coefficient Modulus parameter  Source
(GPa)
Ci Ci2 Cas B G E
L1,-NizAl* 224 149 125 171 - - [64]
L1,-NisAl” 239 151 123 - - - [64]
L1,-NizAl 2332 153.8 125.2 180 79 207  This work

Disordered-NizAl  208.8  162.8 91.7 177 54 146  This work

The response of the materials to strain beyond their elastic limits is related to ductility and
brittleness, and there are several empirical correlations between polycrystalline elastic coefficients
and the ductile versus brittle behaviour. One is the Poisson ratio, for which in polycrystalline
metals the threshold for brittle to ductile behaviour occurs at v = 0.25. Another, is the ratio of bulk
to shear moduli, B:G, whereby B:G > 1.75 suggests ductile behaviour. These criteria are not a
definitive predictor of ductility, as they do not capture all the complexity of the ductile to brittle
transition. However, they do provide guidelines for the likely trends in ductility of the material. In
accordance to the Poisson's ratio (Table 6.2), in the both the ordered and disordered phases of
Ni3Al, the interatomic forces are not central, and it is expected that a ductile response is observed
in the alloys. However, as mentioned above, the ductility of an alloy depends strongly and on the

presence of impurities, cracks, dislocations and other factors.
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Table 6.2 Calculated ratios of the bulk to shear moduli B=G, and Poisson’s ratio v,

together with the available experimental values*. Both data sets are based on the Voigt — Reuss -

Hill averaging scheme.

Structure B:G v Source
L1,-NizAl* - 0.4 [64]
L1>-NizAl 2.27 0.309 This work
Disordered-NizAl 3.32 0.363 This work

6.4 Conclusions

The following conclusions can be drawn from the present work:

1.

A suitable heat-treatment is proposed with the goal to create a long-range ordered NizAl
intermetallic. To achieve this, heat-treatment temperatures from 600 °C to close to the melting
point (1340 °C) were used, with each held for 120 minutes. Optimal results were obtained at
1200 °C, with the measured Vickers hardness increasing from 1400 HV1 to approximately
1530 HV1.
A reduction of the Vickers hardness was noticed in the heat treatments performed at 600 and
800 °C. This behaviour is attributed to an annealing stress relief mechanism within the cermet
composition.
The results of wear measurements, conducted by scratch testing at 30 N applied load, revealed
that the scratch depth was reduced from ~15 to less than 5 pym when the cermets were heat-
treated at 1200 °C, in contrast to the as-sintered compositions.
The main wear mechanisms were identified as grain pull-out and brittle fracture of the TiC
grains in all as-sintered and heat-treated samples. Plastic deformation-chip formation was also
observed for samples heat-treated at 800 °C.
In terms of applying the LRO process, heat treatment at 1200 °C exhibited the overall best

wear performance, as well the highest micro-hardness values.
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6. The first-principles elastic modulus results are in excellent agreement with the experimental
findings, as a decrease in the values of the disordered-NizAl is observed. As shown, the higher
value of the C12 in case of the disordered-Ni3Al indicates more directional bonding, and a

more resistant transverse displacement in response to longitudinal strain is expected.
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CHAPTER 7 UNDERSTANDING THE ELASTIC AND THERMAL RESPONSE IN TiC-
BASED CERAMIC-METAL COMPOSITE SYSTEMS: FIRST-PRINCIPLES AND
MECHANICAL STUDIES

Status: Published: Journal of Alloys and Compounds 789 (2019) 712-719.

Abstract

First-principles and experimental studies of fundamental mechanical (elastic moduli, Poisson ratio
and hardness) and thermal (expansion coefficient) properties were compared to assess the
responses in titanium carbide (TiC) based ceramic-metal (cermet) composite systems, and evaluate
the potential for predictive modelling of cermet behaviour. The TiC cermets were prepared with
30 vol-% of stoichiometric nickel aluminide (NizAl) binder using a liquid phase sintering process,
performed at 1500 °C for 60 minutes. Densities greater than 99% of theoretical were achieved under
these conditions. The experimental elastic moduli were determined using a pulse-echo method,
while hardness was assessed using the Vickers indentation test. The volumetric thermal expansion

of the sample was studied using dilatometry.

Keywords: cermets; elastic modulus; thermal expansion coefficient; density functional theory;

7.1 Introduction

Two-phase ceramic-metal composites, or cermets, are an important class of material for applications
in a variety of industries, including aerospace, biomedical, mining, petrochemicals, etc. [175,176].
Strength and light weight are key characteristics of a material for many applications, and it is always
of interest to find ways to increase mechanical properties while keeping weight and cost down. In terms
of aerospace applications, that goal may be achieved if the material holds a few key features: high wear
and corrosion resistance; good hardness and toughness; high strength; high performance at extreme
temperatures; and ideally for it to be environmentally friendly. The interest in a variety of cermet

systems is due to a combination of the unique mechanical properties possessed by the ceramic and
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metallic binder phases, namely high elastic and hardness, and ductility and toughness, respectively. In
combination, these attributes can provide excellent wear and/or erosion resistance for cermets and
related hardmetals.

Carbide-based ceramics, such as titanium carbide (TiC), are common components in many hard, wear
resistant cermets. These materials have excellent properties such as high hardness, chemical inertness,
high thermal conductivity, and a high melting temperature [95,177,178]. The desired properties of the
cermets are also controlled through the addition of ductile metallic binders, such as elemental or
alloyed Ni, Fe, or Co, and more recently nickel aluminide intermetallics (Ni3Al) [1,7,165,179].

The interest in nickel aluminides is substantial, due to their simple structure, moderately low density
(comparable to steels), high yield stress and ductility, high-temperature creep resistance, good
corrosion resistance at elevated temperatures, and anomalous yielding response (whereby the yield
stress actually increases with increasing temperature, up to some maximum) [179,180]. Several
studies have shown the rapid infiltration of molten NizAl through a TiC powder preform, which
results in high density TiC/NizAl composites [1,181,182], and confirms good wettability in this
system. Different experimental techniques exist for optimal TiC/Ni3Al preparation, including vacuum
sintering, vacuum melt-infiltration and conventional hot-pressing [179,183]. As a result of the NizAl
incorporation, the strength of the material was shown increase at elevated temperature, up to ~1000°C
[181], verifying transfer of the NizAl anomalous yielding phenomenon to the composite systems.
However, for a number of reasons, many studies have an incomplete understanding of the influence
of the atomic structure of these composites in relation to the roles of the constituents, the optimal
ceramic-binder ratios, and their ultimate mechanical and thermal characteristics. The present study
benchmarks the recent progress in experimental improvements of TiC-Ni3Al composites with first-
principles calculations in an effort to predict selected fundamental mechanical and thermal properties
of these composites, as originated in atomic composition and structure. Based on both new and
previously obtained experimental results [1], the current work compares the promising mechanical
and thermal properties of TiC-based cermets with NizAl 30 vol-% binder content, as well as pure

TiC and Ni3Al bulk properties.
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7.2 Methods

7.2.1 Experimental Procedures

7.2.1.1 Sample preparation and microstructure characterization

High-density samples of TiC-NizAl with 30 vol-% binder content were prepared using commercial
TiCpowder (lot no. 45693; particle size = 1-2 pm), supplied by Treibacher Industrie AG (Althofen,
Austria), with a blend of elemental Ni powder (lot no. L10WO013: particle size 2.2-3 um) and Ni/Al
powder (50/50 at-%; lot no. D28X029; D50<150 pum), both sourced from Alfa Aesar, MA, SA.
The cermet powders were prepared with 0.5 wt-% of polyvinyl butyral binder, which is added to the
powder blend through ball milling in acetone for 24 hours. Conventional disc-shaped pellets were
produced by using ~6 g of the powder blend, followed by uniaxial compaction in a 31.75 mm diameter
hardened steel die, at a pressure of ~69 MPa. The disc samples are then vacuum bagged, and further
compacted by cold isostatic pressing at ~207 MPa. For sintering, the samples were placed into
graphite crucibles on a thin layer of ‘bubble alumina’ to avoid direct contact with the graphite. The
loaded crucibles were then placed into a graphite resistance vacuum furnace (R.D. Webb Red
Devil®), and sintering was conducted under dynamic vacuum of 5 x 10 Torr atmosphere at 1500
°C for 60 minutes, with heating and initial cooling rates of 20 °C min™', and a natural furnace cooling

rate for temperatures below ~800 °C.

The TiC-NizAl cermets were also densified within a dilatometer (Model 401 C, Netzsch
Instruments, Germany). In this instance, cylindrical samples were used for dilatometry, and were
fabricated by uniaxial compaction in a 4.76 mm die at a pressure of ~50 MPa. The dilatometer was
evacuated down to 1 x 10™ mbar and then purged with argon for the heating/cooling period. The
samples were heated at a rate of 20 °C/min to 1500 °C. Cooling was conducted at a nominal rate
of 20 °C/min. During dilatometry measurements, the TiC-NizAl samples were placed on an
alumina (Al,Os) cradle, and supported with two Al,Os discs in contact with the Al>O3 pushrods of
the dilatometer to prevent any potential reaction with the pushrods. The cradle and plates were
also coated in advance with a protective yttria (Y203) layer to prevent any bonding with the

samples.

The sintered sample densities were measured following the Archimedes method, by immersion in

absolute ethanol at room temperature. Scanning electron microscopy (SEM; Model S-4700,
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Hitachi High Technologies, Tokyo, Japan), energy dispersive X-ray spectroscopy (EDS; Model
Inca X-MaxN, Oxford Instruments, Abingdon, UK) and X-ray diffractometry (XRD; Model D-8
Advance, Bruker Corp., Billerica, MA, USA) techniques were used for investigation of the sample
microstructures, phase mixtures and indentation damage mechanisms. Polished cross sections
were examined via SEM, coupled with EDS for chemical microanalysis. The resultant digital
images were analysed to determine the Ni3Al-TiC grain growth, phase distribution and degree of
densification. XRD was used to detect the crystalline phases in the sintered samples and to confirm

the in-situ intermetallic formation.

7.2.1.2 Mechanical properties measurements

Information relating to the elastic and plastic deformation responses of the samples were assessed
through calculations of elastic modulus and hardness indentation tests. Stiffness, together with
hardness, are among the most important mechanical properties of materials. As the hardness is a
material's resistance to permanent deformation following some form of indentation, it depends
strongly on the balance of elastic and plastic deformation, while the stiffness is effectively a

material's resistance to volume/dimension change.

In this work, the cermet hardness was determined using the Vickers hardness (VH) test, with an
applied load of 1 kgf. The values were obtained using the standard ASTM procedure [184], with data
averaged for six indentations, with the full load applied for a duration of 10 seconds. The Young's
modulus, E, of the samples was confirmed through measurement of the transverse, v r (shear), and
longitudinal, v; (compressional), wave velocities using the ultrasonic pulse-echo method [185]. A
Panametrics NDT 25DL ultrasonic thickness gage was used for these measurements, where
ultrasonic pulses were passed through the cermet, reflected off the back surface, and then received
at the transducer in the form of an echo. The Poisson's ratio, xz, and Young’s and shear modulus,

G, are then related to the longitudinal and transverse velocities as follows [185]:
k= (ov} = 20v3)/ 2pv} = 2pv3) = (f — 209 /(20f — v}) Equation 7.1

where pis the sample density. Once Poisson's ratio is known, Young's modulus can be calculated

from the equation:
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E=vp(1+w@—-2u)/1—p Equation 7.2
The shear modulus of a material is related to the transverse wave velocities through the relationship:

G =v2/p Equation 7.3

The bulk modulus, B, can then be found from the relationship between B and the calculated Young’s

modulus or Poisson's ratios:

Y=BB—-2G)/2(3B+G),oru=(9BG)/(3B + G) Equation 7.4

7.2.1.3 Thermal expansion coefficient measurements

The coefficients of thermal expansion of the samples were determined through dilatometry
studies, using the same system outlined above. As with sintering, the dilatometer was evacuated
down to 1 x 10 mbar and was subsequently purged with argon during the heating/cooling period.
The samples were then heated at a rate of 20 °C/min to 800 °C, with cooling at a nominal rate of
20 °C/min, while placed on an Al,Os cradle, and supported with two thin Al,Os discs that are in
contact with the AI,O3 pushrods. The cradle and plates were again coated with a thin protective

Y03 layer, to prevent any reaction with the samples.
7.2.2 First-principles methods

The first-principles calculations were performed using the VASP code (www.vasp.at). This code
performs density functional theory (DFT) calculations, using the projector-augmented wave (PAW)
formalism and a planewave basis. The VASP version 5.4 PAW atomic data sets were used, with
the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional [186]. A number of
convergence studies were conducted and an appropriate planewave cut-off energy and k-point
mesh were used. These parameters were sufficient to converge the cell stress to better than 0.1%.
The metallic occupancy of the levels was treated by the Methfessel-Paxton scheme [154], using a
smearing parameter of 0.2 Ha, which was determined by minimizing the total energy at the

experimental cell volume of aluminium, and then used for the other compounds as well.
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7.2.2.1 Elastic Modulus and ductility

The theoretical elastic moduli in the present work were determined by using finite differences,
combining both cell distortions and atomic displacements, thus yielding the elastic tensor,
including ionic relaxation. Each structure was fully relaxed as described above. Using the
computed single crystal elastic constants, elastic properties including the bulk modulus, shear
modulus, Young’s modulus, and Poisson ratio were obtained by applying a Voigt-Reuss-Hill
averaging procedure [187]. The response of the materials to strain beyond their elastic limits is
related to ductility and brittleness, and there are several empirical correlations between
polycrystalline elastic coefficients and ‘ductile versus brittle’ behaviour. One is the Poisson ratio,
for which in polycrystalline metals the threshold for brittle to ductile behaviour occurs at v = 0.25
[188]. This criterion is not a definitive predictor of ductility, as it does not capture all the
complexity of the ductile to brittle transition. However, the Poisson ratio provides guidelines for

the trends in ductility of the material.

7.2.2.2 Thermal expansion

The most frequently examined thermodynamic properties in an ab initio calculation are the
equilibrium atomic volume, isothermal bulk modulus, and the linear thermal expansion coefficient
under ambient conditions. In our calculations, the contributions to the free energy from the lattice
vibrations are calculated using the phonon densities of states, derived by means of the density
functional perturbation theory (DFPT), as implemented in VASP and interfaced with Phonopy
code [189]. The volumetric coefficient of thermal expansion, @, = dlnV /0 T, has been calculated
for the compounds studied here, by computing the phonon modes and frequencies at a range of
cell volumes generated by varying the lattice parameters from -2.5 % to + 2.5 % around the zero
Kelvin relaxed value, in steps of 0.5%. Using these calculations, the free energy is constructed as
a function of both temperature and cell volume, by the standard expression [156]:

-r(q, v|V)
kgT

F(V,T) =U,(V) + %Zqﬂ, n(q,v|V) + kgT g, log (1 —exp ( )) Equation 7.5
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Subsequently, at each temperature, the free energy as a function of volume is fitted to the Birch-
Murnaghan equation of state, in order to extract the temperature-dependent cell volume [190], and
the obtained volume is then differentiated as a function of temperature to obtain the thermal expansion

coefficient.

7.3 Results and Discussion

7.3.1 Sintering, microstructural characterization, and hardness of TiC/30vol-% NizAl cermets

An example of the typical TiC/30 vol-% NizAl dilatometry results, obtained during the sintering
step, are presented in Figure 7.1. The main expansion peak occurs between 69 - 72 minutes, and
corresponds to sintering temperatures in the range of 1318 - 1369 °C. After the complete melting
and formation of the liquid Ni3Al intermetallic phase, there is a significant increase in the sample
shrinkage, due to the accelerated diffusion rates that are available when liquid phase sintering. This
can be seen by the peak in the first derivative plot. After this, densification up to 14% occurs in
the material, generating a final sintered cermet with densities >99 % of theoretical (when
completing an isothermal hold at 1500 °C for 60 minutes).The characteristics of TiC-based cermets
are highly dependent on the matrix properties and the binder phase behaviour. Their mechanical

behaviour is also sensitive to the TiC particle shape and spatial distribution in the final densified

structure.
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Figure 7.1 Representative dilatometry curve during sintering, for a

TiC/30 vol-% NizAl cermet showing, the extent of densification as a function of
temperature. Samples heated/cooled to 1500 °C at a rate of 20 °C/min.
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Figure 7.2 demonstrates a typical SEM image example of the microstructure of the sintered TiC-
30 vol-% NizAl cermet. With an initial, mean TiC powder particle size of 1.25 um [191], a
moderate degree of coarsening can be seen following sintering, with TiC grains present from 2 to
8 um in size (dark grey contrast phase). The densification of the sample occurs via a dissolution/re-
precipitation mechanism, where the reduction of free energy drives densification and Ostwald
ripening, causing small grains to dissolve, and then precipitation of the dissolved material onto the

(statistically) larger grains.
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Figure 7.2 Representative SEM image obtained from the polished
surface of the sintered TiC-30 vol-% NizAl cermet. Note that TiC grains are the
darker contrast phase, while the continuous Ni3Al binder is the lighter contrast phase.

Associated EDS maps of the Ti-C and Ni-Al phases are presented in Figure 7.3 (a). It is notable
that upon cooling, the TiC phase completely segregates from the Ni3Al, and there is no evidence
of any significant reaction or alloying between the two components. Further confirmation of the
complete chemical reaction of the Ni/Al and Ni mixture to NizAl is observed, where regions of Ni

concentration and Al are connected in the points 1, 2, 3 and 15 in Figure 7.3 (b). Negligible phase
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“overlapping” is observed, on the points 4 and 14, highlighting a sharp, discrete interface at the

scale evident from SEM imaging.
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Figure 7.3 Representative microstructure and chemical composition of the sintered sample. (a) EDS

map across an isolated grain of TiC within the 30vol-% Ni3Al binder. The TiC phase is denoted in dark grey colour,
while the NizAl phase is in light grey colour. (b) SEM-EDS point analysis showing the degree of chemical
composition between phases.
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The Ni3Al intermetallic phase formation is also confirmed by XRD, as shown in Figure 7.4,
demonstrating completion of the in-situ reaction process with Ni and Ni/Al, with confirmation of
the retention of the TiC phase and the transition from pre-alloyed Ni/Al and Ni powders to the

NizAl cubic L1, intermetallic phase.
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Figure 7.4 XRD analysis of TiC, Ni/Al and Ni powder mixture before sintering (solid line) and the

sintered TiC/ 30 vol-% NisAl cermet (dotted line).

Figure 7.5 shows an example of a Vickers hardness test for the TiC-NizAl 30 vol-% cermet. A
Vickers hardness value of 1318.7 = 53.3 VH1 (12.93 GPa) was measured for this sample, at an
applied load of 1 kgf. As reported previously [192], cermets with 80 - 90 vol-% TiC show higher
hardness than in the cases with lower ceramic contents, as would be expected based on the relative

elastic moduli of the phases. It is important to emphasise that for the present cermet system the 30
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vol-% concentration of NizAl still contributes significantly to the overall hardness of the

composite.

(b)

I ] | 1 ] ] ] | ] ] ]
20.0um

Figure 7.5 (a) Optical microscopy and (b) SEM images following a Vickers hardness test on a TiC-
30 vol-% NizAl cermet, using a 1 kgf indentation.

7.3.2 Bulk properties

As a first step, the ab initio calculated bulk properties of the elemental constituents were assessed,
specifically face centred cubic (FCC) Al, FCC - Ni, hexagonal closed packed (HCP) a-Ti and
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HCP - C (graphite). Subsequent to this, the formation energies of the cubic L1, -NizAl and L1, -
TiC components of the composite system were assessed.

The choice of HCP - Ti and HCP - C structures in the theoretical work is nominally based on the
potential for forming TiC via a mechanical alloying process [193], as well as the more common
carbothermal reduction route. Although in nature graphite exists in two type of stacking sequences
— ABCABC (B - rhombohedral) and ABAB (o - hexagonal (HCP)), it is shown that the only
experimentally stable phase is the HCP-form [194—196]. In the current work we consider only
HCP-C and the van der Waals (vdW) interlayer interactions were taken into account through the
use of the PBE/DFT-D2 method of Grimme [197], which previously has shown calculated HCP-
C values in good agreement with experimentally measured elastic stiffness coefficients (C33),
equilibrium interlayer distance and binding energies [196].

The calculated lattice parameters and formation energies are presented in Table 7.1, along with
experimental [195,198-202] and other theoretically [203] calculated data, where available.
Overall, the calculated lattice parameters in the present work are in good agreement with both
experimental and prior theoretical data, showing the typical slight dilation due to the use of the

PBE exchange and correlation functional.

Table 7.1 Computed lattice constants and formation energies of all the elements and
compounds studied in the present work, together with comparison (where possible) to
experimental (in bold) and other theoretical studies (in italics).

Compound Lattice Cell volume AH form m
parameter (A (kJ/mol) (1) per unit
A) cell
Al-FCC 4.04975 [29] 66.42 [29]
4.041 66.00
Ni - FCC 3.5157 [30] 43.45[30] 0.44 - 0.58 [33]
3.5135 43.36 0.5678
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Compound Lattice Cell volume AH form m
parameter (AY (kJ/mol) (uB) per unit
A) cell
Ti - HCP a0 = 2.9506 [31] 35.28 [31]
co=4.6788 [31]
ao=2.94452
co=4.69813 35.28
C - HCP a0=2.464 [32] 35.29 [32]
(graphite) co=6.711[32]
+ vdW
ap=2.456
co=6.71 35.05
NisAl (L12) 3.568 [32] 45.42 [32] -46.00 [32] 0.24 [32],
3.5664 45.36 -42.22 0.6 -0.711[33]
0.70613
TiC (L12) 4328 [34] 81.07 [34] 1131, =190,
4.3228 80.80 184.1[34]
-152.8

At Tc = 41 K, Ni3Al possesses weak itinerant ferromagnetism and strong exchange-enhanced
paramagnetic properties for 73.5-74.5 at. % Ni concentrations [204]. As shown in Table 7.1 the
calculated total magnetizations of Ni and Li2-Ni3Al in the present work are in a good agreement

with the existing theoretical and experimental data

The stabilities of the NizAl and TiC systems are also shown in Table 7.1. These values represent

the formation energy for the corresponding chemical reaction and were obtained from the total
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energy from the DFT calculation for each phase in its ground state, together with the energies for
the pure elements, also obtained from DFT. It can been seen that the formation energies of NizAl
and TiC from PAW-GGA are -42.22 kJ/mol and -152.8 kJ/mol, respectively, which are both in
good agreement with the experimental values of -46 kJ/mol (NizAl) [200] and in the reported range
of -130 to -190 kJ/mol in the case of TiC [202]. These results show that both materials are stable

relative to their constituent elements.

7.3.3 Elastic and plastic properties

The calculated elastic tensor elements of the systems of interest are shown in Table 7.2. Based on
these tensor results, the elastic moduli were calculated. Because such alloys are typically used in
a bulk polycrystalline form, rather than as single crystals, reporting their moduli based on a
polycrystalline averaging procedure provides a more realistic representation of the material
properties. Our first-principles calculations are in good agreement with the existing experimental

values [205-210] and other theoretical [211-214] data.
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Table 7.2 Calculated elastic stiffness coefficients and elastic moduli of the studied systems, together with other
experimental (in bold red colour) and theoretical (in italics blue colour) results.
Cu Cnz Cus Cis Cs3 B [GPa] G[GPa] E[GPa] %
107/116  61/65[36] 28/27[36] 76 [36] 26 [36] 70 [36] 0.35 [36]
Al-FCC [36] - - 77.8[42]  24.8[42] 67.35[42] 0.355[42]
0.356
77.65 24.66 66.91
65.44 30.11
102.05
246 [37] 147 [37] 124.7 [37] 180 [37] 76 [37] 200 [37] 0.31 [37]
Ni-FCC  268.7[43] 150.9[43] 129.9[43] - - 190.2 [43]
196.67 200.2 0.33
248.77 170.62 116.48 75.25
Ti - HCP 160 [38] 73/ 110 20.7/46.5 66 [38] 181 [38] 110 [38] 44 [38] 116 [38] 0.32 [38]
(o) [38] [38]

167.48

181.76 113.8 0.31

82.16 42.65 71.47 102 43.26
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Figure 7.6 compares the calculated ab initio and experimental data obtained for the elastic moduli
(Young’s, shear and bulk) of the TiC-30 vol-% Ni3Al cermets. The theoretical elastic moduli of
the TiC-30 vol-% NizAl in this work are evaluated by the use of a ‘rule of mixtures’ (ROM) method
[215].

The ROM approach is one of the simplest empirical methods permitting to estimate a property of
a composite material, composed by two (or more) different components with different physical
characteristics. With the ROM method, the only parameters considered are the amount of each
component in the composite and the property of interest for each pure component; typically, no
other parameters that play an important role on the composite properties are considered, with the
occasional exception of residual porosity. Therefore, it should be noted that the cermet’s final
elastic and thermal properties depend on its chemical composition and microstructure, but also on
the magnitude and type of residual stresses [216]. These residual stresses arise as a result of the
superposition of macroscopic (thermal-residual stresses), with microscopic stresses due to the
mismatch between the thermal and elastic properties of the carbide and binder phases [217,218].
While the effect of the thermal-residual stress on the cermet performance can even be largely
eliminated by slow cooling and/or subsequent annealing, the microscopic stress is an intrinsic
characteristic of the composite due to its multiphase nature [219]. By using the ROM in our ab
initio calculations, to estimate the elastic moduli of the TiC-30 vol-% Ni3Al cermet, the magnitude
of residual stresses is not taken in account, and nor are the effects of microstructure parameters
considered (i.e. size of the particles and their orientation, the presence of porosity/defects, etc.).
Consequently, the obtained theoretical value of Young's modulus, at 375 GPa, somewhat
overestimates the present experimental finding of 332 GPa. The same trend is observed in the case
of shear modulus, with an experimental value of 130 GPa, while the theoretical one is 151 GPa.
The calculated value of the Poisson ratio is above 0.25, which indicates ductile behaviour in the

cermet.
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Figure 7.6 Experimental and first-principles elastic modulus of the TiC/30 vol-% Ni3Al sample.

7.3.4 Thermal expansion (ab initio and experiment)

The presently calculated thermodynamics data of the studied systems, together with the available
experimental [220-223] and theoretical results, are presented in Table 7.3. The calculated
equilibrium thermal volumes (V) in Table 7.3 overestimates by approximately 2% the other
available theoretical and experimental results. However, overall, the present calculations in the
cases of Al and Ni are in good agreement with the experimental and other theoretical data. In this
work the calculated thermal expansion of Al and Ni are compared to previously published results
[220]. These two sets of data are sufficiently accurate to be viewed as an experimental standard
for comparisons. The agreements between our ab initio results of the predicted thermal expansion
coefficients and available experimental data for Ni3Al appeared to be as good, as are the cases for
Al and Ni. It should be noted that the Ni3Al thermal expansion values in [220] have larger
uncertainties, due to the limited experimental data. For example, in [224] is reported an averaged
a=17.3 x 10°%/°C, between 26.85 and 726.85 °C for NisAl. The calculated values of o = 6.4 x 10

6 /°C for the TiC example are in good agreement with the available experimental data [221].
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Table 7.3 Calculated thermodynamic properties of the studied systems at ambient
conditions (T = 26.85 °C (300K) and P = 0 GPa), along with experimental (in bold) and other
theoretical (in italics) data where available.

Material V1 (A 3/ per atom) B 1 (GPa) a (10°°/K)
16.60 [47] 72.20 [47] 22.30/23.1 [47]
Al - FCC 16.82 [47] 68.06 [47] 24.88 [47]
16.88 68.73 24.24
10.94 [47] 186 [47] 13.10 [47]
Ni - FCC 11.09 [47] 191.6 [47] 12.68 [47]
11 185.08 12.99
8.06 [48]
Ti - HCP (a) 17.56 107.45 8.46
C - HCP (graphite) 0.6 - 5.2 [50]
+ vdW contribution 207 226.84 4.69
11.32 [47] 12.5 [47]
NizAl (L15) 11.32 [47] 182.4 [47] 12.17 [47]
11.45 170.98 12.33
4.1-7.7 [48]
TiC (L12) 10.31 253.83 6.43

Figure 7.7 shows a typical example of the experimentally obtained volumetric thermal expansion
data for TiC/30 vol-% NizAl, which is in the range of ~2.5 x 10-6/°C at 76.85 °C, increasing up to
18 x 10-6/°C at the temperature of 500 °C. Using the ROM and the theoretical values in Table
7.3, the calculated volumetric thermal expansion coefficient of the sample at 26.85 °C is 8.2 x 10-

6/°C. From an experimental point of view, the obtained results at 26.85 °C are not definitive, due

165



to the limitations on accuracy that can be achieved by the dilatometer at such temperature. The use
of the ROM approach to estimate the theoretical values of the thermal expansion coefficients also
contributes to the difference between experimental and computed results, due to the reasons

mentioned in the previous section.
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Figure 7.7 Volumetric thermal expansion coefficient measurements for a TiC-30 vol-% NisAl

sample previously densified at 1500 °C. The heating rate is 5 °C /min., in a flowing Ar atmosphere (10 ml/min),
from room temperature up to 500 °C, and back to room temperature.

7.4 Conclusions

In the present work we have considered selected mechanical and thermal properties of TiC-NizAl
cermets, compared to pure TiC and NizAl (as well as their elemental constituents), based on both
experimental and first-principles studies. It is shown that, for the pure TiC and NizAl, the
theoretical calculations were in good agreement with the measured experimental data for the many
different parameters examined and calculated, notably elastic properties, thermal expansion

coefficients, and selected structural properties.

For the TiC/30 vol-% NizAl cermet system, the theoretical ab initio results differ from the

experimental findings, which is likely due to the lack of considering major atomistic characteristic
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by the rule of mixture and the precision that can be obtained at room temperature by the dilatometry
measurements. However, significant enhancement of the sample stiffness is observed at 30 vol-%
NizAl binder content compared to TiC-Ni3Al cermets previously reported [1]. Moreover, the high
plastic resistance of the sample was confirmed by the Vickers hardness, which was found to be

1318.68 + 53.3 (12.93 GPa).
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CHAPTER 8 - PRECIPITATION HARDENABLE TiC-BASED CERMETS

Abstract

Titanium carbide-steel cermets are composites with a good combination of wear and corrosive
performance at ambient temperature. Stainless steel alloys have been applied in many industrial
applications, with a large variety of heat treatment procedures that have been developed for some
of these steels. The current work stu dies the effects of heat treatments on precipitation hardenable
steels (grade 17-4 PH) in comparison with a non-heat treatable steel (316L) when used in a cermet
structure combined with TiC. Martensitic Cu-rich precipitates were identified by X-ray diffraction
analysis when the TiC-17-4 PH cermets were heat treated. A significant increase in Vickers
hardness, from 1160 to 2342 HV1, was observed as a result of a 1150 °C heat treatment for this
system. Moreover, the scratch resistance was significantly improved, with a scratch depth reduced

from 1.74 to 0.8 pm under an applied load of 30 N.

Keywords: Vickers hardness, scratch testing, scanning electron microscopy, confocal laser

scanning microscopy.

8.1 Introduction

Cermets based on titanium carbide (TiC) with steel binders are promising structural materials due
to the ability to synthesize high-density composites with excellent interfacial cohesion between
the metallic binder and the carbide phase [225]. A further advantage can potentially be achieved
when using a precipitation hardening steel as a binder phase, as such a material can be heat
treatable using a wide variety of temperature/time regimes to obtain the desired final properties, in

comparison with other grades of stainless steel (such as 316) that cannot be heat treated.

Some limited solubility of the ceramic phase within the metallic matrix is necessary to obtain fully
densified cermet with suitable mechanical and wear performance [8]. On occasions, there is
potential partial solubility of components within the binder phase into the TiC grains [73], although

this is arguably undesirable. TiC and tungsten carbide (WC) are the most common materials used
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as the ceramic phase(s) in cermets due to their superior hardness, remarkably high young modulus,
chemical-thermal stability, and high wear resistance. While both are appropriated for use in
applications that have challenging environments, such as aircraft landing gear and wing flap tracks,
TiC has a significant advantage due to its much lower density (4.93 g/cm?®) when compared with

WC(15.63 g/em) [1,8,18].

One of the most commonly used methods for fabricating cermets is the press-and-sinter approach
[226]. However, other methodologies such as melt-infiltration sintering and impregnation of
pressed and sintered briquettes from titanium carbide with molten steel are also used by industry
[72,225]. Post heat treatment process, such as hardening and tempering heat treatments have been
studied previously using carbon steel as a binder [225]. In this work, it was demonstrated that it
is possible to successfully significantly affect the properties of the final composite. Prior work by
Kim et al. shows an increase from 1280 HV to 1320HV when an austenitization treatment was
applied to an SKD11 tool steel, showing that the heat treatments at temperatures below 1,010°C

are favorable to supress the retention of austenite with minimal loss in hardness [227].

Grade 17-4 PH (AISI Type 630) alloy is the most common precipitation hardening martensitic
stainless steel, containing 3—4 wt.% Cu content. When heat treated, this alloy forms a fine, copper-
rich precipitate phase that is evenly distributed in the matrix of the steel, and which is responsible
for increasing the mechanical performance mostly affecting the hardness and UTS [228]. Due to a
combination of mechanical and corrosion resistance properties, this alloy has been extensively
used for applications in power plants, as well as the marine and chemical processing industries.
The mechanical properties of 17-4 PH steel are usually improved by aging heat treatment, however
other properties such as the wear resistance and fatigue performance are still somewhat limiting.
The aging treatments vary from 480-620 °C, with a peak hardness (48 HRC) achieved when aging
at 496 °C for 240 minutes (termed H925 condition, as in 925 °F) and at 621 °C (H1150, as in 1150
°F) for 240 minutes, which also showed the highest elongation (8%). The addition of hard particles
such as TiC is therefore expected to increase the wear resistance properties in the final composite

[228,229]

In the current study, an appropriate precipitation hardening heat treatment is applied to increase
the mechanical properties and consequently, improve the wear resistance of two families of TiC—

stainless steel cermets. These TiC cermet compositions were based on either a non-hardening 316L
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binder or a hardenable 17-4 PH binder, where 5-30 vol% of binder phase was evaluated in each
case comparison. The presented study therefore investigates the influence of the binder phase
content and subsequent heat treatments upon the mechanical and densification behaviour, as well

as the basic tribological properties of these materials, which is evaluated by scratch testing.

8.2 Materials and Methods

8.2.1 Raw Materials and Processing

The cermets samples in this research were produced using TiC powder (lot no.:45693; particle size
= 1-2 um) from Treibacher Industrie AG (Althofen, Austria), and pre-alloyed 17-4 PH powder
(batch: 18D0775; particle size Dgo: ~5 um) and 316L powder (batch: 18D0788; particle size Dgo:
~5 um), both obtained from Sandvik Osprey Powders (Neath, England). The bulk composition of
TiC—steel specimens were produced through a vacuum liquid phase sintering process. Chemical
composition analysis of the as-received TiC and steel powders were determined using inductively
coupled plasma optical emission spectroscopy (ICP-OES; Model Varian Vista Pro, CA, USA).

The results are shown in Table 8.1.

Table 8.1 ICP-OES chemical analysis of the TiC and steel powders used in the
present work (in wt.%). C was not measured.

Powder/Element Ti Co Cu Cr Mo V W Nb Mn Ni Fe
S

TiC 78.1

316L 01 02 170 23 0.0 00 0.0 159 10.7 679
0 5 5 0 4 4 2 0 0 8

17-4 PH 0.0 43 158 01 0.0 0.0 0.15 0.80 470 71.8
4 0 0 7 4 1 7

The powder blends, including the TiC and one of the two types of stainless steel (varied from 5 to
30 vol.%), were mixed in 50 g batches with the addition of 0.5 wt.% polyvinyl butyral (PVB) wax,
They were then ball milled in acetone for 24 hours at 60 RPM, using yttria stabilized zirconia
milling media (@ = 10 mm), with a 10:1 ratio of mass media/powder. The powder batches were

then dried in a fume hood, for a period of 24 hours, and sieved through a -75 pm mesh to eliminate
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any large aggregates. The volume ratios of 95-70:5-30 TiC: steel was used for both 316L and 17-
4PH based compositions to study the effect of the binder phase volume fractions, and achieve
most desirable wear properties following a similar methodology to previous publications [72,73].
The dry sieved powders were subsequently compacted in a uniaxial press with an applied load of
69 MPa (10,000 psi) into discs with 20 mm diameter and 5 mm thick. The compacted discs were
then further densified by cold isostatic pressing (CIP) at 207 MPa (30,000 psi), with the pressure
held for 30 seconds.

Vacuum sintering was then performed at 1550°C for 60 minutes under a vacuum of 5 x 10 Torr
(model R.D. Webb Red Devil®), with a heating and cooling rate of 20 °C/min. Once the furnace
cooled below ~800°C a natural furnace cool arose. The vacuum sintered samples prepared with
the 17-4 PH steel binder were than subjected to a solution heat treatment. This was conducted in
an air atmosphere box furnace (Thermo Scientific Lindberg/Blue M), at 1040 °C for 30 minutes,
in steel heat treatment bags, followed by oil quenching. The samples were then subjected to aging
heat treatments, at either 496 °C for 240 minutes (H925 condition) or 621 °C for 240 minutes

(H1150 condition), followed by air cooling.

8.2.2 Materials Characterization

The crystallographic characteristics of the initially milled powders and the resultant heat-treated
samples were assessed using X-ray diffraction (XRD; Bruker D-8 Advance, Bruker Corp.,
Billerica, MA, USA). CuKa radiation was used at 40 kV and 40 mA, with 2theta scan angles from
20 - 90°, at 1°/min.

The density of the specimens was determined using Archimedes’ principle, in water at 24°C. The
weight is recorded on a scale with 1 pg resolution and measurements were repeated three times
per sample for accurate statistical value; three samples were tested for each composition. The

density of the disks is then calculated following Equation 7.1:

MA-Mw

p= ( ke ) xpW Equation 8.1

where p is Archimedes density, MA is the mass in air, MW is the mass in water and pW is the

density of water calculated for a specific temperature.
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A series of polishing procedures was used for microstructure analysis, polishing to a mirror like
finish down to 0.25um diamond paste. Initial microstructure evaluation, assessment of the main
wear mechanisms, and phase characterization were then performed using optical microscopy (OM,;
model Olympus BX-51, Tokyo, Japan), scanning electron microscopy (SEM; Model S-4700,
Hitachi High Technologies, Inc., Tokyo, Japan) and energy dispersive X-ray spectroscopy (EDS;
Inca X-max, Oxford Instruments, Concord, MA, USA), and XRD. The Vickers hardness of the
cermets was measured through indenting with a load of 1 kg, as suggested in ASTM 1327 — 15 -
Standard Test Method for Vickers Indentation Hardness of Advanced Ceramics and 30kg for
comparison. The mean indentation size is then determined using OM. The extent of crack
propagation was measured using 30 kg indentation load following the approaches of both Shetty

[10] and Anstis [11] using OM.

Measurement of the wear resistance was conducted by scratch testing, using a Universal Micro
Tribometer (UMT-1; CETR, Campbell, CA, USA), with a diamond indenter sliding in a linear
motion across the polished surface under a known load. To achieve this, a single pass of 5 mm
length is undertaken, with speed of 0.166 mm/s; test environment conditions were room
temperature (23°C) and a relative humidity from 40-50%. In the scratch test, the load is applied
normal to the surface of the sample with a Rockwell diamond indenter, with tip radius of 200 um.
Applied loads of 10, 20 and 30 N were used to generate the scratch tracks. Related data was
simultaneously obtained from the UMT through software that provides dynamic numerical values
for the depth of the indenter versus the applied force. Moreover, the coefficient of friction can also
be extracted through the digital data-acquisition system obtained from UMT equipment. The wear
tracks were then evaluated using SEM and a confocal laser scanning microscope (CLSM; Keyence
VK-X100K; Keyence Company, Osaka, Japan) to observe the damaged area. The average width
of the scratch track, W, was subsequently measured using the SEM, and the scratch hardness

number, HSp, was then determined using the relationship:

HS, = 2 Equation 8.2

p w2

where P is the applied load and W is the scratch width, as noted previously.
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8.3 Results and Discussion

8.3.1 Characterization of Cermets

Figure 8.1 shows the as-received and milled powder mixtures used for the preparation of the green
compact bodies. It is noted that the TiC particles shown in Figure 8.1(a) are mostly small (in the
1-2 pm range), and with an irregular, angular shape from the milling production process.
Conversely, Figure 8.1(b,c) demonstrate that the pre-alloyed 316L and 17-4PH steel powders are
largely spherical, ranging from 0.5-5 microns in range due to the production method of gas
atomization. It is appropriate to mention that for the objective of this paper, a fine and
homogeneous distribution of the steel particles should allow for a high sintered density, without
the presence of large voids caused by melting and capillary removal. At the same time, the
possibility arises to obtain a fine-scale sintered structure, that favours mechanical properties such

as yield, fatigue strength and impact toughness [32].
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Figure 8.1 Representative SEM of the individual powders (a) TiC (b) pre-alloyed 316L (c)
pre-alloyed precipitation hardening 17-4 and (d) as-milled TiC — 316L powder blend.
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The mass transfer and densification behaviour of these materials are mostly associated with high
diffusion rates, due to melting of the metallic binder phase, which occurs at 1390-1440°C for the
316L and 1404-1440°C for 17-4 PH [231]. At these temperatures, liquid phase sintering arises via
partial dissolution-reprecipitation of the TiC phase within the microstructure, which allows
densities to be achieved that are close to theoretical [36]. This mechanism of sintering usually
causes slight coarsening of the microstructure. In the present case the TiC grains start with a mean
particle size of ~1.25 um [232]. Coarsening during sintering then leads to final TiC grains with a

mean size of 3.14 (+ 0.89 um) for the 316L steel and ~3.27 (+ 1.14 um) for the 17-4 PH steel.

The degree of densification of the samples, according to the binder composition and volume
content, is presented in the Figure 8.2. The reduction in free-energy acts as a driving force for
sintering, causing the transition of small grains into larger ones and elimination of porosity [233].
For both binder compositions, a significant amount of residual porosity was present when only 5
vol.% of the binder is used; this resulted in ~10 vol.% porosity for the 17-4 PH steel, compared
with ~4 vol.% porosity for the 316L stainless steel binder. This result is also confirmed by the
correspondent microstructures shown in Figures 8.3(a) and 8.4(a). Conversely, a significant
improvement in the densification is observed for the samples with 10 vol.% of binder (and higher)
for both steel grades (Figure 8.2). In these cases, the sintered densities achieved >99% of the

theoretical values.
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Figure 8.2 The densification behaviour of the sintered samples as a function of the binder

volume content of 316L and 17-4PH.

Figure 8.3 and 8.4 show the resultant microstructures for the sintered samples using the two
respective steel binders, 316L and 17-4 PH, varied from 5-30 vol%. The light gray phase highlights
the steel metallic phase in each case, while the dark gray particles show the TiC phase. For both
samples prepared with 5 vol.% steel binder, it is possible to observe localized porosity, which is
~5 um in size. Significant densification is observed for samples with the higher binder contents,

with less than 0.1 vol.% porosity.
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Figure 8.3 Representative SEM of sintered samples (a) TiC 5 vol% 316L (b) TiC 10 vol%
316L (c) TiC 20 vol% 316L and (d) TiC 30 vol% 316L.
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Figure 8.4 Representative SEM of TiC 17-4 PH sintered samples with varying steel
contents: (a) 5 vol.%, (b) 10 vol.%, (c) 20 vol.%, and (d) 30 vol.%.

For the TiC-316L samples, as has been observed in previous studies [73,234], the formation of a
“core-rim” structure occurs during the sintering treatment, with a dark-gray contrast “core” of TiC
surrounded by light-gray “rim” that is shown in the Figure 8.5. The EDS line scan crossing a TiC
grain can be seen in Table 8.2, with the respective chemical composition in the following table.

No presence of any core-rim was observed for the samples using 17-4 PH steel as the binder.
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Figure 8.5 Representative SEM of TiC 17-4 PH sintered sample with 30 vol.%.

Observe the core-rim structure. Table 8.2 has the spectrum the corresponds to this figure.

Table 8.2 Results of EDS analysis of the core-rim structure shown on Figure
8.5.
Spectrum C Ti Cr Mn Fe Ni Mo
1 16.83  20.18 42.14 0.76 19.07  0.38 0.64
2 18.55 2429  39.06 18.1
3 2443  68.48 481 2.29
4 2491  75.09
5 25.15  74.85
6 25.57  74.43
7 25.72  74.28
8 2497  75.03
9 25.1 74.9
10 25.11  74.89
11 24.65  75.35
12 2544  74.56
13 26.27  73.73
14 17.55 25.74  3.98 45.52  6.14 1.07
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XRD-based phase identification for the powders and reacted phases following sintering are
presented in Figure 8.6. The resultant peaks relating to (nominally) stoichiometric TiC powders
are observed on the diffraction patterns, namely (111), (200), (220), (311) and (222). Both as-
received steel powders show quite dissimilar peaks, with the 17-4PH powders showing the
presence of two a-Fe (ferrite) peaks at (110) and (200). On the other hand, 316L shows both (a)-
ferrites peaks and (y)-austenite phases at (111), (200) and (220). When sintered, the same phases
are present according to the X-ray diffraction spectrum, only changing in terms of the peak

intensity.
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The solution heat treatment was performed at 1040 °C and quenched into oil followed, by an aging
heat treatment under one of two conditions: (i) 4 hours at 496 °C (H925), and (ii) 4 hours at 621
°C (H1150). The H925 and H1150 precipitation conditions allow the steel binder to have a fine
structure, with BCC Cu-rich precipitates, which are observed in conjunction with the increase of
the y-austenite phase according to the XRD diffraction patterns in Figure 8.7 [235]. The H1150
condition shows a higher y-austenite peak intensity, allowing the austenite grains to increase in
their mean size. Based on the literature, the H925 condition gives the highest hardness and strength
due to a finer scale microstructure, when compared to H1150 condition, where the energy and time
given by the heat treatment allow the further growth of the precipitates and transition of the lattices

to an a-FCC structure [229,235].
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Figure 8.7 XRD spectrum related to TiC-30vol%. PH 17-4 for samples “as quenched”,

conditioned at H925 and H1150.
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8.3.2 Mechanical and Wear Response

When measuring the Vickers hardness of cermets, it is important to undertake a few considerations
about these materials [163]. Cermets tend to be hard and brittle materials, so at high loads the
energy is going to be dissipated by the generation of cracks, reducing the overall measured
hardness value (as a portion of the imparted energy is consumed in generating the cracks). The
series of hardness experiments shows aspects of the properties of both the binder and carbide
phases, which can be significantly affected by factors such as the chemical and mechanical
properties of the sintered carbide/metal interface, residual stresses between phases, crystal
structure, and the size and shape of carbide grains [20,77,161,162]. In the case of the “quenched”
samples, the residual stress is going to be a significant variable, due to the high cooling rate and
the high degree of thermal coefficient mismatch of TiC (0. = 7 x 10%/K™") and steel (a0 = 13 x
1076/K™1).

The measured Vickers hardness using 1 and 30 kg loads, as a function of the differing volume
fractions of 316L or 17-4 PH steel, are shown in Figure 8.8. As noted in previous publications
[1,236], the Vickers hardness decreases in a nominally linear manner as the volume content of the
binder phase is increased up to some upper limit. In the case of the present TiC-316L cermets, the
measured hardness decreases from 2600 HV1 at 5 vol.% binder down to 1600 HV1 at 30 vol.%
binder. The same behaviour and trend are observed with the 17-4 PH steel, however starting with
a slightly lower hardness, at 2500 HV1 at 5 vol% binder and decreasing to 1200 HV1 at 30 vol%.
The minor difference in hardness between the 316L and 17-4 PH arises from the difference in
alloying elements, where the 316L has 14 wt.% Ni when compared to 4 wt.% in the 17-4 PH,
which is a common additive to increase strength and hardness without sacrificing ductility and
toughness [237]. The higher molybdenum content is also responsible for the higher as sintered

hardness of 316L when compared to 17-4 PH [235,237].
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The resultant Vickers hardness and the effect of the heat treatments on the TiC-17-4 PH cermets
is shown in Figure 8.9. Samples with less than 20 vol.% of binder exhibited catastrophic thermal
shock during the oil quenching treatment (OQ), so it was not possible to measure the hardness.
Figure 8.8 shows that, when the samples with 20 vol.% were submitted to the various heat
treatments, a small change in hardness was observed, from 1740 HV1 to 1765 HV1 when
conditioned at H925. On the other hand, the sample with 30 vol.% showed a significant increase
in hardness during the quenching heat treatment, due to the carbon trapped inside the austenite

lattice [238], resulting in a significantly harder and more brittle material.
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20 vol.% and (b) 30 vol.% binder.
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As can be observed in Figure 8.10, there is also a measurable reduction in the indentation fracture
resistance as a secondary effect of the heat treatment, however based on the c:a ratio, cracking
response is still in the Shetty region [115], particularly for the samples with higher binder content.
Although yet to be evaluated, it is expected that the as-quenched samples would present a larger
component of residual stress between the TiC and steel phases when heat treated. For instance,
comparable cermet consituents, such as TiC and NizAl has shown up to 1.6 GPa of residual stress
for both TiC under compression and Ni3Al under tension [239]. Close values might be expected
for the TiC-steel composite when “as-sintered”, due to its broadly similar thermal expansion
coefficient (o.= 13 x 10%/K™!) when compared to (a = 12.5 x 109K ™) for Ni3Al. The magnitude
of the residual stress reaches its peak in the quenched samples, where the cooling rates are
approximately 50 °C/s [240]. This is due to martensite formation, which is a brittle phase, resulting

in the lowest fracture resistance.

The elastic modulus and hardness of the TiC based cermets are strongly related to the binder
volume content [1,8]. As the volume binder content increases, there is a tendency for the cermet
to become less hard and more tough. Moreover, the best wear resistance can often found be
between 25-40 vol.% of binder [168], highlighting the subtle complexity of projecting wear
response solely on hardness. A transition to a more brittle behavior, in conjunction with a decrease
in IFR, is noted at low binder content for the non-heat-treated samples. The transition from
median/radial cracking to Palmqvist cracks is shown when the binder volume is increased from 5-

10 vol% steel content for all the compositions.
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The extent of the effects heat-treatment on the hardness and toughness of the TiC cermets behave
in a similar matter, where the mechanical properties are minimally affected for 20 vol. % steel
binder, however when the binder volume is >20% vol there is a significant effect. A slight
reduction in toughness from ~13 to 12 MPa.m™"? is observed in 20 vol. % steel binder specimens
after heat treatment when compared to the as-sintered condition. As for the specimens with 30
vol%, the embrittlement effect is more significant when the sample is quenched; this is attributed
to the formation of martensite in the binder. The minimum toughness is coincident with the
maximum hardness, which shows an almost stable condition when heat treated at H925, and some

recovery from 13.5 to 15 MPa.m™"? when processed under the H1150 condition [227,241].
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8.3.3 Wear Behaviour

The scratch depth of the evaluated TiC cermet samples is shown in Table 8.3 as a function of
composition and the applied load. The corresponding 3D CLSM images and cross-section profiles
of selected samples are shown in Figure 8.11-16. It is possible to observe a linear trend; as the
applied load increases, the scratch penetration is deeper and wider, in combination with a larger
scratch ‘edge build up’. It can be observed that for 20 and 30 vol.% 17-4 PH steel binder, even
though the peak hardness occurs with the H925 heat treatment, the H1150 shows better scratch

resistance possibly due to a more favourable combination of hardness and fracture resistance

[242,243].
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Table 8.3 Scratch depth according to different compositions and applied load
(SD is the standard deviation).

Composition/Loads 10N SD 20N SD 30N SD

TiC-316L

5 vol % 0.66 0.13 0.69 0.14 0.77 0.12
10 vol- % 0.444 0.18 0.839 0.12 1.109 0.17
20 vol.-% 0.934 0.21 1.194 0.08 1.786 0.09
30 vol.% 1.36 0.17 1.961 0.18 2.722 0.12
TiC-PH17-4

5 vol % 0.737 0.15 0.988 0.12 1.08 0.12
10 vol. % 0.392 0.12 0.461 0.15 0.999 0.14
20 vol.-% 0.556 0.19 0.711 0.18 1.296 0.19
30 vol.% 0.96 0.14 1.3 0.09 1.74 0.21

TiC-PH17-4 Heat treated

20 vol.% 0.556 0.15 0.711 0.17 1.296 0.12
20 vol.% OQ 0.672 0.21 0.874 0.09 1.15 0.19
20 vol.% H925 0.697 0.24 0.812 0.12 1.372 0.13
20vol.% HI1150 0.881 0.12 1.071 0.14 1.513 0.15

TiC-PH17-4 Heat treated

30 vol.% 0.96 0.13 1.3 0.12 1.74 0.14
30 vol.% OQ 0.352 0.1 0.647 0.16 0.82 0.16
30 vol.% H925 0.499 0.14 0.742 0.1 0.932 0.18
30vol.% HI1150 0.321 0.19 0.617 0.19 0.806 0.12

A smaller edge build up is observed outside of the scratch zone for samples with the lower binder

contents, due to the lower degree of plasticity. In Figure 8.12, it is possible to observe only up to
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0.3 um of edge buildup on the scratched sample at 30 N with 5% binder when compared to 1.3

um when submitted to the same load with 30 vol% binder.

Figure 8.12 CLSM image of a representative scratched surface of the TiC-5 vol.% 316L binder under
30 N applied load. The 3D image is represented on the top with the respective scratched 2D profile on the bottom of
the image representing the center line highlighted by the blue arrow.

When the cross-sectional shape of the scratch track is observed for the sample TiC-5vol%316L
(Figure 8.12), high angles and “spikes” are seen inside the scratch track in the samples with higher
carbide contents, suggesting a brittle fracture mechanism is dominant. In comparison, a more
“rounded” scratch cross-section arises when the binder content is 30 vol.% as shown in the Figure
8.13. The increasingly smooth and more ‘“spherical” shape indicates that the material has a
significant capacity for plastic deformation due to the higher binder phase content [244]. The
changes in width and depth of the wear track are also clearly visible, changing from the mean value
of 2.72 of scratch depth to 0.77 um, with a width reduction from 60 to 45 pm, on average, as the
binder content was decreased from 30 to 5 vol.%.
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Figure 8.13 CLSM images of a representative scratched surface of a TiC - 30 vol.% 316L binder, with
30 N applied load. The 3D image is represented on the top with the respective scratched 2D profile on the bottom of
the image representing the center line highlighted by the blue arrow. Note the edge build up around the scratch
track.

Similar behaviour is seen on the samples as sintered samples using 17-4 PH (Figure 8.14), however
with the lower binder content (5 vol.%) arguably shows a slightly more rounded profile compared
to Figure 8.12, and there is then a further transition to a more rounded/angular scratch profile with
higher binder contents (Figure 8.14). For the TiC-17-4 PH cermets, the width and depth of the
wear track change from a mean value of 1.74 of scratch depth at 30 vol.% binder down to 1.08 um
at 5 vol.% binder, with a similar width reduction from average values of 66 to 45 pm for the same

samples.
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Figure 8.14 CLSM images of a representative scratched surface of the as sintered TiC-5 vol.% 17-4
PH binder cermet, with 30 N applied load. The 3D image is represented on the top with the respective scratched 2D
profile on the bottom of the image representing the center line highlighted by the blue arrow.

A direct comparison between the ‘as-sintered’ 316L and 17-4 PH steel binders shows that, for the
‘as-sintered’ materials, the TiC-316L cermet showed a better scratch resistance at a fixed binder
content. However, a larger extent of brittle fracture occurred when compared to the samples with

the 17-4 PH steel binder.
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Figure 8.15 CLSM images of a representative scratched surface of the TiC cermet with 30 vol.% 17-4
PH steel binder, using 30 N applied load.

The overall highest scratch resistance, and therefore nominal wear resistance, was obtained from
the sample containing 30 vol% 17-4 PH steel, when heat treated under the H1150 condition. As
can be observed in Figure 8.16 and Table 8.3, this sample shows an average 0.80 um scratch depth,
with a scratch width of 35 um. A low level of edge build up is noted for these scratches, being 0.3

um on average.
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Figure 8.16 CLSM images of a representative scratched surface of the TiC cermet with 30 vol.% 17-4
PH steel binder, after a final heat-treatment at H1150 with 30 N applied load. The 3D image is represented on the
top left and the scratched 2D profile is shown on the bottom of the image (upper right-hand side), representing the
centerline highlighted by the arrow.

Example SEM images that demonstrate the extent of microstructural damage induced after scratch
testing in various samples, using a 30 N indentation force, are shown in Figures 8.17-19. The
images confirm the previously presented results obtained by CLSM. Figure 8.17 (a) shows the
scratch width and corresponding scratch hardness measured for the TiC-30 vol.%316L steel cermet
specimens. A “micro-cutting” line and ploughing wear mechanisms are observed in the center of
the scratch track, possibly where the “tip” of the diamond indenter was located. Some plastic
deformation is also shown in the center of the wear track, confirming that the material shows a

high fracture resistance when submitted to a dynamic load test [68,245].
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Figure 8.17 SEM images of the scratch track surfaces, indicating the width and scratch hardness of the
tracks created using a Rockwell diamond indenter, with an applied load of 30 N: (a) TiC-30 vol.% 316L steel cermet
showing the mean scratch width (and associated standard deviation error) and damaged surface and (b) Higher
magnification image of the same sample.

For the specimens using 17-4 PH steel as the binder phase, a higher degree of micro-cutting and

micro-grooving is present, as shown in Figure 8.18. No grain fracture or grain pullout was observed
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for any of the steel-based cermet compositions, although this is a common wear mechanism for
cermets, which is indicative of a strong interfacial bond between the TiC grains and steel binder
[246]. A slight increase in scratch resistance is observed when 17-4 PH steel is used as a binder
phase when compared with 316L, which supports the theory that the wear resistance is not directly
proportional to the hardness since the TiC-30 vol.% 316L cermet shows a better Vickers hardness

(1600 HV1) when compared with TiC 30 vol.% 17-4 PH steel cermet (1200 HV1).
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Figure 8.18 FE-SEM images of the scratch track surfaces, indicating the width and
scratch hardness of the tracks created using a Rockwell diamond indenter, with an applied load
of 30 N: (a) TiC-30 vol.17-4 PH showing the mean scratch width (and associated deviation error)
and damaged surface and (b) Higher magnification of the same image.
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In terms of the heat-treated samples, as anticipated from previous results in relation to the fracture
resistance and hardness values, the TiC-30 vol.% 17-4 PH steel sample heat-treated at 621 °C
(H1150) shows the best scratch resistance, with a scratch width of 31.87 um and an associated
scratch hardness of 75.55 GPa (Figure 8.19 (a)) after testing at 30 N applied load. The experiments
in this work confirm that the minimum scratch depth is achieved with a combination of high
hardness-IFR, highlighting the importance of both parameters in terms of wear resistance, not

simply hardness.

The extent of strengthening by formation of Cu-based precipitates in the TiC-17-4 PH steel
cermets, when the specimen is subjected to heat-treatment, depends upon various factors. The
predominant contributor relates to the strain field formed around the precipitates, according to
Bhambroo and colleagues [247]. In the initial stages of the ageing treatment, the Cu-based
precipitates are coherent with the surrounding martensitic matrix and provide an effective
resistance to the motion of dislocations during deformation, thereby strengthening the material to
a moderate extent. As either the ageing time or temperature increases, the copper precipitates grow
and lose their coherency, with the matrix, increasing somewhat in size and spacing, thus reducing
their efficiency at pinning dislocation. In the present case, the toughness of the material shows a
small increase with the heat-treatment temperature, with an expected slight associated decrease in
the strength of the PH-grade steel[229]. As a result, the extent of the strengthening decreases with
an increase in ageing duration or temperature. In this work, the peak hardness is attained after
ageing at the H925 condition (496 °C for 4 hours), which is well-described in the literature based
on the formation of coherent fine (Cu-based) precipitates [229,247]. These precipitates grow on
subsequent ageing at the higher temperature (H1150, or 621 °C for 4 hours) leading to a loss of
precipitate coherency with the matrix, and increased precipitate spacing. This then allows more
easy passage of dislocations between the precipitates and a corresponding decrease in the strength
of the material, subsequently increasing the ductility/toughness. It is under this condition that the

cermet shows the best overall wear resistance among the tested cermet compositions.
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Figure 8.19 FE-SEM images of the scratch track surfaces, indicating the width and
scratch hardness of the tracks created using a Rockwell diamond indenter, with an applied load
of 30 N: (a) TiC-30 vol.% 17-4 PH steel cermet H1150 conditioned sample showing the mean

scratch width (and associated deviation error) and damaged surface and (b) Higher magnification
image of the same.
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8.3 Conclusions

1. Steel based cermets were successfully manufactured using a vacuum liquid phase sintering
methodology;

2. A comparison between selected mechanical characteristics of the TiC-316L and TiC-17-4
PH steel has been undertaken;

3. A high Vickers hardness of 2600 HV1 occurs for the TiC-316L steel cermets with 5 vol.%
binder, which decreases down to 1600 HV1 at 30 vol.% binder. The same trend is observed
with the TiC-17-4 PH steel cermets, however with a slight lower hardness of 2500 HV1 at
5 vol.% binder, decreasing down to 1200 HV'1 at 30 vol.% of the steel. This difference is
proposed to arise from the differences in Ni contents between the two steels, as N1 imparts
strengthening; 14% Ni for 316L when compared to 4% for 17-4 PH;

4. A readily applicable heat treatment schedule was examined for the TiC cermets with the
precipitation hardened steel. This sequence included an austenitization step, followed by
an oil quench, and then an elevated temperature heat-treatment. Samples with less than 20
vol.% 17-4 PH steel binder cracked and fragmented during the oil quenched heat treatment,
while samples with 30 vol. % binder, heat treated at 496 °C for 4 hours (condition H925)
showed the highest hardness of ~2300 HV1.

5. Conversely, samples heat-treated at 621 °C for 4 hours (condition H1150) showed the
highest scratch resistance, due to a combination of good hardness and indentation fracture
resistance.

6. The scratched surfaces were subsequently analysed by SEM and, in 3D, using CLSM. This
showed the degree of damage and the operating mechanism(s) generated by the Rockwell
diamond indenter during scratch loading.

7. The tested samples show both micro-cutting and grooving as the main abrasive wear

mechanisms.
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CHAPTER 9 CONCLUSION

9.1 Conclusions

This novel work has extensively studied several compositions using TiC and TiN as base ceramics
for use in cermets for challenging wear applications. Both base materials were selected because of
their combination of excellent mechanical, wear and thermal properties, combined with low
density. The TiC-NizAl cermet systems have achieved extremely high wear resistance properties,
with specific wear rates down as low as 1 x 10”7 mm?/Nm when applied in continuous sliding wear
applications with moderate applied loads, while stainless steel-based TiC cermets are in the range

from 5-20 x 10”7 mm?*/Nm in previous work [73,74].

Several approaches were examined to understand the wear mechanism(s) involved when these
materials, along with novel variants, are being subjected to tribological damage scenarios.
Alternative heat treatment methodologies and/or addition of secondary phase materials (such as
graphene nano-platelets, or GNPs) were successfully applied in the synthesis processes of these
novel cermets. Firstly, suitable heat treatments and different binder compositions were
successfully employed, obtaining sintered cermets with high density. Secondly, the mechanical
and tribological properties of these materials have been assessed, with a primary focus upon the

operative wear mechanisms.

For the TiN-based cermets, prepared with a nominally stoichiometric NizAl intermetallic binder,
a study of the changes in thermal characteristics, through differential scanning calorimetry and
dilatometry, was undertaken using various amounts of Mo,C additions. Micro- and macro-
segregation phenomena were observed in the pure TiN-Ni3Al system, due to poor wetting of the
molten Ni3Al on TiN, resulting in high porosity and binder de-wetting (observed as exudation, or
‘sweating’, from the cermet structure). This high porosity compromises the application of this
material due to poor mechanical properties. This work showed that the incorporation of up to 10
vol.% of Mo>C into the cermet improves the wettability during liquid phase sintering, considerably
reducing porosity in the final specimens. A simple microstructural model was developed, based
on the use of evidence from EDS chemical mapping. This model demonstrates that during

sintering/cooling the Mo, C first dissolves into the liquid phase, then reprecipitates directly onto
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the individual TiN particles, creating an enveloping Mo2C ‘shell’ structure. This shell can be
anticipated to lead to a reduction of the contact angle between the molten NizAl intermetallic
binder phase and the TiN. This study highlights the beneficial effects of Mo>C additions in
processing TiN cermets and helps in providing a simple methodology than can be applied by
industry to further increase densification in such difficult to sinter cermet systems, therefore likely

improving the mechanical and wear properties of such materials.

Besides having achieved wear rates on the scale of 1 x 10”7 mm?/Nm, TiC cermets prepared with
30 vol-% NizAl maintain a moderately high coefficient of friction of ~0.25 when dry sliding
against standard WC-Co counter-face surfaces. To further increase the wear resistance, several
compositional variants of this baseline cermet were produced using GNPs. In comparison to
carbon nanotubes, GNPs are a relatively cheap material, and well known to increase mechanical
properties in many composite systems, which also have been a strategic choice for manufacturing
of selflubricant cermets. For the current work, high density TiC-NizAl based cermets were sintered
containing GNP additions of up to 2.5 vol.%. It is shown that these GNP additions do not
significantly degrade the densification behavior, for the composition range studied, with all
materials sintered to greater than 99% of theoretical density. The composite hardness and
indentation fracture resistance (IFR) were both significantly increased due to the additions of
GNPs. The reduction of the coefficient of friction for the TiC-NizAl cermets promoted a further
increase in the wear resistance of these material by roughly one order of magnitude when tested
using an aggressive “block on ring” tribological geometry. It is important to note a transition from
an aggressive adhesion wear mechanism (without GNPs) to a less severe abrasive/erosive wear for

both the damaged surface and the analysed wear debris, once GNPs were incorporated.

To further evaluate parameters affecting the wear performance of the TiC cermets, again with 30
vol-% NizAl, a suitable heat-treatment for achieving a long range ordered NizAl intermetallic
structure was investigated. In terms of the balance of wear and mechanical characteristics, optimal
results were obtained when this composite system was heat treated at 1200 °C for 120 minutes.
Under such conditions, the Vickers hardness increased by ~10%, while the scratch resistance was
increased by a factor of three when tested under an applied load of 30 N, when compared with the
‘as-sintered’ condition. As an effect of the heat treatment, the NizAl intermetallic binder is

ordered, showing a transition from a ductile to a more brittle behavior. The main wear mechanisms
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were characterized as grain pull-out and brittle fracture of the TiC grains in both the as-sintered
and heat-treated cermet samples. Plastic deformation-chip formation was a dominant mechanism

for samples heat-treated at 800 °C.

Finally, a novel precipitation hardening heat treatment was implemented for TiC-based cermets
with steel-based binders, with the goal to evaluate and study the impacts on its mechanical and
wear properties. With this in mind, comparison has been made between the physical and
mechanical characteristics of two cermet systems, namely TiC prepared with a non-hardenable
316L stainless steel binder and also TiC with a 17-4 PH steel, precipitation hardenable binder.
Successful aging heat treatments were applied to the cermets using the 17-4 precipitation
hardenable steel, when using a binder content higher than 20 vol. % (below this amount the cermets
suffered too severe thermal shock, and fractured into smaller pieces); the complete heat-treatment
cycle for these cermats involved austenitization, quenching and then the precipitation heat
treatment. The highest ‘as-sintered’ Vickers hardness occurs for the TiC-316L cermets, at 2600
HV1 when using 5 vol.% binder, which decreases down to 1600 HV'1 at 30 vol% binder. The same
trend is observed for TiC with the 17-4 PH steel, however starting with a slight lower hardness at
2500 HV1 at 5 vol.% binder, which decreases to 1200 HV1 with 30 vol.%. 17-4 PH steel binder.
These differences are proposed to arise from differences in the Ni content of the two binders, being

14 wt.% Ni for the 316L steel, compared to just 4 wt.% Ni for 17-4 PH.

When the TiC-based specimens with 17-4 PH steel binders were oil quenched from the
austenitizing temperature, the components with a TiC content greater than 80 vol.% suffered
thermal shock. Cermets with 20 and 30 vol.% 17-4 PH binder were successfully heat treated under
two different conditions, at 496 °C for 4 hours or 621 °C for 4 hours (termed H925 and H1150,
respectively). The highest Vickers hardness values are obtained for the samples heat treated under
the H925 condition, with a value of ~2300 HV1. While heat treating under the H925 conditions
provides the higher hardness, applying the H1150 heat-treatment conditions demonstrated the best
wear resistance when evaluated using scratch testing, which is proposed to be due to a combination

of good hardness and the retention of high indentation fracture resistance.
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9.2 Recommendations for Future Work

This work has studied several ways to further increase the wear performance of advanced cermets,
either by applying heat treatments that affect the binder phase properties, such as ordering or
precipitation hardening, or though incorporating GNPs into the structure. In each case, it is shown
that it is possible to further increase wear resistance by increasing the hardness and/or toughness

or reducing the coefficient of friction.

In terms of the binder volume content, it will be desirable to observe the effects of heat treatments
on higher binder contents of cermets prepared with hardenable binders, such as 35 and 40 vol.%,
to further increase the significance of the binder volume on the heat-treated cermets wear response.
In particular, such binder levels are employed in thermal spray coatings and laser cladding
coatings. As a complementary study, to fully understand these materials when synthesized and
heat treated, the residual stress between the ceramic and the metallic phase must be measured due
to its potentially large effects upon the hardness and toughness of the cermets. The residual stress
due to the thermal coefficient mismatch between the ceramic and metallic phase, when quenched,
is expected to be of the order of several GPa, however it is then decreased by the coarsening of the

microstructure during aging heat treatments.

Other important aspect yet to be explored is the addition of larger amounts of GNPs (currently
added up to a maximum of 2.5 vol.%), and the subsequent impact of this upon the densification
behaviour, and mechanical and wear performance. From this work, the wear resistance is
continuously increased up to 2.5 vol.% GNPs. However, higher quantities were not yet tested due
to the limitation of work scope. It is also suggested that the use of other types of functionalized
graphene (e.g. graphene oxide) are explored, that have been shown to have better processability,
due to their being more easily dispersed in an aqueous suspension medium. Other types of carbon-
based additives are also promising, such as carbon nanotubes, carbon black, single and few-layer

graphene.

To further develop these materials, additions of industrial diamonds with different coarse and fine
particles sizes are also recommended. It should be noted that in this present work, preliminary
trials of industrial diamond incorporation were undertaken, with the materials processed via liquid

phase sintering. However, the industrial diamond particles were transformed into graphite due to
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its unstable nature at high temperatures. Spark plasma sintering is recommended to test the effects
of additions of industrial diamond into the cermet compositions, due to its short processing time
compared to conventional vacuum sintering, minimizing the time for the diamond-graphite phase
transition to occur.

Another important aspect of these materials that is yet to be studied a the tribo-corrosion properties
of these cermets, and the effect of the carbon additive additions, such as GNPs. In many usage
scenarios, combined tribo-corrosion environments are encountered. In these instances, carbon
additives may play a significant role in improving the mechanical and chemical resistance of

advanced cermets.
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Appendix E: 17-4PH Powder particle size distribution.
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Appendix F: Powder particle size distribution.
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Appendix G: Representative dilatometry curves for TiC with 0 to 30 vol% 316L, showin
the extent of densification as a function of temperature. Samples heated/cooled to 1500 °
at a rate of 20 °C/min.
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Appendix H: Representative dilatometry curves for TiC with 0 to 30 vol% 17-4PH,
showing the extent of densification as a function of temperature. Samples heated/cooled to
1500 °C at a rate of 20 °C/min.
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Appendix I: Temperature profile used on the dilatometry experiments.

Heating and cooling rate: 20.0°C/min
Atmosphere: Argon 10 ml /min 1
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