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Abstract

Cermets, a composite of a hard ceramic phase and ductile metallic phase, are widely used
in oil and gas, chemical, mining, and tooling industries, due to their high hardness,
toughness, wear and corrosion resistance. A family of TiC - stainless steel cermets was
produced in the current study using a simple melt infiltration method, with binder phase
(steel grades 304-L, 316-L and 410-L) contents ranging from 5 to 30 vol.%. The
materials were sintered at 1475°C for 15 minutes, 1500°C and 1550°C for 60 minutes,
and 1550°C for 240 minutes to get fine-, intermediate- and coarse-grained cermets.

The microstructural evolution arising from the sintering process was then examined. It
has shown that irregular shaped grains (concave/hollow) were produced, especially when
sintered at 1475°C, and was explained using the ‘instability of the solid-liquid interface’
theory. It was also demonstrated that a multi-layer, core-rim structure arose for the
cermets, with selected steel constituents present in the rim of the TiC grains.

The cermets were tested using both ‘sharp’ and ‘blunt’ indenters to study contact damage.
Materials indented with a ‘sharp’ Vickers indenter, ranging from 1 to 30 kgf load,
revealed an apparent ‘indentation size effect’, with hardness increasing with decreasing
test load. Two primary indentation-cracking patterns were observed, namely median and
Palmqvist cracks. Crack patterns were assessed using focused ion beam microscopy
(FIB). Cermets loaded with a ‘blunt’ Hertzian indenter were tested with various WC-Co
spheres, ranging from 1.19 to 3.97 mm, with applied loads from 250 to 2000 N.
Indentation stress-strain curves were plotted and compared with the calculated Hertzian
elastic response, and the materials were found to have a ‘quasi-plastic’ behaviour and
‘strain-hardening’ effect.

The reciprocating wear response of cermets with various TiC grain sizes and binder
phase contents/compositions, were evaluated using a ball-on-flat reciprocating wear tests,
using a WC-Co counter face sphere and loads from 20 to 80 N. The specific wear rate of
the cermets was found to increase with applied load, testing time and/or the steel binder
content. The morphology of the worn surfaces was studied using scanning electron
microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), and FIB microscopy, in
order to fully understand the operative wear mechanisms. A transition from two- to three-
body abrasive wear was observed, with a further transition to adhesive wear identified
through the formation of an oxygen-rich tribolayer.
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Chapter 1 Introduction

Cermets are composites consisting of a hard ceramic phase, which provides wear
resistance and stiffness, and a ductile metal binder phase, that contributes toughness ['!.
Cermets, when compared with conventional ‘hardmetal’ tungsten carbide (WC-Co)
materials, are lighter in weight with high mechanical properties such as strength,

4 Titanium carbide (TiC) based cermets are

toughness and thermal conductivity |
considered a promising material due to a high melting temperature, elastic modulus, and
hardness, while TiC can retain its mechanical properties at moderately high temperatures
[5-7] Because of the hard but brittle properties of TiC, a variety of metals have been added

e (811 The properties and application of Ni

as a binder phase, such as Ni, Mo, Co and F
or Co as binders were studied extensively, however, steel alloy binders has been paid
relatively little attention, particularly for stainless steel alloys '?]. Austenitic stainless
steels have high strength and can maintain moderately good mechanical properties at
elevated temperatures ['*]. Specifically, 304-L and 316-L stainless steels have reduced
carbon that can help eliminate chromium carbide formation and intergranular corrosion.
In addition, the molybdenum in 316-L can increase pitting resistance !'“l. Though the
wear resistance of stainless steels is relatively poor, the reasonable corrosion resistance in
combination with a hard ceramic phase has made it a prominent candidate for use in the

15.16] 'Martensitic stainless steels can be forged and heat treated to obtain

tooling industry !
properties that require both corrosion and wear resistance. The 410-L grade, for example,
provides high strength and hardness with good corrosion resistance in air, water and some

acid environments ['4],

In the current research, a family of TiC based cermets, prepared with nominally austenitic
(304-L and 316-L) and martensitic (410-L) stainless steel grades, were produced using a
simple melt infiltration method. As the cermets are commonly used as coatings in
pipelines, tooling and mining industries, understanding the damage of the material is
essential in estimating the performance and predicting the life cycle. This research uses a
combination of optical and electron microscopy techniques to characterise the
microstructure, evaluating the mechanical properties such as hardness and indentation

fracture resistance. The damage by static load was conducted by indentation techniques



as different crack patterns generated by ‘sharp’ Vickers indenters are related to the
tendency of material removal, for example during a sharp particle erosion scenario.
‘Blunt’ Hertzian indentation is essentially used to evaluate the damage by a sphere in
static loading motion. The further damage caused by dynamic load, for a similar spherical
contact, was conducted by reciprocating wear; the microstructure evolution during the
process was then studied using the various microscopy techniques. These approaches,
using sharp and blunt indenters, are linked through the various wear processes that may

arise during use.

The microstructure evolution that occurs during liquid phase sintering is worth noting,
since study of how the microstructure affects the properties of the material is vital in
helping understand the overall processing-microstructure-property relationships.
Scanning electron microscopy (SEM), associated with energy dispersive X-ray
spectroscopy (EDS) were applied for characterisation of the sintered and polished
samples, in particular to study the microstructure evolution and stability of TiC-316L

stainless steel cermets.

Indentation tests were employed to evaluate the fundamental mechanical properties of the
materials, using both sharp (Vickers) and blunt (Hertzian sphere) indenters; the primary
aim here being to assess contact damage mechanisms. This allows investigation of the
deformation and failure behaviour of the materials in contact, both statically and
dynamically, when used in bearings, semiconductors, microelectromechanical systems,
biomaterials contact such as bone, teeth and joints 7). As noted above, the indentation
methods are often divided into ‘sharp’ (i.e. Vickers, Knoop, Berkovich, etc.) and ‘blunt’
(i.e. sphere, cylinder). In the current study, Vickers diamond pyramid and Hertzian
sphere indentation were selected to characterise the fracture and material response of
TiC-stainless steel cermets. The objective of the indentation using ‘sharp’ Vickers
indenters, is to study the effect of microstructure and binder content on the hardness and
indentation fracture resistance of the cermets. The materials were found to exhibit an
‘indentation size effect’ (ISE) and apparent ‘R-curve’ behaviour. Indentation fracture
resistance (IFR) values were evaluated with various analytical models, and the different
types of indentation-induced cracks were predicted and analysed using site-specific

micro-machining in the focused ion beam microscopy (FIB). The aim of studying ‘blunt’



Hertzian indentation is to evaluate the material response under such contact geometries.
To achieve this, a series of WC-Co spheres of different diameters were used to study the
indentation response of the material, and the role of ‘quasi-plasticity’ in deformation of
the cermets.

The final objective of the current research is to assess the wear damage evolution of a
wider range of TiC-stainless steel cermets, using both the austenitic and martensitic steels
described earlier. It was estimated some 30 years ago 1] that wear and friction damage
costs the Canadian mining industry roughly $940 million per year. As the one of the
largest oil and gas companies in Canada, Syncrude Ltd. has an annual budget of
approximately $450 million to repair and maintain their equipment, with a significant
portion of this related to damage arising from wear and friction ['). With increasing TiC
based cermets being used in industry, it is important to study the wear behaviour of these
kinds of material and to be able to develop new variants with improved properties.
Reciprocating wear tests were conducted, with a WC-Co counter face sphere, serving as a
‘ball-on-flat’ geometry, with various applied loads and test durations. To understand the
effects of the cermet microstructure, including the TiC grain size and binder phase
content, and the steel composition, the specific wear rate of the materials were
determined. A major aspect of this work was to utilise a variety of optical, electron and
ion beam microscopy techniques to fully evaluate the effects of wear damage on the
microstructure of the materials.

The present thesis is divided into ten chapters, which follows the progress of the work. In
Chapter 2 a general literature review is presented relating to the current study, including
discussion of cermet materials, their fabrication, associated studies for both ‘sharp’ and
‘blunt’ indentation, and wear of these materials, noting the current status of each field.
Chapter 3 provides further details regarding the experimental procedures used in the
current study and, in particular, to focus on aspects that were not fully presented in the
following chapters. Chapter 4 presents an in depth study of the microstructure evolution
during the liquid phase sintering of TiC-316L cermets, in particular assessing phase
stability and modification. Chapters 5 and 6 relate to the behaviour when using ‘sharp’
Vickers and ‘blunt’ Hertzian indentation on the TiC-316L cermets, respectively. These

studies have focused on the effects of microstructure on the indentation response, and



provided experimental data for future finite element modelling of the indentation
behaviour of the cermets. All of the experimental studies, material characterisation and
subsequent analyses, and the manuscript preparation, for each of Chapters 4 to 6, were
conducted by the thesis author; this was conducted under the guidance of the PhD
supervisor. Chapters 7 to 9, inclusive, relate to the wear behaviour of the current
materials for all steel compositions examined (i.e. 304L, 316L and 410L). These chapters
are joint work, in which all of the wear tests were conducted by an earlier PhD student,
Dr. Chukwuma Onuoha. Subsequent data evaluation, numerical analysis and
microscopical characterisation (e.g. optical microscopy, SEM, EDS and FIB) were
conducted by the thesis author, who also drafted the manuscripts. Chapter 7 focuses on
the effects of TiC grain size and steel binder content on the reciprocating wear response
of TiC-316L stainless steel cermets. Chapters 8 and 9 are present the wear characteristics
and microstructure evolution following wear testing of TiC-304L, TiC-316L and
TiC410L cermets, comparing the effects of the different steel binders. Finally, Chapter 10
provides a summary of the principle research findings and makes recommendations for

future studies relating to this work.



Chapter 2 Literature Review

2.1 Introduction to Cermets

The traditional ‘hardmetals’ or cemented carbides were first developed in Germany
during the 1920s, as wear resistant materials ?°. Conventional WC-Co ‘hardmetals’ are
still widely used today. These materials are typically obtained through liquid phase
sintering, just above the eutectic composition melting point, and an essentially fully
densified composite is usually achieved. Cemented carbides are harder than any tool
steels, and have extremely good resistance to low-stress abrasive wear. Because of their
excellent hardness, and abrasion and wear resistance properties, cemented carbides
especially WC based materials were the first kind of ceramic-metal composite, or
‘cermet’, which was heavily researched. During World War II, the need for high-
temperature, high stress-resistant materials was clear, and the supply shortage of tungsten
in Germany encouraged scientists to look for an alternative material for tungsten-based
hardmetals. German scientists developed an oxide-based material, which appeared very
promising for applications in the high-temperature sections of the new jet engines, and
consequently development programs were initiated. With the growth of cermet
development, many research laboratories contributed to this technology. Ohio State
University, University of Illinois, Rutgers University, and the Union Carbide chemical
company all contributed to the development of MgO, BeO, and Al.O3 based cermets.
Kennametal, Inc., American Electrometals, Inc., Sintercast Corporation, Thompson
Products, and the Firth Sterling Company all focused research in this area, which resulted
in the development of nickel-bonded TiC cermets !!!. A brief historical development of

cemented carbides and cermets is listed in Table 2.1.

Cemented carbides and cermets, such as WC and TiC, are also often termed refractory
carbides, meaning a material with a high melting point (usually great than 1800°C),
which possess a high degree of chemical stability. Cermets combined the desirable
qualities and suppressed the undesirable properties of their constituent ceramic and metal
phases, notably combining the high melting point and chemical stability (i.e. the
oxidation and corrosion resistance) of the ceramic and the toughness of the metal.

Compared with conventional materials, cermets are lighter in weight, with excellent



mechanical properties such as high strength, toughness and thermal conductivity. Cermet

cutting tools provide better control of geometry accuracy during machining, better chip

and tolerance control, longer tool life, improved surface finish, increased workpiece feed

rates, and can provide consistent retention of critical dimensions !, High conductivity

produces a low temperature gradient resulting in reduced thermal stresses and cracking.

Table 2.1: History of hardmetal and cermet product development, adapted from 'Story of

cermet’
Year Composition Trademark Manufacturer
1930-1931 WC-Co Gl Krupp-Widia
TiC-Mo,-C- o
1930 (Ni.Mo.Cr) Titanit S Mettalwerk Plansee
1930 TaC-Ni Ramet Fansteel Corporation
1933 TiC-TaC-Ni Siemens AG
1938-1945 TiC-VC-(Fe,Ni,Co) Metallwerk Plansee
TiC-(NbC)-(Ni, Co,
Cr, Mo, Al) wz Metallwerk Plansee
1945-1955 TICNb, Ta. T ©
iC-(Nb, Ta, Ti) C- .
(Ni, Mo, Co) Kentanium Kennametal
. . Sintercast
1952-1954 TiC-(steel, Mo) Ferro-TiC (Chromalloy)
1960 TiC-(Ni, Mo) Ford Motor Company
. . . Technical University
1970 Ti(C, N)-(Ni, Mo) Experimental alloys Vienna
(Ti,Mo) (C,N)- . Teledyne Firth
1974 (Ni.Mo) Spinodal Alloy Sterling
TiC-TiN-WC-Mo,C- Kyocera
1975 VC-(Ni, Co) KC-3
TiC-Mo,C-(Ni, Mo, Ford Motor Company,
1977-1980 Al) Mitsubishi
(Ti, Mo, W) (C, N)- o
1980-1983 (Ni. Mo, Al) Mitsubishi
(Ti, Ta, Nb, V, Mo,
1988 W) (C, N)-(Ni, Co)- TTI,TTI 15 Krupp-Widia

TiAIN




2.2 Titanium Carbide

2.2.1 Properties of Titanium Carbide
2.2.1.1 Crystal Structural Properties

TiC has a face-centred cubic (FCC) crystal structure, with its unit cell effectively the
same as that of the NaCl-type (Figure 2.1), with the carbon atoms in the interstitial
positions. The molecular weight of TiC is 59.91 g/mol I,

e}
7

@ carson O METAL

Figure 2.1: NaCl type of structure 12! .

TiC exists as a homogeneous phase, sometimes written as TiCx, where 0.47<x<1.0 [?3],
The melting temperature of TiC has a range from 1918 to 3067°C, depending on the
composition, which is the value of x, where the high bound conforms to x~1.0. The phase
diagram of the C-Ti system is shown in Figure 2.2. The lattice structure has a reported

parameter ao = 0.4329 + 0.0001 nm.
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Figure 2.2: C-Ti phase diagram >4 .

Depending on the stoichiometry, the lattice parameter actually changes, which is
presented in Figure 2.3 and highlights the variation of lattice parameter as a function of
composition. It has been shown that for composition below TiCoss the measurements
agreed well, while the points are mores scattered for the higher carbon content
compositions. It has been suggested by Rudy %! et al. that the lattice parameters depends
on the quenching temperature, a higher parameter is determined when quenching from
higher temperature since it favours production of a purer TiC. There are difficulties in
preparing TiC, which requires an O, and N> free environment [*!. It can effectively be
deduced from this figure that the density of TiC decreases from ~4.91g/cm? at TiCi to
~4.51g/cm? at TiCy3s.
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Figure 2.3: Variation of TiC lattice parameter 1/ .

2.2.1.2 Mechanical Properties

TiC usually has a given density of 4.9lg/cm®, as an average, neglecting the
stoichiometry, with a high melting point of 3067°C . The mechanical properties have
been reported as ¥: Vickers hardness of 28-35 GPa, Young’s modulus of 410-510 GPa,
transverse shear modulus of 186 GPa, a rupture (i.e. flexure) strength of 240-390 MPa,
and a bulk modulus of 240-390 MPa. Poisson’s ratio has been determined to be 0.191,

with a coefficient of friction of 0.25 (on tool steel, 50% humidity).

A comprehensive study to determine the ‘ductile-to-brittle transition temperature’
(DBTT) of polycrystalline TiC, by producing four different substoichiometric TiC
variants, was conducted by Miracle and Lipsitt 2], Both the crystal structure and

mechanical properties were determined. Powders were blended and vacuum hot-pressed



to fabricate the samples with four C/Ti atoms ratios: 0.65, 0.75, 0.85 and 0.95. It was
shown that the mean grain size increased with decreasing stoichiometry, which was most
likely due to a diffusion kinetics change. The hardness, using Knoop testing, was also
shown to decrease with a decreasing C/Ti ratio. The measured lattice parameters agreed

with the literature shown above, in Figure 2.3. The measured data are presented in Table

2.2.

Table 2.2: Properties of sub-stoichiometric TiC, determined by Miracle and Lipsitt 27 .

Material Density % Theor. ao (nm) Knoop Grain size
(g/em?) Density hardness (um)
(GPa)
TiCo.03 4.8503 ~100 0.43299 17.40+0.74 14
TiCo.ss 4.6199 97.7 0.43318 15.14+0.74 20
TiCo.7s 4.6501 99.8 0.43288 14.68+0.64 21
TiCo.c6 4.5983 99.9 0.43199 12.83+0.42 22

2.2.13 Other Properties

Other properties of TiC ceramics have been reported [): the specific heat at 298 K is 33.8
J/mole-K, with a thermal conductivity of 21.0 W/m-K at 20 °C, and a thermal expansion
coefficient of 7.4 (x107%/ °C) at 20 °C. In terms of the electrical properties, the electrical
resistivity at 20 °C is 68 pQ-cm, the Hall constant at 20 °C is -15.0x10* cm?/A-s, and
magnetic susceptibility of -7.5x10° emu/mol. TiC is resistant to most acids, but is
attacked by HNO3 and HF. It can be heated in a hydrogen environment to its melting

point without decomposition.

2.2.2 Fabrication of TiC Powders
TiC was first isolated as a compound by Shimer, in 1887 ?7! using hydrochloric acid
from a titanium-bearing cast iron. Subsequently, a few other methods were developed,
including by Moissan 282! for the reduction of TiO, using carbon. This method has been
applied to industrial manufacturing of TiC, and has been extensively studied . The
oxide reduction starts at 935°C [*% by Elyutin in 1958, and proceeds through the sequence

reaction between 1000 °C and 1500 °C Samsonov in 1956 B!, following:
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TiO; — Ti1305 — Ti203 — TiO — TiC or Ti

The final product should be present in the form of TiCxOy Kutsev and Ormont 2! in
1955. With time, the TiC and/or Ti with a lowered amount of carbon were found when
heating at 1200°C ). Subsequently, researchers have found that TiC can be formed more
easily in the presence of CO, although a higher temperature required. In 1952, Meerson
and Krein [*3) demonstrated that a ratio close to 1:1 can be obtained under 1-10 torr CO
pressure at 1600-1700°C. Furthermore, titanium hydride (TiHz) and C were found to
produce stoichiometric carbide, beginning at 900°C, and completed after 1 hour at
1200°C (Ogawa and Bando, 1959 4). By heating up a tungsten wire in an atmosphere of
TiCls, H, and hydrocarbon vapor, Campbell 3 et al. also formed the carbide.

Preparation of TiC from TiS, and C has also been reported by Schuler in 1952 [3¢],

The commercial manufacture of TiC is primarily conducted using carbothermal synthesis
(21, The starting material is 68.5% of titanium dioxide (TiO2), mixed and wet or dry milled
with 31.5% carbon black or graphite. The carburization is carried out under hydrogen, in
carbon-tube furnaces at 1900-2100°C. The reaction for reduction of TiO2 by carbon is

shown by:
TiO2(s) + 3C(s) = TiC(s) + 2CO(g) Equation 2.1

This production method is somewhat limited, because the powders may have a wide size
range 71, and thus require a subsequent milling process. The reaction time is also long,
typically ranging from 10-20 h. The inhomogeneity generated because of diffusion

gradients is another issue for the reduction reaction approach P71,
Direction carburization methods are also used to produce TiC powders, following:
Ti(s) + C(s) = TiC(s) Equation 2.2

This method usually requires a reaction time of 5-20h, and the products are agglomerated

37], It is also relatively expensive since the cost of Ti metal powder is high 571,

The manufacturing of TiC in large scale usually uses carburization with solid carbon and
chemical isolation at 1300-1700°C. By treating titanium-containing cast iron with
hydrochloric acid, Shimer [*” has produced fine-grained 71.6% titanium, with impurities,

and 16.9% carbon products. The reaction is written as:

11



TiCls + H, + CxH,? = TiC + HC1 + (CH)® Equation 2.3

A similar production route is the reaction between TiCls, H, and C, by decomposition
the carbides form from a gaseous phase. The gas reaction is driven by a tungsten or
carbon filament, at 1530-1880°C. Single crystal or polycrystalline TiC is directly grown
on the filament, therefore the quantity is quite limited. Also the reaction has to be handled

with care since the precursor TiCls and HCI are corrosive. The reaction is written as:
TiCla(g) + 2H(g) + C(s) = TiC(g) + 4HCI(I) Equation 2.4

Self-propagating high temperature synthesis, or SHS, is a self-sustaining combustion
reaction that is extensively used at a laboratory scale. The reaction is fast, since the
starting particles are fine and highly reactive. The heat released from the reaction is
sufficient to continue the reaction after the ignition. The products are also reported to be
pure, with better mechanical properties. The powders can be combusted in both loose and
pressed form (23, The powders were mixed in a ratio of 81.0 wt.% of Ti and 19.0 wt.%, to
give a nominal C/Ti ratio of 0.936, slightly lower than the maximum value (0.967) of the

TiC single-phase region [2*]

, since experimental studies have shown that the final ratio
will be higher than initially prepared. After igniting the powder by a heated tungsten coil,
the combustion would spontaneously continue, finishing up with the product of C/Ti ratio
0f 0.953. The pressed powders were ignited in a glove-box under argon atmosphere. Final

microstructure studies reveal that porosity exists, while the level of impurities is low 23],

2.3 Steel and Stainless Steel

Steels are one of the most widely used and studied materials in human history; it has been
defined as an alloy of iron and small amount of carbon, and potentially further elements
(14" As a consequence, the C-Fe phase diagram one of the most important binary phase
diagrams, as shown in Figure 2.4 ?Y. The ferrite phase is the stable form at room
temperature, which has a BCC structure, is also called a-iron. Transformation to FCC
austenite (y-iron) would happen at 972°C on heating, followed by a reverse back to a

BCC phase, termed §-ferrite, at 1394°C [3%],
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Figure 2.4: The C-Fe phase diagrams %!,

The American Iron and Steel Institute (AISI) and the Society of Automotive Engineers
(SAE) developed a system to designate carbon and alloy steel grades, by using four-digit
numbering system. The first two specify the major alloy elements, and if not present, is
presented as 10. The last two digits specify nominal carbon contents. For example, 1060

steel 1s a kind of plain-carbon steel, in the family of 1xxx, with 0.6 wt.% of carbon.

2.3.1 Stainless Steel Classification
Stainless steel comprises the group of iron alloys with the addition of specific elements,
especially Cr in excess of 12 wt.%, designed to increase the alloy corrosion resistance.
These steels also invariably have reasonable formability, high room temperature and
cryogenic toughness, resistance to oxidation and scaling, and good elevated temperature

creep resistance ['*. Examples are summarised below:

200 series: austenitic chromium-nickel-manganese alloys

13



300 series: austenitic chromium-nickel alloys
400 series: ferritic and martensitic chromium alloys
500 series: heat-resisting chromium alloys

600 series: originally created for proprietary alloys, which are no longer given SAE grade

numbers

2.3.2 Austenitic Stainless Steels
Table 2.3 listed the compositions of selected AISI 300 austenitic stainless steels. The 300
series steels are used in many fields, especially in corrosion resistance applications. One
example contains 18% Cr and 8% Ni, and is also known as 18/8 steel *. By increasing
the Ni content the properties are improved, and increasing the Cr content can further
improve the intergranular corrosion resistance *°. The grades 301, 302 and 304 have
better stability during cold working in comparison to martensitic grades %, By
eliminating the chromium carbide formation, the reduction in carbon and use of alloying
additions can reduce the intergranular corrosion for types 304L, 316L, 321 and 347.
Similarly, the molybdenum content in type 316 can increase the pitting resistance,
typically in chloride containing solutions **1. Types 309 and 310 are used for their high-

temperature strength performance and scaling resistance 1.

Austenitic stainless steels cannot be hardened through heat treatment, but can be
strengthened by cold working. The austenitic stainless steels show typical stress corrosion
cracking, which can occur under relatively small stresses, from either applied or residual
stresses. In high Ni content austenitic stainless steels the potential for stress corrosion
cracking is significantly decreased [**). However, while the materials are not very strong

[39]

they show good ductility . Austenitic stainless steels also exhibit good high-

temperature oxidation resistance, and high creep properties, aided through precipitation

of intermetallic phases [*].
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Table 2.3: Compositions of selected AISI type 300 austenitic stainless steels (4] |

Nominal composition, %
AISléotype C Mn Cr Ni others
301 0.15 max 2.0 16-18 6.0-8.0
302 0.15 max 2.0 17-19 8.0-10
304 0.08 max 2.0 18-20 8.0-12
304L 0.03 max 2.0 18-20 8.0-12
309 0.20 max 2.0 22-24 12-15
310 0.25 max 2.0 24-26 19-22
316 0.08 max 2.0 16-18 10-14 2-3 Mo
316L 0.03 max 2.0 16-18 10-14 2-3 Mo
5 -
321 0.08 max 2.0 17-19 9-12 (5x%C) Ti
min
0 -
347 0.08 max 2.0 17-19 9-13 (10~ A)C.)Nb
Ta min

Type 200 austenitic stainless steels are alloyed with manganese and nitrogen, to replace
nickel and stabilize the austenitic phase. Table 2.4 lists the compositions of several type

200 austenitic stainless steels.

Table 2.4: Compositions of AISI type 200 austenitic stainless steels ) .

Nominal composition, %
AlSI type C Mn Cr Ni others
No.
201 0.15 max 7.5 16-18 3.5-5.5 0.25N max
202 0.15 max 10.0 17-19 4.0-6.0 0.25N max

2.3.3 Martensitic Stainless Steels
The original term of ‘martensitic’ stainless steels was named after its first observer, Adolf
Martens, in the 1890s. These steels possess a body centred tetragonal (BCT)
microstructure. Martensitic stainless steel can be forged and heat treated for a variety of

applications which requires high corrosion resistance, wear resistance, together with
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strength and hardness ['4],

listed in Table 2.5.

The common AISI 400 grades martensitic stainless steels are

Table 2.5: Compositions of AISI type 400 martensitic stainless steels [ .

Nominal composition, %
AISl\EOt-ype C Mn Cr Ni others
403 0.15 max 1.0 11.5-13
410 0.15 max 1.0 11.5-13
416 0.15 max 1.2 12-14 0.15S min
420 0.15 min 1.0 12-14
431 0.20 max 1.0 15-17 1.2-2.5
440A 0.60-0.75 1.0 16-18 0.75Mo max
440B 0.75-0.95 1.0 16-18 0.75Mo max
440C 0.95-1.20 1.0 16-18 0.75Mo max

2.4 Titanium Carbide Cermets

2.4.1 Introduction
Aside from the traditional cemented carbide based tool materials (WC), carbide-based
cermets are still by far the largest category among the cermet family ', TiC-based
cermets are mainly used as tooling and wear resistant materials. Depending on the binder
phase employed, the applications can be broadened to high-stress, high-temperature and
wear resistance environments ['*. These kinds of cermets were initially not widely used
because of their comparatively low strength and toughness, which were only about 50-60
% of the values for conventional WC-Co cemented carbides, at the beginning of the
studies back in around 1930s Pl. Later, the advantages of cost and component availability
have gained increasing interest for their continued development [**. TiC based cermets
also have new potential uses, since it has a higher melting temperature and better
oxidation resistance when compared to the tungsten based materials >4, TiC has a
combination of good high temperature strength and toughness, but the relatively low

impact resistance has limited applications 1. It was not until 1959 that the Ford Motor
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Company were able to significantly improve the properties TiC based cermets (41431,

Soon after that, the materials have gained greater interest for use as a tooling material.

The brittle characteristic of TiC requires combination with metals to reach the desired
mechanical requirements. The major binder metallic alloys that were studied include: Ni-
Mo, Ni-Mo-Al, Ni-Cr and Ni-Co-Cr. Nickel is the most commonly used metallic binder
in TiC based composites, which is mainly due to the relatively low wetting angle during
liquid phase sintering . The addition of Mo further reduces the wetting angle with TiC
to essentially zero, and the core-rim structure that is often generated leads to excellent
mechanical properties. TiC cemented with Ni-Mo alloys have proved to be applicable as

[44] " Steel bonded carbides are used as

cutting tools and in severe wear environments
tooling materials, but the relatively low wear resistance and modest strength restricts their
wide application. Conventionally, nickel-bonded and steel-bonded titanium carbide

cermets are used in industry.

2.4.2 TiC-based Cermets as Tool Materials
The nickel bonded TiC-based cermets were studied extensively in the 1960s [>*! because
of their high strength, and relatively good oxidation resistance at elevated temperatures.
These cermets also provided good mechanical and thermal shock resistance. In nickel-
bonded cermets, the binder phase usually contains further alloying components, such as
Mo, Al, Cr, and Co, etc. Conventional hard metal production (i.e. “press and sinter”’) and
infiltration are the two main methods to produce nickel-bonded TiC cermets ?*. While
Mo improves the wettability of the metal phase, it also has a refinement effect on the TiC
grain size in the material. This microstructure change invariably increases the strength
and hardness of the material [*). The hardness for TiC cermets often show somewhat
higher values than for conventional hardmetals, as shown by Moskowitz and Humenik 1,
It has been shown that the nickel bonded TiC cermets show a better cratering resistance
than that of WC-Co hardmetals, and comparative tool-life data has shown that the life has

been increased for an equivalent level of hardness.

Steel-bonded TiC cermets were developed subsequent to the nickel-bonded cermets, due

to issues potential issues with jet engine and gas turbine applications because of the
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brittle nature of the TiC phase **. The steel-bonded cermets, with 25-50 vol.% of TiC,
have met the requirements for the newer wear resistance and longer tooling life materials
(241 These kinds of cermets can be machined under annealed conditions by conventional
tools and equipment. It also gives an equivalent or better performance than the
conventional cemented carbide. Depending on the binder phase chosen, the cermets are
applied in oxidation, corrosion and heat resistance applications [>4].

The manufacturing process of steel-bonded TiC based cermets are outlined below, with
24]

two principal approaches shown !

1. Preparation of the powders by ball milling — static/hydrostatic cold compaction
— liquid phase sintering under vacuum at high temperature — hot isostatic re-
pressing and annealing

2. Static/hydrostatic cold compaction — encapsulation in a steel can —hot isostatic

pressing and annealing — decanning

2.4.3 Alternate TiC-based Cermets: NizAl-containing Materials
Ductile nickel aluminides (NizAl), when used as a binder phase for TiC based cermets,
showed exceptional high temperature strength and chemical stability. Becher and
Plucknett ) studied the properties of NizAl bonded titanium carbide ceramics by
fabricating the materials using melt-infiltration sintering and conventional ‘press-and-
sinter’ fabrication methods. Experiments showed that full density can be achieved with
binder contents of >12 vol.% at temperatures above 1300°C. Thermal properties of the
composites, such as the linear coefficient of thermal expansion can be increased with the
binder phase content, as expected. The Young’s modulus and hardness values decrease,
and the density increases, with increasing aluminide content. The composites showed
improving oxidation resistance, and a high fracture strengths (>1 GPa) are retained to
>900°C, with fracture toughness values exceeding 10 MPa.m'? when the NizAl content is
>12 vol%. For the strengths at elevated temperatures the effective ‘yield strength’ of the
composite, which shows some plasticity above 900°C, also decreases as the stressing rate
is reduced. As for the oxidation and corrosion resistances of the composites, increasing

the NizAl binder content diminishes the weight loss from the acid immersion tests. It is
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apparent that the composites are more resistant to sulfuric acid corrosion than to nitric
acid. Plucknett (¢ ef al. further reported on the processing and properties of TiC/NizAl
cermets fabricated by melt-infiltration process. TiC and NisAl are the only phases
detected in the densified materials. For Ni3Al contents from 8 to 25 vol.%, densities in
excess of 98% of theoretical are readily obtained when processing at 1450°C. The
ductility of NizAl is retained after fabrication which leads to the possibility of ductile
phase toughened TiC composites for elevated temperature applications. The four-point
flexure strengths of the composites at 22°C increased as the NizAl content increased.
Because of the reduced TiC grain size, the highest strengths were observed for
composites processed at 1300°C. The strengths at elevated temperatures also increased
with test temperature. From this research, a maximum in composite strength (~1350
MPa) as a function of temperature was observed at 950°C, ~300°C above the nominal
yield strength maximum for the alloy. Even at high loading rates, at 1135°C, extensive
plastic strain was achieved with the yield stress dependent on the applied loading rate 7],
In terms of the cermet fabrication, preliminary examination indicated the infiltration
kinetics approximate to parabolic at 1300°C. Compositional analysis showed only
minimal titanium dissolution into the NizAl alloy of the densified materials, which had a
carbide composition of TiCo.e3. Cubic grain-growth kinetics are observed for TiC-16%
NizAl, with an activation energy of ~400 + 60 kJ/mol ). Figure 2.5 shows a typical
SEM image of the TiC-16 vol.% NisAl cermet 61 fully densified by using melt

infiltration method.
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Figure 2.5: SEM image of TiC-16 vol.% NisAl fabricated by melt infiltration 6! .

Collier ¥ et al. produced TiC-Ni3Al cermets by melt infiltration using aqueous slip cast
TiC preforms and Ni3Al contents from 10 to 50 vol.%. Spherical indentation tests of the
composites were undertaken, with applied loads from 250 to 2000 N, using WC-Co
spheres. The indentation stress-strain curves were calculated and the plastic-elastic
Hertzian type response was compared. The stress-strains curves demonstrated a
decreasing maximum stress with increasing Ni3Al binder content, with three distinct
regions identified as pseudo-elastic, elastic-plastic and fully pseudo-plastic deformation.
The slopes also provided a good indication of when the composites began to exhibit
quasi-plasticity, with particularly close agreement at the higher binder contents. The
curves showed a behaviour analogous to strain hardening, which is believed to be due to
the formation of microcracks in the internal structure, the eventual breakdown of this
structure and the fracture of the TiC grains under load. SEM and DIC microscopy
analysis were used to study the microcracks and subsurface damage, and it appears that
the TiC grains were partially rearranged as the ductile binder plastically deformed and the

material underwent a period of plastic flow within the NisAl matrix material.

2.4.4 Recent Studies on TiC-iron Alloys Cermets
A variety of stainless steel binders have been used for the TiC-based cermets, including

304-L, 316-L and 410-L. Persson °% et al. studied two manufacturing routes for TiC/Fe
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cermets, and liquid phase sintering (LPS) was found to be most effective, due to easier
process control, yielding a more homogeneous material than self-propagating high-
temperature synthesis (SHS). Both of the methods produced composites with a relatively
high degree of porosity, and the compaction has a strong influence on the resulting
density after processing. By using SHS, the difficulties were encountered in eliminating
the intrinsic porosity during the reaction. Akhtar and Guo ['?! examined the processing,
microstructure and wear behaviour of TiC/stainless steel matrix composites, which
contained 50 to 70 wt.% of TiC. The microstructure of the composites demonstrated the
TiC particles were distributed uniformly in the matrix. The hardness of the composites
increased with TiC content. Assessment of the fretting wear resistance of the composites,
sliding against high speed steel, showed that the material’s wear rate was increased at
higher loads and lower TiC content. Stewart °!l ef al. produced TiC based cermets with a
stainless steel binder by aqueous slip casting and melt infiltration. Samples with steel
contents varied from 5 to 30 vol% were melt-infiltrated at temperatures between 1500
and 1550°C. The densities of the cermets were in excess of 98% of theoretical, with a TiC
grain size around 5 microns. The Vickers hardness of the resulting TiC-stainless steel
composites was dependent on the volume fraction of stainless steel, the samples with

higher contents exhibited lower values.

2.5 Cermet Fabrication

2.5.1 Powder Compaction
It is usually preferable to obtain a finished product with essentially full density, and
therefore optimise the mechanical properties for a component when used in its’ respective
application. A variety of powder compaction methods are utilised to produce a range of
particulate materials, including ceramics. The compaction of the powders must reach the
required green strength for handling, while full strength is developed in the subsequent
sintering process (i.e. densification), thus attaining higher properties for later applications
of the material. Compaction deforms the particles and, with this, comes a decrease in

porosity and an increase in particle bond strength 132,
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2.5.1.1 Powder Die Compaction

The majority of powder metallurgical components are produced using die compaction for
shaping and partially densifying the powder mixture, where the powders are uniaxially
compacted using hard, rigid tooling into a desired shape. Typically, this process is
performed at room temperature. Die compaction is widely used because of its cost
effectiveness, high production rate and its ability to produce compacts with very close

dimensional tolerances.

When the pressure is applied on the die punches, the powders are subjected to a sequence
of events, noted as (i) rearrangement, (ii) localized deformation, (iii)) homogenous
deformation and (iv) bulk compression. A sequence showing the representative motion
and powder compaction in a die is presented in Figure 2.6 3. The initial lower punch is
at the fill position, with subsequent pressure, the upper punch is fed into the die and both
of the punches are pressed towards the centre. After compaction, the upper punch

returned and the lower punch ejects the pressed material.

f

compact

S
*

fill position pressing position compaction ejection

g

Figure 2.6: Schematic figure showing a cycle of powder compaction 3!

During single die compaction of the powders, there are few issues that may be

encountered. First of these is the die wall friction, which causes the effective applied
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pressure to decrease with depth travelled into the powder. As a consequence, the green
density is therefore non-uniform in the component. These green density variations will
not only happen between the die wall and the powder, but also between the punch and the
powder. To minimize this effect, “double-action-compaction” can be used; the gradient
of the density is therefore symmetrical. Figure 2.7 [*¥ shows the variation of density,

illustrated as ‘iso-density’ lines, in a compact for copper powder.

(D

single action double action

height, H

1

— radius, D/2

Figure 2.7: Constant density lines in a die for Cu powders 53!,

Lubricants are needed for high volume die compaction, to reduce the die wall friction and
consequently improve green density. It can also lower the ejection forces and improve the
tooling life of the die. The lubricants are usually blended in with the powders or sprayed

directly on the tooling materials 1>,

2.5.1.2  Cold Isostatic Pressing

There are a number of alternative compaction methods to uniaxial die compaction, which
can also be used as a follow up stage for die pressing. For example, with cold isostatic
pressing (CIP) the samples are pressed equally from all directions in a simultaneous

manner. CIP is usually applied for complex shape compaction, and the tooling materials

23



are rubber, latex, etc. instead of hardened steels or carbides. Two types of CIP
compaction, wet-bag pressing and dry-bag pressing, are commonly used. Wet-bag
pressing usually seals the powders in a mould, which is immersed in a chamber filled
with pressurised fluid, where the pressure is applied using a hydraulic pump. A schematic
diagram of wet-bag cold isostatic compaction is shown in Figure 2.8 [*3. Dry-bag CIP is
favoured for high volume production. CIP provides the complex shape compaction that
conventional uniaxial die compaction cannot, and the densities are usually slightly higher
since there is effectively no die wall friction. The CIPed samples also exhibit minimal
density gradients [°*!, which leads to reduced distortion when it comes to sintering. As a
consequence, CIP is widely used for cemented carbides, ceramics, and many other

powders.

plug
. fluid
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@
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Figure 2.8: Cold isostatic compaction 3! ,

2.5.2 Liquid Phase Sintering
To fully densify and achieve the desired mechanical properties of a powdered material, a
sintering process is needed. Liquid phase sintering invariably provides faster sintering
and essentially complete densification, without external pressure, in comparison to solid

state sintering. The enhanced atomic diffusion that occurs in the presence of a liquid
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phase drives the faster sintering response. The various liquid phase sintering stages are
shown in Figure 2.9 133, The mixed powders are firstly heated to a required temperature
where a liquid forms. A capillary force results, leading to rapid densification through
wetting of liquid on solid particles, rearrangement and some solubility. The elimination
of porosity that occurs throughout the system minimizes the total surface energy. This
procedure occurs in three overlapping stages: (i) rearrangement, (ii) solution-

reprecipitation, and (iii) final-stage sintering.

initial state
mixed powders

solid state

additive

pore

rearrangement
>
L &
solution-reprecipitation
=
" !
-

final densification
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oS\
/ -
L&

a3

Figure 2.9: Stages of liquid phase sintering 3! .

During the second stage of liquid phase sintering, rearrangement ends, densification by
rearrangement consequently slows, with solubility and diffusion effects becoming
dominant in the progress, which is also referred to as a ‘solution/reprecipitation’ process.
Solution-reprecipitation not only contributes to grain coarsening, but also to
densification. The densification process in this stage is driven by Ostwald ripening and

[531 " As large grains grow, they become more rounded which

solubility considerations
increases packing efficiency and results in an increasing density 3!, In this stage, high
solubility and low wetting angle both contribute to better densification. In addition,

densification is associated with grain shape accommodation, which takes place by contact
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flattening at points of grain-grain contact, dissolution of small grains with reprecipitation
on large grains, and coalescence involving grain boundary migration and co-operative

solution-reprecipitation >4,

The final stage of liquid phase sintering is effectively an extension of the intermediate
stage. Grain size, distribution, shape and binder phase distribution changes take place
during this stage. The maximum density is also attained in the final stage. The coarsening
process is dominant in the final stage, and the sintering driving force is the reduction of
surface energy. This process is relatively slow and rarely achieved, and in many instances
causes a loss in density. Microstructural coarsening will occur and the pores will grow if
they contain trapped gas. The longer the sintering time, the coarser the particles, so short

sintering times are preferred.

2.5.3 Melt Infiltration Method
Melt infiltration is a variation of conventional liquid phase sintering, which started to be

examined in the mid-1970s. It can be “pressureless” for wetting systems [537]

or
pressure-assisted for poorly wetting systems >3 The capillary force is the driving
force for wetting system, and a variety of material systems were examined with this kind
of method, such as TiC-Al, TiC-NiszAl. Figure 2.10 shows a schematic figure of the melt
infiltration process for a TiC-stainless steel system. The “infiltrant” powder, in this
instance stainless steel, is applied on the top of the green body (TiC) pellets. With the
increasing temperature, the powder starts to melt and wet the preform surface. The
capillary force will then draw the molten metal into the porous ceramic preform. After a
suitable period of time, a dense, fully infiltrated composite can be obtained. Previous

studies have shown that complete infiltration is achieved for 300 series austenitic steels

of TiC based cermets P!,
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Figure 2.10: Schematic figure of melt-infiltration method of TiC- stainless steel cermet.

2.6 Indentation Hardness and Indentation Fracture Resistance

The sintering process bonds the powders together at high temperatures, leading to
significant improvement of the strength of the materials. Following the sintering,
mechanical properties of the material are usually determined. Among the common
mechanical properties, a combination of desired hardness and fracture toughness is
usually the key to material selection. The following section presented the two properties

determined by using indentation method.

2.6.1 Hardness and Indentation Hardness Testing
Hardness can be defined in a variety of manners, such as the resistance to permanent
deformation, resistance to wear, resistance to scratching, etc. in a wide variety if
engineering fields. The hardness test is by far the most widely used approach for
evaluating the mechanical properties of metals, as well as other materials. Hardness
shows the resistance to localized plastic deformation; the larger the resistance to

deformation, the harder the material appears.

In ancient times, people tested the hardness of a material through performance tests of
tools and weapons. By 1822, Friedrich Mohs established a 10-step scratch hardness scale,

which was based on the principle that “the hardness of a mineral to be tested is
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determined by the two reference minerals it scratches or is not able to scratch” [6%,
However, Mohs theory is not applicable for materials other than minerals because the
differentiation is quite low. Subsequently, Martens referred to hardness, H, the resistance

to deformation as:

F Equation 2.5

where H is the resistance, F is the test force and 4 is the surface area. Hardness gives
units of strength, and it is often related to the yield strength of the material, oy. The

common relation is given as: H = Cay, where C is the proportionality constant 1],

Many different kinds of hardness testing approaches have been developed. Figure 2.11
shows the standard Vickers hardness indentation procedure. The Vickers indentation is in
the form of a square-based pyramid, with an angle of 136°. The indenter tip is polished
and sharp. The standard loads are 5, 10, 20, 30, 50, 100, and 120 kg. For most
applications of hardness tests, 50 kg is the maximum load employed. This scale is
subjected to a known load, P; after the load is removed, a microscope is then used to

measure the size of the indenter impression.

— -~

-~ ~

QOperating
position

Figure 2.11: Pyramidal Vickers indenter and resulting indentation 1%

The calculation of the hardness from the indent size is determined as follows [6%:
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P Equation 2.6
HV = 1.854ﬁ

where P is the load, in kg, and d is the mean diagonal length of the indent impression, in

mm.
The Vickers hardness number also can be reported in GPa, as follows [*I:

p Equation 2.7
HV = 0'0018544(ﬁ)
where P is the load, in N, and d is the average length of the two diagonals of the

indentation, in mm.

The Vickers hardness number is typically expressed in either of two different units (1
HV=1 MPa). Presentation in MPa, or GPa, is convenient for comparison with tensile or

fracture strength values.

2.6.2 Fracture Mechanics and Indentation Fracture Resistance
In 1913, Inglis [®3) published his work showing that the presence of corners, holes and
notches make the local stress higher than the average applied stress. He concluded that
the stress magnification depends on the radius of the curvature of the hole, the smaller the
radius, the greater the concentration. Inglis defines “stress concentration factor”, k, for an

elliptical hole equals:

c Equation 2.8
k=1+2 |-
p

where ¢ 1s the major radius of the hole and p is the curvature of the tip of the hole, as

shown in Figure 2.12.
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Figure 2.12: Schematic figure of the radius and curvature of the tip of a hole.

The value of « is usually equal to 3 for a circular hole, where effectively the stress at the
edge is 3 times the applied uniform stress, as shown in Figure 2.13. The contours for ayy

was generated using finite element analysis (641,

Figure 2.13: Stress concentration around a hole in plate under uniform far-field stress (4,
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In 1920, Griffith [® first proposed the energy balance criterion for fracture, which was
focused on the effects of scratches and surface finish (damage) on the strength of
materials. Griffith based his treatment of fracture on energy criteria. He has shown that
the strain energy release rate and the surface energy creation rate can be determined and

balanced, so the critical condition for crack growth is then:

noic Equation 2.9
; =2y a

where c is half crack length of a double-ended crack in an infinite plate, . is a uniformly
applied stress, E is the Young’s modulus, vy is the fracture surface energy of the solid per
unit area. On the left side of Equation 2.9 is the strain energy release rate per increment
of crack length extension/contraction, which is a linear function of crack length. The
required rate of surface energy, per unit of crack length, is a constant for a given material.

This equation is called the Griffith energy balance criterion [*4!,

The application of fracture mechanics has gained engineers attention and developed into
an engineering discipline primarily because the fracture of the Liberty ships during World
War II. Before that engineers ensured that the maximum stress within a structure was
limited to a certain percentage of the “tensile strength”, which is usually measured in a
laboratory or taken from reference sources. However, the effects of holes, which can
cause premature failure, were not encountered !°4. After that, the research led by Dr.
Irwin, from the Naval Research Laboratory, was developed which is now known as
fracture mechanics. Irwin studied the early work of Griffith, Inglis and others, and one of
the subsequent contributions was to extend the Griffith approach to metals, by including
the energy dissipated by local plastic flow [%®). In 1957, Irwin [¢7) showed that the stress

field o(r,0) of a sharp mode I crack tip can be expressed as:

K; 9(1 A 39) Equation 2.10
Oyy = = (1 —sinzsin—
vy mcosz Sin sin—

The first term K; is also called the stress intensity factor, and is defined as:

K; = o,YVmc Equation 2.11
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where o, is the applied stress, Y is a geometry factor and c is the half crack length. In this
equation, w and Y are constants, so the stress intensity factor is only dependent upon the
applied stress and the crack length. The stress intensity factor is usually given with units

of MPa-m'? (or Ksi-in'?).

The stress intensity factor is usually given with a subscript, indicating the mode of
loading. Three modes of loading can be applied to a crack, where Mode I is the most
commonly used, which is denoted as the / in K, and is associated with tensile loading, as

shown in Figure 2.14.

Figure 2.14: Three modes of fracture (%4 .

If G is defined as the strain energy release rate:

mo?c Equation 2.12

G =
E

By substituting Equation 2.11 into Equation 2.12, G is then written as:

K? Equation 2.13

G
E
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When K;= Kic, then G. is the critical value of the strain energy release rate, which
propagates the extension of the crack and possibly fracture. The relationship between K
and G means Kjc is both a necessary and sufficient criterion for crack growth. The critical
value, Kc is the measure of fracture toughness, which is used to describe the ability of the
material resist to fracture when containing a crack. It is a material property, which is

dependent on the both crack size and geometry.

The fracture toughness of the material can be determined experimentally. In standard
tests, loading is applied in a universal mechanical testing machine. Several standard Kic
test procedures have been established [%®l: by bending (edge-cracked specimen, chevron-
notched specimen), or double-cantilever-beam test, double-torsion test, etc. The latest
ASTM standard C1421-10 is the standard method for determine fracture toughness of

advanced ceramics at ambient temperature.

Fracture toughness values obtained by using indentation tests (Vickers indentation
fracture (VIF) toughness, either by direct, indirect, or modified methods) are also used.
The VIF method has gained broad use because of its simplicity and applicability to small
samples, and is nominally a convenient way to determine Kic [*), although there is still
much conjecture over the application of this test. The fracture toughness resistance theory
was originated by Palmqvist in the 1950s, but the concept was first advocated as a
fracture toughness test by Evans and Charles [’”) in the mid-1970s. Evans and Charles [
gave a brief introduction to the development of Vickers indentation fracture toughness,
and presented a generalized equation that appeared to be applicable to many different
materials, with either Palmqvist cracks or median cracks. A schematic figure of the two
crack patterns are shown in Figure 2.15 Subsequently, other authors used similar curve
fitting methods and analyses from Vickers indention to evaluate the fracture toughness
for both of the crack geometries "177¢]. To get a fracture toughness value for a material,
the lengths of the indentation cracks, along with the indentation load, the impression size,
the hardness, and the elastic modulus of the material are needed ). In Vickers
indentation, the crack pattern develops into two distinct stages during indenter loading,
which are crack initiation and propagation. Different types of cracks would be generated
as a result of the Vickers indentation test. As alluded to above, two major types of cracks

are formed: (i) median-radial cracks perpendicular to the surface and (i1) lateral cracks
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that are approximately parallel to the surface [”’]. In the following section, various types
of cracks will be discussed, along with the empirical equations developed for estimating a

material’s fracture toughness.

| 2c |
| 2a |
—]
\ ” f ! 1 e 2a 3 1 |
Median Crack Palmqvist Crack
(a) (b)

Figure 2.15: Schematic figure of (a) the ‘median’ crack and (b) Palgmvist crack.

2.7 Indentation with ‘Sharp’ and ‘Blunt’ Indenters

For the use of ‘sharp’ indentation, the major approach is to study the morphology and
growth behaviour of the cracks formed by indenting the surface, usually with a Vickers
hardness indenter. As noted above, in this approach, two major types of cracks are

formed 71,

Cook and Pharr [® studied the geometrical deviations that occurred in different materials
and summarised the crack patterns generated as follows. Loading by sharp indenters
leads to a surrounding plastic impression in the surface which is known as the “elastic-
plastic” zone. In these cases, radial cracks are generated from the edge of the plastic
contact impression, parallel to the loading axis, and these remain close to the surface, as
shown in Figure 2.16(B) "8, At light loads, the median stages may be suppressed so that
only surface radial cracks (known as “Palmqvist” cracks) are formed !””). Median cracks
also propagate parallel to the axis of force and are generated beneath the plastic
deformation zone, forming full circles or parts of circles, as shown in Figure 2.16(C).
Another common crack morphology is the half-penny crack, presented in Figure 2.16(D),

although it is unclear whether they are formed by median growth toward the surface, or
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radial propagation downwards, or a combination of both, as suggested by previous

8]

studies "®1. According to Lawn and Fuller "’ as presented in Figure 2.17, the median

crack system nucleates from a plastic contact zone (shaded region), forms into a
contained ‘penny’ (broken circle), and ultimately develops into a full half-penny. Lateral
cracks are also produced under the deformation zone, which is parallel to the surface, and

are circular in form, as shown in Figure 2.16(E).

(A) Cone (B) Radial (C) Median
e
B} Halkpaniy i‘ (E) Lateral j

Figure 2.16: Different crack patterns [7®! .
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72]

Figure 2.17: Median crack system [

2.7.1 The Median/Half-penny Crack System
Cracks induced by elastic-plastic contact can be verified into two primary systems [7°):
the median/half-penny crack, which is symmetric to the median planes, and the lateral
cracks parallel to the surface. Early studies focused on crack patterns in soda-lime glass,
since it was convenient to observe the crack generation, and indicated that median cracks
primarily formed during loading, which was driven by elastic components of the applied
stress field. A schematic figure of a common median/half-penny crack system is shown
above in Figure 2.15(a). On the other hand, lateral cracks are formed entirely during
unloading, which means the driving force is the residual stress in the irreversible

[72

deformation zone 72!, which will be discussed in the next section.

Lawn and Swain ! first considered the growth of sub-surface median cracks within an
essentially elastic point-contact field. Based on their observations, they predicted a linear
dependence for the median crack depth. It can be argues that the research oversimplified
the problem, by using two-dimensional fracture mechanics to solve a three-dimensional
problem 7!, Subsequent research [7?! took the observation of all well-developed cracks
into account. The modified analysis retained the assumption that the primary crack
driving force is derived from the elastic field, where they noted the residual stresses
played some role in the crack evolution. Lawn and Fuller "% stated that median cracks
did not develop as half-penny cracks during loading. They also emphasized the role of

residual stress associated with the deformation zone in expanding the median cracks to
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the surface during unloading. Evans and Wilshaw [7®! performed an analysis dealing with
an elastic/plastic field from the outset, and thereby noted that the ratio H/E should
complement toughness as a controlling parameter in the fracture mechanics. They also
extended the range of observations from soda-lime glass to polycrystalline ceramics.
Marshall and Lawn B! studied newly formed plastic impressions and gave recognition to
both elastic and residual stress terms in the stress intensity formulation. This analysis
provided a quantitative explanation of the evolution of median cracks in glass, and
considered the fracture mechanics during unloading as well as loading of the indenter.
Lawn [ et al. developed a fracture mechanics model, which presents the framework for
a quantitative analysis of the median/radial crack system in elastic/plastic indentation.
From Evans and Charles "% and the work of other researchers "+’ they found that a
simple but powerful means for determining the toughness of ceramics is needed. They

(73] Other researchers also proposed equations to

measured the K. values independently
estimate the intensity factor based on median/half-penny system. Anstis 2! et al.
developed an equation based on evaluating glasses, glass-ceramics, and polycrystalline
ceramics, and tested these materials with a double cantilever beam geometry, leading to
an equation as follows:

E : p Equation 2.14

H o
where E is the Young’s modulus, H is the hardness, P is the applied load and c is the
distance from the centre of the indentation to the crack tip. This equation was used in the
current study to calculate the fracture toughness value if the ‘median/half penny’ type of

crack was generated.

2.7.2 The Radial (Palmqvist) Crack System
Radial cracks are often named after their original discoverer, Palmqvist, when he studied
the impressions on WC-Co surfaces. Many studies showed that they exist for a wide
range a contact loads and well above those surmised to generate half-penny cracks [8),

The plastic deformation generates a localised load, and it is the driving force for such a
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crack. The crack growth happens during the loading segment of the cycle ¥l A

schematic representation of a Palmqvist crack is shown above in Figure 2.15(b).

The studies by Lankford ®?! suggested that the crack length, ¢, measured from the centre
of the indentation varied with a P?* dependence for a wide range of contact loads. In
1981, Niihara 384 ¢ gl indicated that the Evans and Charles 'Y description of
indentation cracks lengths broke down at small crack lengths, and an empirical equation
was developed using the model in Figure 2.18. Later study by Lankford 33! showed that
the question raised by Niihara [**! is more a function of the choice of plotting, and not real

failing with their analysis (7%,
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Figure 2.18: Semi-elliptical crack model for the Palmqvist cracks.

In 1985, Shetty 87 et al. provided data for indentations in WC-Co and fine-grained
glass-ceramics, showing only radial cracks up to 200 N load in the latter material. With
their further papers [¥8%1, they generated the conclusions that the measured surface traces
of the cracks for both materials were better fitted to Palmqvist cracks than to the circular
crack relationship indicated by Lankford. A modified Shetty’s equation is used to
calculate the ‘Palmqvist’ type of crack’s fracture toughness in the current study, which is

given as:

1 .
Kic = 0.0319P/(al2) Equation 2.15

where P is the applied force, a is the half-diagonal length, and / is the crack length from

the corner of the indents to the tip.

Laugier P*?!) subsequently presented a series of papers examining the indentation cracks,

especially in the WC-Co system. In 1987, Laugier [°* provided analysis of surface traces
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of cracks for both radial and half-penny geometries. This paper provided experimental
support for the analysis and suggested that crack length measurements alone are no

guarantee of determining crack morphology.

The geometry of Palmqvist cracking is not ideally elliptical as shown in the schematic
figure for cermets, and most of ceramics. A typical crack profile determined by Langier
92 using a sectioning technique, is shown in Figure 2.19; the material is a ALO3-ZrO>

ceramic composite subjected to 30 kg of loading with a Vickers indenter.

— ]HIT ;” 50 pum

Figure 2.19: Typical Palmqvist crack profile in a cermet [°?) .

2.7.3 The Lateral Crack System
Lateral cracks are usually regarded as a secondary indentation crack and are difficult to
model, as previously reported [, An idealised lateral crack system is shown in Figure
2.20. A crack, with radius, ¢, is produced by the contact load, P, at depth, A, below the
surface. The plastic zone including angle, 2y, with characteristic radius, a, extends
outward to a radius, b, supporting the indenter. The residual driving force, P,, acts on the
crack when the indenter is withdrawn, and a residual tensile stress develops at the
nucleation centre near the base of the deformation zone. The driving force, P,, reaches a
maximum at full loading and continues until the indenter is removed. Lateral cracks are
proposed %Y to be important in controlling wear and material removal in brittle

materials.
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Figure 2.20: Lateral crack system [ .

2.7.4 Indentation with Spheres
Indentation with spheres, made of hard steel or tungsten carbide, to generate cone cracks
has been studied for over 100 years. The first research by Hertz, in the 1880s, was on
silicate glass. He was observing optical interference of two lenses, concerning elastic
deformation ®®). The visible damaged caused by a particular type of crack, which was
generated by spheres, has also related to the other mechanical properties such as strength,

7] The importance of such damage behaviour was recognised in

toughness and wear
many engineering applications, especially for bearings and engine components P71, A
typical cone crack, generated by point load in glass, is shown in Figure 2.21. The fracture
begins as a surface ring crack and, at some critical load, propagates downwards and

outwards, ending with a cone configuration.

i
i
l

(98]

Figure 2.21: Hertzian cone crack in soda-lime glass "' .
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Shortly after Hertz, Auerbach (1896) developed an empirically observed linear relation
between the critical load and sphere size, which is now known as “Auerbach’s Law”.
This has also led to the most famous paradox in brittle fracture theory [**. Auerbach’s
Law violates the requirement that cone cracks should initiate when the maximum tensile
stress in the indented body exceeds the bulk strength of the material. Subsequently, in the
1960s, use of Griffith-Irwin fracture mechanics first accounted for this paradox and many

refinements have been made since 1'%,

Over the past 100 years, indentation with spheres has been extensively studied on both
brittle materials and metals, with respect to fracture mechanics and the materials’
deformation properties. An understanding of the damage arising from sphere contacts has
been extended from brittle homogeneous materials to tough heterogeneous ceramics,

characterised by materials with an R-curve response. Recent study [1°!]

using Hertzian
indenters has related to both the experimental studies and modelling of these quasi-plastic
ceramics. The elastic-plastic behaviour has been modelled using the finite element
method; a “shear faults/wing cracks” model "’ has been used for modelling of the

strength degradation and cyclic fatigue of the tough ceramics.

2.7.5 Hertzian Contact Mechanics
2.7.5.1 Flastic Stress Field and Elastic Contact

Hertz assumed an ellipsoidal distribution of pressure. The principal stresses 61, 62, and 63
in the 7z plane are then given by the following equations. The principal stresses 61, 62,
and o3 are normal stresses acting on the principal planes, 61 and o3 are the maximum and
minimum values, 62, has a value in between, and 61> 62> G63. Tmax 1S the maximum shear

stress.

Equation 2.16
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0, = Op Equation 2.17

Equation 2.18

Tmax = E (01 - 03)
where 6, and o are the radial stress and normal stress respectively, 1,- is the shear stress,
op 1s the hoop stress, which is always a principal stress, and its magnitude is equal to the

radial stress. Hertzian stress field contours are shown in Figure 2.22 ],
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Figure 2.22: Hertzian stress filed as (a) principle normal stress o1, (b) principle normal
stress 63 and (c) principle shear stress Tmax 1>/

The basic Hertzian elastic contact solutions are well documented; the radius of the circle
of contact, a, is given by indenter normal load, P, and the radius of the sphere, R, and the

the elastic modulus, E, following:
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__ 4kPR Equation 2.19
- 3E

a3

where £ is the combined Young’s modulus of the specimen, and & is given by:

9 E .
k = e [(1—v2)+(1—v?) E] Equation 2.20

where £’ and v’ and E and v are the Young’s modulus and Poisson’s ratio of the indenter

and specimen, respectively.

The mean contact pressure, px, is a normalizing parameter and defines the intensity of the

contact field:

p Equation 2.21

The mean contact pressure can be also written as:

3E P

Equation 2.22
— 2/3

)1/3

It can be seen that the contact area is proportional to P?3, and p. is proportional to P!,

therefore:

P 3E a Equation 2.23

Pm = 7% = ank R

The linear relationship between mean contact pressure as the “indentation stress”, and

a/R, as the “indentation strain” are then used to obtain stress-strain information for the

material being tested [102:193],

For a fully elastic response, the maximum principal shear stress, z,, is located = 0.5a
beneath the indenter with a value of:

T, =~ 0.48 p,, Equation 2.24
Applying either the Tresca or von Mises criteria, where the plastic flow occurs at [19%:

Tm = Y/2 Equation 2.25

the plastic deformation can then be first expected to occur at p, = 1.1Y.
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2.7.5.2 FElastic-Plastic Stress Field and Elastic-Plastic Contact

Plastic deformation can be generated by a Vickers indenter in brittle materials, or by a
sphere indenter/cylindrical punch in ductile materials. The indentation stress field for the
elastic-plastic contact under the specimen are usually assessed using finite element
analysis %1% The modelling is highly dependent on the material properties and the
geometries. Figure 2.23 shows the contact stress distribution for both elastic and elastic-
plastic contact, with a load P =1000 N and sphere radius of R = 3.18 mm. The plotted
results are normalized to the elastic case, with a mean contact pressure p, = 3.0 GPa and

a contact radius a = 0.326 mm.

S F -t
~‘~ Elastic
-1.0 "
T2l P -—_M_—_"\-’:;,-’/Elami&p{ai:
0.5 .
I:":' I I I 1 1 T T T
0o 1.0 2.0
rlag

Figure 2.23: Contact pressure distribution for elastic (equation) and elastic-plastic contact
(FEM) 1],
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2.7.6 Hertzian Fracture
As mentioned above, the relationship between contact radius, indenter radius and elastic
properties of both the specimen and indenter is given by Equation 2.19 and Equation
2.20. The maximum tensile stress is at the edge of the contact circle is given as:

O-max = (1 - ZV) Equatlon 2.26

2ma?

It can be also expressed as below, if we substitute Equation 2.20 in Equation 2.26:

(1-2v). 4E

I Equation 2.27
21 3

o-max -

)2/3P1/3R—2/3

The tensile stress near the edge of the circle of contact is responsible for the Hertzian
cone cracks, while the angle which is developed in the cone depends on the Poisson’s

ratio of the material.

2.7.7 Material Response
2.7.7.1 Brittle Response

The study of the brittle response for traditional ceramics and glasses has been well
developed, and has often been associated with the study of transitions of ceramics from
‘brittle-ductile’ properties. The technique using bonded interface samples, with
Normarski differential interference contrast (DIC) illumination, has been commonly used
in these cases to study the surface and sub-surface damage [!'%!!'! In the study by Lee
(112} ¢¢ al., one of the materials being evaluated was a fine grained silicon nitride (termed
F-Si3Ny4), with 75 vol.% equiaxed o-Si3N4 grains, 10 vol.% glass phase and 15 vol.%
elongated B-Si3N4 grains, with a mean length of 1.5 pm and diameter of 0.4 pm. For this
structure, the surface ring cracks are obvious, with no irreversible deformation, and
acoustic signals were strong, indicating deep crack growth. Figure 2.24 shows the half
surface and sub-surface damage following the Hertzian contact on the fine grain silicon
nitride, after indentation with a WC indenter of radius 1.98 mm and load 4000 N. The

sub-surface cone crack is fully developed, and the crack propagates at an angle of 19 + 2°

to the top surface [''2. Also, there is no detectable deformation beneath the circle.
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Figure 2.24: Hertzian contact damage of F-SizN4 (112

A related study on alumina also shows well-defined cone cracking, initiated outside the
contact circle in the fine-grained structures. Guiberteau [!'3! ef al. used a critical contact
pressure = 5 GPa, for a range of mean grain sizes from 3 to 48 pum, for mono-phase
alumina; below a threshold grain size, the classical cone cracks appeared. As Figure 2.25
shows, there is no obvious evidence of plastic deformation occurring; the indentation
pressure here is 8.0 GPa. However, using DIC imaging, as the researchers indicated, at
the spatial resolution limits of optical microscopy, there are restrictions to the scale of

observation.
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Figure 2.25: Nomarski DIC illumination showing half-surface and section view of
alumina with a grain size of 3 um '],

2.7.7.2  Quasi-Plastic Response
R-curve behavior

Some heterogeneous ceramic materials have shown a crack size dependent toughness
property. In those materials, the crack resistance, R, and fracture toughness, Kc, may
increase with increasing crack length [7’]. This is the so-called R-curve property, which is
often associated with transformation toughening mechanisms, which alters the
microstructure of the material, for example as in partially stabilized zirconia !''*l. The
phase transformation leads to energy being absorbed as the crack propagates. As shown
in Figure 2.26, when the crack begins to propagate and it is initially short, so only the
frontal zone is affected. As the crack grows, a larger crack-wake zone is affected. After a
certain amount of growth, a steady state is reached and a process zone has been
developed. The crack resistance is thus increased by amount of AKr. The R-curve
nominally increases as tan"'(Ac/h)’, where 4 is the width of the transformations zone !4,
This is a typical response for materials that show crack-wake energy absorbing
phenomena. Griffith fracture occurs as the stress and crack length exceeds Kic. For
materials with an R-curve, the crack resistance Kr increases as c¢ increases, as shown in

Figure 2.26.
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Figure 2.26: Predicted crack resistance R-curve [113],

Quasi-Plastic Deformation

The study of quasi-plastic deformation of tough ceramics started in the 1990s 110111115
1191 " As mentioned in the last section, bonded interface samples are widely used for the
study of sub-surface damage of the deformation. Quasi-plasticity occurs at a critical value

py; combining Equation 2.22, Equation 2.24 and Equation 2.25, it can be determined that:
py/r? = (1.1mY)3(4k/3E)? = constant Equation 2.28

In the study of Lee ''%] ¢f al., the quasi-plastic deformation zones are well developed.
Three categories of controlled microstructures were examined: fine scaled -SizN4 grains
with a-Si3N4 grains (F-Si3N4), medium with mostly B-SizN4 grains (M-Si3N4) and coarse
grains with elongated B-Si3Ns4 grains (C-SizNg). Figure 2.27 presents the indentation
stress-strain curves plotted, from the Hertzian contact experiments, where the solids lines
are FEM fits, and the dashed lines on the top right corner are the Vickers hardness values
[112] The deviations from linearity indicate the onset of “yielding”. In the microstructure
images in Figure 2.28 and Figure 2.29, the damage follows a transition from brittle

[112

fracture to quasi-plastic deformation, as the grains get coarser ', As shown in Figure
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2.28(b), the cone crack has a shorter crack length than that in Figure 2.24, and sub-
surface quasi-plastic deformation has arisen [''2l. The sub-surface quasi-plastic

deformation zone is more obvious with increasing grain size, as shown in Figure 2.28(c)
[112]
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Figure 2.27: Indentation stress-strain curves for silicon nitride [''?! |

Figure 2.28: Hertzian contact damage for M-Si3N4 and C-Si3N4, with a sphere radius R =
1.98 mm and load P = 4000 N; half surface and side views are shown [''?] |
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Figure 2.29 presents the sub-surface damage in coarse grain silicon nitride subjected to
increasing applied loads; the radius of the contacting sphere in this instance is 1.98 mm.
The damage started where the shear stress is the maximum, and then grew into a fully

plastic deformation zone ['!?,

(d)

Figure 2.29: Evolving contact damage in C-Si3N4, side views shown 1121,

Figure 2.30 shows a plot of Hertzian ring crack geometry as a function of the indentation

load P. Again the deviation of the plot from linear has confirmed the quasi-plasticity.
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Figure 2.30: Hertzian ring crack dimensions/geometry 11?1 |

Similar patterns of transition, from cone crack to subsurface damage, are also observed in
alumina ceramics. As shown in Figure 2.31, the indentation stress-strain curves for
alumina subjected to Hertzian indentation show the response of the specimens with two
different grain sizes. The dashed line is the Hertzian elastic response; the solid curve is an
empirical data fit from intermediate grain size alumina ['!*], and the sequence A-B-C-D
shows sectional views of the damage beneath the specimen surface, corresponding to the
microstructures in Figure 2.31 5], The lower inclined dash line is the linear relationship
for pure elastic contact, and the deviation indicates the “yield” of the specimen. As shown

111

in Figure 2.32 "1l the formation of sub-surface damage zone initiation and expansion

are apparent.
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Figure 2.31: Indentation stress-stain curve of alumina 5],

Figure 2.32: Optical microscopy images using Nomarski DIC illumination, showing the
sectional view of alumina with a grain size of 48 um [!!1

Figure 2.33 shows the ‘brittle-ductile’ transition in pure, dense alumina specimens with a
range of grain size from 3-48 pm, subjected to a load of 2000 N with a sphere radius of
3.18 mm. The surface ring cracks still form in all cases, but are restrained by downward
damage, ‘ultimately to one grain depth of less’. In addition, the quasi-plastic zones are

constrained below the contact '],
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[111]

Figure 2.33: Hertzian indentation in alumina

2.8 Wear

The previous section reviewed the indenter in contact with a surface in a static mode,
however many applications include the relative motion of the two surfaces. Due to the
relative motion between a surface and a secondary contacting substance or substances,
wear is a form of surface damage involving a progressive loss of material ['*"), Many
methods have been applied to categorize the wear. Kato ['2!] has suggested, based on the
wear mechanism occurring, that it can be ‘mechanical’, ‘chemical or ‘thermal’ wear, and
for the wear mode(s) it can be categorized as ‘abrasive’, ‘adhesive’, ‘flow’ and ‘fatigue’.
Another way to define wear is through the mechanism of losing material. The mechanism
of the loss of material can be shear fracture, extrusion, chip formation, tearing, brittle
fracture, fatigue fracture, chemical dissolution, and diffusion 2%, The damage occurring
by shear fracture is related to the shear force leading to a plastic shear deformation, and
usually is a sign of adhesive wear [!2%] which will be discussed in the following section.

Wear by extrusion occurs in sliding or rolling contact, where the material is squeezed out
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(1201 Surface damage by chip formation is usually a sign of abrasion, where the hard

particles cut the material out of the surface and accompanied by severe plastic
deformation ['2%, Tearing generally occurs in polymer materials. Wear by brittle fracture
[1201 js common in ceramics, cemented carbides, ceramic coatings, and hardened steels, as
a result of high tensile stresses which exceed the fracture stress of the surface material,
and this would also lead to a very high wear rate. Wear dominated by fatigue fracture is
the result of repeated loading, either unidirectional or reciprocating sliding. The so-called
‘fretting’ wear, which is the low-amplitude oscillatory sliding, may lead to fatigue wear

as well. A schematic figure of selected wear modes are shown in Figure 2.34.

(b)

(c)

(d)
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Figure 2.34: Schematic figures of wear modes !'*?! showing: (a) abrasive wear by
microcutting, (b) adhesive wear by adhesive shear and material transfer, (c)
flow wear by plastic flow and (d) fatigue wear by crack initiation and
propagation.
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2.8.1 Abrasive Wear
Abrasive wear happens due to hard particles or protuberances involved in the wearing
system, which are forced against and moving along the surface ['>*!. Through the type of
contact, abrasive wear can be categorised as “two-body” or “three-body”. Two-body

[123

abrasive wear 1?*) is where the hard particles or protuberances, which produce the wear

of one body, are fixed on the surface of the opposing body. The particles are sliding over

9394 Three-body abrasive wear [!23] occurs when wear is

the surface against each other !
induced by loose particles, either introduced or generated between the contacting
surfaces. The particles in this case are free to roll over themselves between the surfaces
(93941 "Since the particles are free to move, studies have suggested that the wear rate of the

two-body abrasive wear is significantly higher than that of three-body.

The hardness of the abrasive particles has a strong influence on the wear rate of the
material. An index is usually used to describe the abrasive wear, where the hardness of
the particles is Ha,, and the hardness of the wearing surface is Hs. In this instance, when
H./Hs > 1.2, it is defined as ‘hard abrasion’, whereas when Ha/Hs <1.2, it is usually called

‘soft abrasion’ [*3],

The mechanism(s) of a two-body abrasive wear usually includes ploughing, wedge
formation, cutting, micro-fatigue and micro-cracking, as shown schematically in Figure
2.35 1291 The ploughing, wedge formation and cutting modes are related to two-body
wear by plastic deformation, while the latter two modes, are related to two-body wear by

brittle fracture (3!,
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Figure 2.35: Mechanism of abrasive wear 2%,

2.8.1.1 Abrasive Wear by Plastic Deformation

Two-body abrasive wear by plastic deformation includes ploughing, wedge formation
and cutting Y. Ploughing is the material being pushed to the sides of the wear groove,
and hence being built up around the outside of the wear track. Ploughing occurs mostly
under low loads; this wear mode does not really result in real material loss. The material
flows beneath the front face of the particle ). In the wedge formation mode, a wedge
can be developed at the tip of the abrasion region, and the material displaced from the
groove is greater than that to the sides. This mode removes the material from the surface
(%31, The cutting mode removes material from the top of the surface **!, forming a chip at
the abrasive tip, and usually occurs in ductile materials. The amount of material displaced

120

is less than is displaced to the sides ['?°l. The transition from ploughing to wedge

formation, and further to cutting, depends on the critical penetration depth ['>*! and

[93

critical attack angle ). In three-body abrasive wear, the particles are free to move, and
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therefore the cutting mode, as in two-body abrasive wear, occurs less often, invariably

leading to a lower wear rate [*>4],

Various equations were developed to estimate the extent of abrasive wear, and one of the
better known among them was Archard’s equation ['>3, Though derived from adhesive
wear, the equation also described abrasive wear very well, and is usually written as:

- k,PL Equation 2.29
~ H

where k1 is the wear coefficient or wear rate, which is to be determined, V is the material
volume loss, in mm?, P is the applied load, in N, L is the sliding distance, in m, and H is

the Vickers hardness number of the material.

126].

Another variation on this type of equation is the so-called Lancaster equation !

%4 Equation 2.30

k, =—
27 pL

where k> is the ‘specific wear rate’, in mm®/Nm.

2.8.1.2  Abrasive Wear by Brittle Fracture

Abrasive wear also occurs in brittle materials such as ceramics. Due to the high local
plastic deformation, cracks are generated, which leads to material removal. Previous
sections have discussed the cracks produced by indentation in some detail. As mentioned
before, the median cracks grow down from the surface under loading, while the lateral
cracks generated by residual stresses happen during unloading of an indentation. As a

consequence, the lateral cracks can lead to wear.

Many models have been developed to analyse and estimate the abrasive wear by brittle
fracture. One of them is the ‘lateral crack’ model; a schematic figure of this model is

demonstrated in Figure 2.36 7], The length of the cracks, c, is given by:
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(%)3/5‘4,5/8 Equation 2.31

where w is the normal load on the particle, £ is the Young’s modulus, H is the
indentation hardness, K is the fracture toughness, and a; is a constant that depends on the

shape of the particle.
The depth of the crack, b, is described as:

E w Equation 2.32
b = 2/5 1/2
aZ(H) (H)

where oy is another constant. Therefore, the volume wear per unit sliding distance (i.e.
the wear rate) for all particles, Q, is:

(%)Wg/g Equation 2.33

Q - a3NK3/2H5/8

where o3 is a material-independent constant, N is the number of particles in contact with

the surface.
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Figure 2.36: Abrasive wear by brittle fracture by the formation of lateral cracks 12",

The wear rate was also determined as:

wS/4 Equation 2.34

Q = a,N _K3/4H1/2

Based on this, the wear rate is not dependent on the Young’s modulus of the material.
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Some other equations can be used to describe the abrasive wear by brittle fracture, and
the equations all show some correlation between the wear rate and fracture toughness,
suggesting in the brittle materials that the fracture toughness is an important material
property related to wear. However, the equations all obtain higher wear rates than those

determined by plastic deformation.

It can be seen from above that abrasive wear can be dominated by plastic deformation or
brittle fracture, where hardness is the primary controlling factor in the first case, and
fracture toughness becomes more important in the second scenario. A correlation of wear
resistance and hardness is usually found in the wear of metals, where fracture does not

always occur [128],

2.8.2 Adhesive Wear
Adhesive wear is usually related to high wear rates and an unstable coefficient of friction
(1291 During the relative motion between two surfaces, the particles or removed material
are transformed from one surface to the other, either temporarily or permanently, through

[123.130] ' This could involve the loss of material from

a solid-phase ‘welding’ process
either one surface or both of the surfaces in contact ['>>13% Archard’s equation is actually
derived from the adhesive wear mechanism. Material transfer is usually involved in
adhesive wear. Sometimes the definition of ‘adhesive wear’ is also interchangeable with
‘sliding wear’. Signs of adhesive wear include smearing, galling, scuffing, scoring, or

seizure [129],

During the adhesive wear process, adhesive transfer particles can be formed by shear or

311" A series of shear bands are formed during the sliding motion, when the

cracking [
critical limit of cracking a shear band is reached, a crack is generated or the existing
crack continues to grow until the new shear band is formed; the progress eventually
detaches the particle from the surface ['>)]. Experiments shown that brittle materials allow

comparatively little deformation and produce fewer particles than ductile materials (132,

Another important feature of adhesive wear is the transfer of films (i.e. tribolayers), with

plate-like wear debris generated '>*). The film could greatly alter the wear process, for
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example the smooth sliding wear may be interrupted by thick regions of the surface films,
such that in some extreme situations detachment may not occur, leading to total seizure

of the surfaces.

2.8.3 Fatigue Wear
Fatigue wear occurs in scenarios where the local stress is high, due to repeated sliding or
rolling ['>31. Wear of the surfaces is usually caused by fracture, including the initiation
and growth of cracks. The occurrence of fatigue wear phenomenon is very common in
bearings, with localised ‘pitting’ or ‘flaking’ arising from the cyclic loading as its main
feature [**!, In this instance both surface and sub-surface cracks may be generated. The
surface cracks are usually nucleated at some weak point and propagate downward,
forming a ‘secondary-crack’ and then continue to grow through crack coalescence. For
sub-surface cracks, which are generated at regions where the stress field is high, they
often form a few microns below the contact surface. Inclusions, voids, flaws, or pre-

existing cracks are usually the sites for initiation.

2.8.4 Wear of Cemented Carbide and Cermets
Cemented carbides and cermets have relatively high hardness when compared to metals,
and are used extensively in wear resistant environments. It was found that when subjected
to ‘hard abrasion’, plastic deformation can occur in both the carbide phase and the binder;
a smaller binder mean free path, a measure of the metal ligament size, gives a higher
wear resistance ['**], When ‘soft abrasion’ occurs, the carbide and binder phase are
slightly removed by abrasive particles, leading to binder extrusion, carbide grain-removal

and cracking by a fatigue mechanism [34],

The wear mechanisms for WC-Co ‘hardmetals’ have been conducted extensively, with
suggested mechanisms including plastic deformation 331371 or plastic grooving [13%:136],
binder phase extrusion and removal 31381415 fracture of WC grains 1361381 and
Palmgqvist cracking and subsequent material spalling '), Gee 4147 ¢ al. offered a
large amount of researches on both two-body and three-body abrasive wear of various
hardmetals. Cemented carbides with various grain sizes were used at either dry or wet

environment [1*?1. Various types of abrasive tests !l binder content, and different
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geometries ['*6! were also studied. This low binder content hardmetal was found to have
damage on the WC grains, also with binder extrusion; high binder hardmetal were
dominated with mechanisms such as ploughing, fracture and re-embedment. The studies
[144-147] guggested that the fracture of WC grains and plastic deformation were the main
mechanisms but re-embedding of the fragments is also important. Debonding between the
WC grains and the binder matrix were also found, with a tribolayer formed [44-146],
Cracks were found in the grains on the surface, but do not propagate through multiple

grains, therefore a fatigue mechanism is preferred rather than the previous proposed

indentation mechanism [144-146],

Wear of cermets, especially with TiC- and Ti(C,N) as the ceramic phase were also largely

reported in the past decade. A family of the TiC-based cermets with various binder

148

content and grain sizes under different wearing conditions were studied ['*). It was found

that TiC-FeNi alloys appeared to have a better wear resistance for both abrasive and
adhesive wear than the TiC-NiMo cermets at the same hardness. With proper selection of

the binder content and microstructure, the TiC-based cermets could compete the WC-Co

148 S [149-152

cemented carbides ['*®). Pirso and colleague 'have conducted a series of studies on
the two-body, three-body wear behaviour of TiC-based cermets. For two-body abrasive
wear 159 they studied TiC-NiMo (6.1 to 34.4 vol.% binder) cermets under 20 N of load
and compared the Cr3Cz-Ni (with binder contents of 7.7 to 24.5 vol.%) and WC-Co (10 to
31.6 vol.% binder) under the same condition. Three-body abrasive wear [1°1:152]
conducted on TiC-NiMo (with binder content 20 -60 wt.%), Cr3C,-Ni (with binder

contents of 10-30 wt%) and WC-Co (6-15 wt.% binder) under 40 and 200N of load, and

WEre

studied the effect of hardness of abrasive particles on the material. If the hardness of the
particles are significantly higher than that of material, plastic deformation would occur
and lead to binder extrusion, carbide fracture and delamination; if the hardness of the
particles are lower, binder removal followed by grain pull-up are favoured. Studies on the
same family of materials loaded 3 N of force, confirmed that for abrasive and adhesive
wear is mainly controlled by the stiffness of the material, which is the governed by elastic
(Young’s modulus) and the plastic (proof stress) strain ['>>!34 The wear response is also
mainly depending on the binder content and grain size than the composition. Binder

extrusion, microcutting, ploughing and transgranular cracking were also found (1331541,
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Reciprocating wear tests were conducted on TiC- and Ti(C,N)-based cermets with 20-40
vol.% NisAl as binder, with load applied ranging from 20 to 80 N for 120 minutes !>, It
has shown that the mean coefficient of friction is stable for TiC-NizAl cermets and
independent of load throughout the test time, the reported specific wear rate ranges
between 1.5 and 10x10”7 mm?/Nm !53], Same testing condition was applied on a series of
Ti(C,N) cermets with the same amount of binder, and it appeared that the wear resistance
of the Ti(C,N) cermets is lower than that of TiC-based cermets [!3. Increasing the
nitrogen content would decrease the hardness and increase the fracture toughness [1>6],
Both studies °>!°6] shown a transition in the wear mechanism occurred during the
process, a two- and three-body wear generated wear debris and accumulated at the end of
the wear track. A further transition to adhesive wear was confirmed as a uniform oxide
layer, which was found on both the cermet and the counter-face sphere [1*3!1%], Stewart
(157 ¢t al. studied the Ti(C,N) based cermets tested with the same geometry has a specific
wear rate of 0.5-5x107 mm?/Nm. Focused ion beam technique was applied to study the
subsurface damage, a tribolayer with a thickness of 1.5-2.5 um was found. Further
investigation ['*8] of the system introduced Mo-C to improve the densification behaviour
up to 10 vol.%, however the content has increased the specific wear rate. TiC-based
stainless steel cermets were also studied. Previous research 5% of TiC-304-L stainless
steel cermets with 10-30 vol.% binder show specific wear rate 1.07x10* mm?*/Nm, and
TiC-316L stainless steel cermets with fine- and coarse-grained have specific wear rates

ranging from 5 to ~65x107 mm?/Nm 1],
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Chapter 3 Materials and Experiments

This chapter provided details regarding the experimental procedures used in the current
study, which were not fully presented in the following paper-based chapters. This
includes powder characterisation, compaction and sintering. Basic microstructure of the
sintered material is shown with the associated microstructure parameter calculations. A

representative figure of the crystal structure analysis is also provided.

3.1 Materials

3.1.1 Titanium Carbide
The TiC powders (Lot#: PL20125339) used in the experiments were sourced from Pacific
Particulate Materials Ltd. (Vancouver, BC, Canada). The morphology of the TiC
particles was analysed using scanning electron microscopy (SEM; Model S-4700, Hitachi
High Technologies, Tokyo, Japan), and a representative SEM image of the as-received
powder is shown in Figure 3.1. The raw powders have a quoted manufacture particle size
of ~1.3 um, and subsequent particle size measurement reported the average particle size
to be ~1.25 um, with a bimodal distribution . The particle size distribution of the
powder is shown in Figure 3.2. In Table 3.1 the chemical composition of the TiC powder,

provided by the manufacturer, is given.
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Figure 3.2: TiC Powder particle size distribution.

Table 3.1: Chemical composition of the as-received TiC powder.

Total C Free C Combined C Fe (0] N Ti

(wt.%) 19.60 0.11 19.49 0.05 0.40 0.05 79.90
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3.1.2 Stainless Steel
The three stainless steel powders used as the binder phases were sourced from Alfa Aesar
(Ward Hill, MA, USA) grade 304-L (Stock # : 11085, Lot #: K19M09), 316-L (Stock #
11089, Lot # A04S008 and Lot#: F18W021), and 410-L (Stock #: 11085, Lot #:
123M43), each with a nominal particle size of -100 mesh. Figure 3.3 shows a
representative SEM image of the 316-L powder, as-received. The chemical composition
and particle size of the powder were provided for quality control purposes by the
manufacturer, and are shown in Table 3.2 and Table 3.3 respectively. Table 3.4 lists the

other property data provided by the manufacturer.

R

10.0kV 12.4mm x2.00k SE(M) 20.0um

Figure 3.3: Representative SEM image of as-received 316-L stainless steel powder.

Table 3.2: Composition of the as-received stainless steel powders, provided by

manufacturer.

(wt %) Cr Mo Mn S Ni Si C P Fe
304L 18.75 -- 0.15 0.008 11.47 0.71 0.022 | 0.013 | 68.877
316L 16.79 2.19 0.13 0.007 12.81 0.79 0.019 -- 67.264
316L 16.82 2.19 0.09 0.01 13.35 0.86 0.02 -- 66.660
410L 12.32 -- 0.22 0.012 -- 0.91 0.02 -- 86.518
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Table 3.3: Particle size distribution of the steel powders (in wt. %).

mesh +100 +120 +140 +150 +200 +270 +325 -325
304L 4.0 43 6.8 16.5 -- 25.2 7.4 35.8
316L 1.2 -- -- 7.5 16.9 -- 28.3 46.1
316L 2.0 -- -- 9.1 17.7 -- 28.3 42.9
410L 3.0 -- - 9.7 15.8 -- 26.9 44.6

Table 3.4: Properties of the steel powders, provided by Alfa Aesar (tested with 1.0%
lithium stearate).

Property Powders

304L | 316L | 316L | 410L

Apparent Density (Hall) (g/cm®) | 2.78 | 2.88 2.83 3.05

Flow Rate (Hall) (s/50g) 31 26.8 27.6 27.2

Green Strength (psi) - 898 895 1830

Green Density (g/cm®) -- 6.58 6.51 6.45
Transverse Rupture Strength (psi) | -- 136707 | 130800 | 158500

Dimensional Change/ 2100°F (%) | -- 0.44- 0.52- 0.51-

3.2 Cermet Fabrication and Analysis

3.2.1 Sample Preparation
The TiC pellets were first pressed by using uniaxial compaction (Model S/N 41000-102,
Carver Inc., Wabash, IN, USA) with ~7.35 g of powder in a hardened steel die (diameter:
31.75 mm), with approximately 0.6 mL of hexane (to reduce die wall friction), at a
pressure of around 45 MPa. Then the samples were sealed and cold isostatically pressed
(Model S/N-101462-1, Avure Technologies Inc., Franklin, TN, USA) at 208 MPa.
Following compaction of the samples, a simple melt infiltration sintering technique was
used to fabricate the densified sample. The pressed samples are placed in alumina
crucibles, with different volume percentages of binder, ranging from 5 to 30 vol.%,
placed on top. They were then sintered under various conditions to modify the final grain
size: (1) 1475°C for 15 minutes to get fine-sized TiC grains, (i1) 1550°C for 60 minutes to

get intermediate-sized grains (samples prepared for wear tests were sintered at 1500 °C
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for 60 minutes for the intermediated-grained), and (iii) 1550°C for 240 minutes to get
coarse-sized grains. Heating and cooling rates of 10°C/min and 25°C/min, respectively,
were used. Samples were prepared under a dynamic vacuum (20 mTorr) inside a graphite

resistance furnace (Materials Research Furnaces, Suncook, NH, USA).

The densities of the sintered cermets were calculated using Archimedes’ immersion
method in water, and the data showed the samples consistently reached densities higher
than 95% of the theoretical value (calculated using the simple rule of mixtures). The
cermets were then ground flat on both sides using a diamond peripheral wheel, and
polished to a mirror-like finish (starting from a 125 pm diamond pad and finishing up
with 0.25 um diamond paste).

3.2.2 Microstructure Analysis
Microstructural characterization was carried using both optical microscopy (Model BX-
51, Olympus Canada, Richmond Hill, Ontario, Canada) and scanning -electron
microscopy (SEM; Model S-4700, Hitachi High Technologies, Tokyo, Japan). The SEM
allows the combined secondary and back-scattered electron signal to be recorded, using
the Hitachi ExB ‘in-column’ detector, which can also be operated in a solely
backscattered electron mode, with a negative bias applied to the detector to block out low
energy secondary electrons. Backscattered electrons show a high sensitivity to
differences in atomic number, and hence provide a valuable contrast mechanism based on
changes in composition. A representative SEM image (Figure 3.4), demonstrates a typical
TiC-316L cermet, with 10 vol.% of the stainless steel binder, produced by melt
infiltration method. This sample was sintered at 1550 °C for 60 minutes. Energy-
dispersive X-ray spectroscopy (EDS; Model Inca X-Max", Oxford Instruments,
Abingdon, UK)) was used to determine the phase compositions for the TiC-stainless steel

binder cermets.
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10.0kV 9.3mm x1.00k SE(U.-50)

Figure 3.4: Typical microstructure of a TiC-316L stainless steel cermet, with 10 vol.% of
binder. The backscatter electron mode is used to show the core-rim structure of
the cermet, which arises from compositional changes.

The average TiC grain size, d., was measured using the linear intercept method 2!, from
digital SEM images, with a minimum of 300 TiC grains measured for each value of mean
grain size that was determined. The contiguity, C, of the samples, were measured by
counting the numbers of carbide/carbide and carbide/binder interfaces that were present
on horizontal lines drawn through microstructural images of the corresponding samples.
Contiguity was determined using the following equation [I:

o 2N¢c Equation 3.1
2N¢/e + Neyp

where Ne. and N are the number of TiC-TiC and TiC-steel interfaces intercepted,
respectively [, The binder mean free path was then determined after obtaining the

average grain size and contiguity of the sample, following 1*):

1 Equation 3.2
d, = —— (-2)d
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3.2.3 X-Ray Diffraction Analysis

X-ray diffraction (XRD; Model Bruker D-9 Advance) was used to examine the

crystalline phase of the samples. A cobalt source was used to minimise the Fe

fluorescence. Figure 3.5 shows a typical sequence of XRD spectra for TiC-316L cermets.
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Figure 3.5: A typical XRD spectrum of an intermediate-grained TiC-316L cermet with

various binder contents.
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Chapter 4 Microstructure Instability in TiC-316L Stainless

Steel Cermets
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Abstract

Titanium carbide (TiC) based cermets are commonly used in wear and corrosion
resistance applications. The microstructural evolution, and related compositional
instability, of TiC-based cermets prepared with a 316-L stainless steel binder is described
in the present work. Samples were fabricated using a simple vacuum melt-infiltration
procedure, with 5 to 30 vol.% binder. Infiltration temperatures ranged from 1475°C to
1550°C, held for up to 240 minutes, typically resulting in sintered samples with densities
in excess of 99 % of theoretical. It is demonstrated that irregularly shaped grains
(concave/hollow) can arise after sintering, especially at 1475°C, which is discussed in
terms of the ‘instability of the solid-liquid interface’ theory. It is demonstrated that a
complex, multi-layer core-rim structure arose for the cermets, with accommodation of
selected steel constituents into the rim of the TiC grains. In particular, it is shown that the
Mo in the original 316-L stainless steel is essentially fully depleted from the metallic

binder phase, forming a Mo-rich inner-rim layer on the TiC grain cores.

Keywords: Titanium carbide; Stainless steels; Cermets; Core-rim structure; Scanning

electron microscopy; Focused ion beam microscopy

*Contact: kevin.plucknett@dal.ca
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4.1 Introduction

Cermets are composite materials that combine hard, brittle ceramics with a ductile
metallic binder phase. Compared with conventional ‘hardmetals’, such as tungsten
carbide-cobalt (WC-Co), cermets are lighter in weight with high strength and toughness,
combined with excellent wear and corrosion resistance . Titanium carbide (TiC) is
widely used as the ceramic component in cermets due to its high melting point (3065°C),
hardness, and wear resistance ['**. Conventionally, TiC based cermets are mainly used as
tooling and wear resistant materials, such as cutting tools, bearings, drawing dies, etc.
Depending on the metallic binder phase employed, the applications can potentially be
broadened to high-stress and high-temperature environments . Several studies have
been conducted assessing the effects of composition and microstructure on the behaviour

cermets [6-1%

, particularly the role of the binder volume fraction. In addition to the binder
fraction, the grain size and binder mean free path are also influence the physical

properties 31,

Some common examples of the metallic phase used in TiC-based cermets include Ni and
Fe %131 Ni is the most commonly used metallic binder in these cermets, which is mainly
due to the good wetting response during liquid phase sintering, combined with the
reasonable mechanical properties of Ni 2. More recently, TiC cemented with Ni-Mo
alloys have proved to be applicable in cutting tools and severe wear conditions [,
However, due to their relatively low cost and good mechanical properties, Fe alloys are
being studied and applied as cermet binders. In particular, austenitic stainless steels have
relatively high strength, which is maintained to moderately elevated temperatures,
therefore offering potential for use as the binder phase in cermet systems ['*1°1. This is
combined with reasonable corrosion resistance when stainless steels are incorporated into

a cermet structure 1%,

It is well known that the addition of Mo or Mo,C reduces the binder melt wetting angle
with TiC to essentially zero when using Ni-based alloys, and typically a core-rim
structure is generated, which can be beneficial to the mechanical properties of the cermet
[2021] "The core is invariably the original TiC, and the rim phase is an alloy of (Ti,Mo)C

(221 There can also be different types of rims generated in other specific systems,
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particularly Ti(C,N) based cermets [>*?4. Oswald-ripening during the dissolution-
reprecipitation process is invariably believed to form the core-rim structure >4 but
diffusion of Mo into the TiC has also been suggested [>*. Similarly, Guo and colleagues
examined the effects of Mo,C addition when using a Fe binder for Ti(C,N)-based cermets
[26]. They demonstrated an improvement in binder wettability, due to Mo,C addition, and

highlighted improved properties and the formation of a core-rim structure.

The aim of the present work was to study the effects of composition and sintering
duration on the microstructure evolution of a range of TiC-316L stainless steel cermets,
in order to obtain an understanding of the microstructure evolution and stability, and its

potential influence on cermet properties.

4.2 Experimental Procedure

4.2.1 Sample Preparation
The TiC powder was obtained from Pacific Particulate Materials Ltd. (Vancouver, BC,
Canada) with a quoted manufactured mean particle size of ~1.3 pum, which was
confirmed through subsequent particle size analysis . The TiC powder itself shows a
bimodal distribution, with fine, nano-sized material (~90-100 nm) combined with coarser
particles (from ~500 nm to ~2 um) ?”l. The austenitic stainless steel powder (grade
316L), used as the binder phase, was sourced from Alfa Aesar (Ward Hill, MA, USA),
with a nominal particle size of -149 um (-100 mesh). The melting response of the 316L
powder was confirmed through differential scanning calorimetry (DSC; Model SDT
Q600, TA Instruments, New Castle, DE, USA), heating at a rate of 20°C/min under a
flowing Ar atmosphere. Using this approach the onset of the melting endotherm was
confirmed by DSC to occur at ~1400°C. The chemical compositions of the TiC and 316L
starting powders were confirmed using inductively coupled plasma optical emission
spectroscopy (ICP-OES; Model Varian Vista Pro, CA, USA), for the principle elemental
species. The C content of the as-received steel powder was determined using an inert gas

fusion method (Model CS-444, Leco Instruments, Mississauga, ON, Canada). The
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analyzed compositions of the TiC and 316L steel are presented in Table 4.1 and Table
2.2, respectively.

Table 4.1: Measured composition of the as-received TiC powder using ICP-OES. Note
that the C content was not determined.

TiC powder Ti Co W
Conc. (Wt.%) 76.80 | 0.23 2.22

Table 4.2: Measured composition of 316-L as-received powder (in wt.%). Elements
determined using ICP-OES, except for C, which is measured using inert gas
fusion.

316-L Cr Mo Mn S Ni Si C Fe

Conc. (wt.%) | 16.81 2.22 0.10 0.01 13.40 0.59 0.025 | 64.34

The TiC pellets (each ~7.4 g mass) were uniaxially compacted in a hardened steel die at a
pressure of around ~45 MPa. The samples were then vacuum-sealed and further
consolidated by cold isostatic pressing (CIPing) at ~208 MPa. This procedure generated
TiC pellets with a green density of 59.2 + 1.3 % of theoretical (i.e. ~40 vol.% porosity
after CIPing), based on a TiC theoretical density of 4.93 g/cm®. A simple melt-
infiltration/sintering route was used to fabricate the samples, which has been discussed in
detail in an earlier publication [*)). With this approach a pre-determined amount of 316-L
stainless steel powder, to give nominal binder contents ranging from 5 to 30 vol.%, was
placed on top of the CIPed TiC pellets, which were contained in an aluminium oxide
(Al203) crucible on a bed of bubble AloOs;. The samples were sintered in a graphite
resistance furnace (Materials Research Furnaces, Suncook, NH, USA) at 1475°C/15
minutes to get a fine-grained structure, 1550°C for 60 minutes to get intermediate-sized
grains, and 1550°C for 240 minutes to get coarse grains. Heating and cooling rates of

10°C/min and 25°C/min, respectively, were used under a dynamic vacuum (~20 mTorr).
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4.2.2 Cermet Characterization
The densities of the sintered cermets were determined using Archimedes’ immersion
method, in water. For microstructural characterization, the cermets were initially ground
flat on both sides using a diamond peripheral wheel, and then polished to a mirror-like
finish (starting from a 125 pm diamond pad and finishing with 0.25 um diamond paste).
The samples were examined with optical microscopy (Model BX-51, Olympus Canada,
Richmond Hill, Ontario, Canada) and scanning electron microscopy (SEM; Model S-
4700, Hitachi High Technologies, Tokyo, Japan). The mean carbide grain size, d., was
determined using the linear intercept method, from the digital SEM images, with a
minimum 300 TiC grains measured per sample *). The contiguity values of each of the
samples, C, were measured by counting the numbers of carbide/carbide (Ne.) and
carbide/binder (N.») interfaces intercepted through horizontal lines on the digitized

microstructural images, and determined following 3%

C = L Equation 4.1
2N/ + Nejp

where N.. and N.p are the number of carbide-carbide and carbide-binder interfaces
intercepted, respectively [, Based on information obtained for both the carbide grain

size and contiguity, the binder mean free path (MFP), dp, was then determined following
[30].

Equation 4.2

Q. = 1 Vbd

where V. and V} are the volume fraction of carbide and binder. The binder MFP can be

viewed as a measure of the dimensions of the metallic ligaments separating the carbide

grains.

Compositional analysis of the cermets was performed in the SEM using energy-
dispersive X-ray spectroscopy (EDS; Model Inca X-Max™, Oxford Instruments,
Abingdon, UK). X-ray diffraction (XRD; Model Bruker D-9 Advance) was used to
examine the crystalline phases present in the samples, using a Co source to minimize Fe

fluorescence. To assess the sub-surface structure of specific TiC grains, a focused ion
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beam (FIB) microscope was used (Model 2000-A, Hitachi High Technologies, Tokyo,

Japan), which utilizes Ga ions to ‘micro-machine’ the surface at site-specific locations.

4.3 Results and Discussion

4.3.1 Basic Cermet Microstructure
As shown in Figure 4.1, the TiC-316L stainless steel cermets sintered at 1475°C for 15
minutes (i.e. fine-grained) had achieved densities in excess of 95 % of the theoretical
estimates. The theoretical density was calculated using a simple rule of mixtures, based
on the nominal volume fractions of the TiC and 316L stainless steel phases and their
respective densities. The melt-infiltration/sintering procedure itself results in
densification arising from two primary contributions, namely simple infiltration of the
available porosity by the molten steel alloy and, perhaps more importantly, liquid phase
sintering. In particular, when low binder contents are employed (i.e. 5 vol.%), the liquid
phase sintering contribution is significant (leading to particle rearrangement, and
dissolution/re-precipitation mechanisms), as pore filling alone would leave >30 vol.%

porosity (the initial TiC preforms exhibit ~40 vol.% porosity after compaction).
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Figure 4.1: The effects of binder content and sintering temperature on the density of the
cermets.

It is clear from Figure 4.1 that some densities have apparently exceeded 100 % of
theoretical. This is, of course, based on the assumption that there are no compositional
changes for either phase. As will be demonstrated in the following sections,
compositional modifications do arise in terms of both of the constituent phases. It is also
apparent in Figure 4.1 that the cermets prepared at 1550°C, for both intermediate and
coarse TiC structures, have apparently decreasing densities as the binder content is
increased. It is proposed that this results from two factors, namely the compositional
modification alluded to in the previous paragraph (discussed in greater detail in the
following section (Core-rim Structure and Binder Modification)), and also through some
limited degree of sample volatilization. In terms of the sintered samples, preferential
volatilization of the steel binder phase would result in apparently decreased densities, as
the higher density component is partially removed; consequently, the effective theoretical
density will be lowered with less steel present. Looking specifically at the samples
sintered at 1550 °C for 240 minutes (coarse-grained TiC), the sintering weight losses

recorded for 10 vol.% 316L binder were in the range of 1.2 to 1.5 wt.%, while the weight
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loss increases to 2.0 to 3.0 wt.% for 20 vol.% 316L, and 4.0 to 5.0 wt.% for the highest
316L content (i.e. 30 vol.%).

In terms of the crystalline phase analysis, XRD spectra for the fine-grained cermets
samples are presented in Figure 4.2, for 10 to 30 vol.% 316L content. The XRD
demonstrates both a TiC-based ceramic phase and an Fe-based metallic phase to be
present, with the metallic phase maintaining the austenitic structure after sintering. Not
surprisingly, with an increase in the binder content, the intensity of the iron-based ‘metal’

phase slightly increases. No other intermediate or reaction phases were observed.
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Figure 4.2: Representative XRD spectra obtained for the fine-grained cermets.

To assess the microstructure of the cermets, representative SEM images were primarily
taken using back-scattered electrons (BSE), in order to highlight atomic number
compositional contrast. Figure 4.3 shows the comparison of different sintering conditions
for TiC cermets with the same 316L binder content (10 vol.%), together with the
measured grain size distributions obtained under each condition. It can be seen that
microstructures reveal a homogenous distribution of the TiC grains, and the cermets are

essentially fully densified by melt infiltration. It is particularly apparent that a ‘core-rim’
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structure has arisen for the TiC grains sintered under the most extreme conditions, as
shown in Figure 4.3 (c). In this instance the dark cores are surrounded by a slightly
brighter inner rim phase, and a darker outer rim phase. Occasionally, some of the cores
appear to be in direct contact with the liquid binder phase. From a microstructure point of
view, the formation of the core-rim structure can enhance the wear resistance [*'1. The
formation mechanism for the core-rim structure in the present materials is discussed in

detail in the following section (Core-rim Structure and Binder Modification).
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Figure 4.3: Representative SEM images of TiC cermets with 10 vol.% 316L binder
content, and corresponding grain size distributions, for samples sintered at: (a)
1475°C/15 minutes (fine), (b) 1550°C/60 minutes (intermediate), and (c)
1550°C/240 minutes (coarse).
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Figure 4.4: Representative SEM images of the fine-grained microstructures, and
corresponding grain size distributions, for TiC cermets with 316L binder
contents of: (a) 10 vol.%, (b) 20 vol.% and (c) 30 vol.%.

It can be observed that for the fine-grained structures (Figure 4.4), sintered at 1475°C/15
minutes, the morphology of the carbide grains is more irregular, rather than forming a
facetted or spherical grain were the solid-liquid interface energy is minimized ', A
moderate number of grains are present with either a ‘C-shape’ or ‘O-shape’ morphology;
the O-shaped grains effectively have liquid trapped inside, which corresponds with some
previous reports %231 For the intermediate- and coarse-grained structures there were
relatively few C-shape and O-shape grains observed, and the carbide phase is far more
spherical in shape, indicating a minimization of the solid-liquid interfacial energy. The
unusual concave shapes of the grains are very unstable from an energy point of view, and
have been explained by the ‘instability of solid-liquid interface’ theory, which has been
studied by a number of authors 323, It is well established that the chemical free energy
and interfacial energy are reduced through the dissolution and re-precipitation process of
liquid-phase sintering (i.e. Oswald ripening), eliminating small grains with a high surface
area and growing the large ones '), It was suggested that formation of equilibrium-
shaped grains is inhibited when the dissolution rate on specific planes of the TiC particles
are increased 1?1, For the TiC-Fe system it was proposed that diffusion of Fe in the TiC
particles would induce a thin layer of coherent strain at the dissolving surface, developing
a tensile stress on the layer '), A later study of the TiC-Mo-Ni system %), reported a

similar instability during sintering. Due to the development of the negative curvature, it
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was indicated that the increase in interfacial area causes the opposite effect of interfacial
minimization, therefore the material transfer within a single grain plays a more important
role than material transfer between grains ). In terms of confirming their actual
morphology, selected O-shaped grains were sectioned in-situ within the FIB microscope,
and then examined in the SEM. While these grains give the appearance of having the
316L melt phase trapped inside (i.e. creating the O-shaped morphology), it is possible
that this is simply an artefact of the sectioning angle, with the grains actually exhibiting a
‘cupped’ shape (i.e. sectioning nominally at 90° to the C-shaped grains). Figure 4.5
presents an SEM image of a FIB cross-section of a TiC grain that initially appeared to be
O-shaped (on the polished surface), which demonstrates that some of these grains are
actually C-shape in nature. While this is not an exhaustive assessment of this
morphology, several other FIB sectioned examples also showed a similar C-shaped

structure below the surface.

10.0kV 9.2mm x5.00k SE(U) 10.0um
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Figure 4.5: (a) Representative example SEM image of an O-shaped TiC grain following
FIB micro-sectioning. (b) Higher magnification image of the grain showing an
overall C-shape below the surface.

The grain size distributions, presented previously in Figure 4.3 and Figure 4.4, exhibit
good fits to a logarithmic Gaussian distribution, which is common in both hardmetals and
cermets %371, With the increasing temperature and duration of the sintering process, there
is appreciable growth of the TiC particles (Figure 4.3), and the grains become more
rounded, with far fewer irregularly-shaped grains in the microstructure. It can also noted
that there is less grain coalescence in the intermediate- and coarse-grained cermets. The
logarithmic Gaussian distribution indicates there is no discontinuous grain growth
occurring %371 although the size distribution becomes progressively broader, which is in
agreement with previous studies 1. Based on the data presented in Figure 4.3 and Figure
4.4, it can be concluded that the microstructural evolution of the grains is essentially

uniform, and there is no evidence for abnormal grain growth.

It 1s important to characterize the various microstructural parameters of the cermets, as
they give an indication of how the mechanical properties of the materials will be affected.
For example, the hardness and toughness are, in part, related to the binder MFP
dimension. In addition, the properties are dependent upon the ceramic phase particle size
for a fixed ceramic-binder composition %), It has been noted that the hardness can be
described by a modified rule of mixtures, although other parameters also need to be

considered, and the fracture toughness is dependent on the binder mean free path 1>, In
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Figure 4.6 (a) the mean grain sizes for the cermets are summarized, as a function of the
316-L stainless steel content, for the fine-, intermediate- and coarse-grained materials. It
can be seen that the mean grain size increases with increasing sintering temperature, in
accordance with the observations in Figure 4.3. For the fine- and coarse-grained
structures, the mean grain size is largely independent of binder content, which broadly

40411 There is arguably a slight decrease with an increasing

agrees with previous studies
binder phase content, for the fine-grained material above 20 vol.% 316L, although the
effect is small. For the intermediate grains, the mean grain size increases with the
increasing volume of binder phase above 15 vol.% binder. The reason for this apparent
discrepancy is not clear at the present time, although it may be related to the
compositional modification that arises at the higher sintering temperature (discussed in
the following section (Core-rim Structure and Binder Modification)). Compositional

modification would be expected to affect both the diffusion rates in the melt and the TiC

solubility at elevated temperatures.

The effects of processing variables on the contiguity and binder MFP of the cermets are
presented in Figure 4.6 (b) and (c). The contiguity is a measure of the degree of contact
between the hard ceramic particles %), and is dependent on the fraction of binder content
and the sintering conditions. The contiguities of the cermets are decreased with the
increasing amount of binder, as expected, indicating less contact between the hard phase
particles. It can also be expected that the hardness of the material will decrease as the
contiguity decreases, as there is less load transfer between the high elastic modulus
carbide particles. The contiguity also gives information on the interactions between the
carbide and the binder phase, since reaction(s) will have occurred when the core-rim
structure forms, and coarsening of the grains arises during the dissolution/re-precipitation
Ostwald ripening process *°!. The binder mean free path is a measure of the characteristic
binder ligament thickness between the carbide grains, and influences many of the
mechanical properties (e.g. strength, indentation hardness and fracture toughness (%),
since the mean free path is associated with the distance a dislocation can move in the
metallic phase. In the current study, the binder mean free path increases with binder

content, indicating the fracture toughness of the cermets should also increase. Based on
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the data presented in Figure 4.6 (¢) it can be anticipated that the coarse-grained cermets

would have a higher value of the fracture toughness than the finer-grained materials.
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Figure 4.6: Microstructure analysis of the fine-, intermediate-, and coarse-grained TiC-
316L cermets: (a) mean grain size, (b) carbide grain contiguity, and (c) binder
MFP.

4.3.2 Core-rim Structure and Binder Modification
The addition of Mo or molybdenum carbide (Mo2C) is known to improve the melt
wettability during liquid phase sintering of TiC and Ti(C,N) based cermets, when using
binders based on Ni alloys [*?!], These additions also often generate a core-rim structure
within the cermet [20-21:244243] 1t has generally been proposed that this core-rim structure
arises as a result of dissolution of the carbide(s), with the dissolved material then re-
precipitated onto the larger TiC or Ti(C,N) particles. The formation of a core-rim grains
can significantly influence the properties of the materials ['>?*. As a consequence, a
number of studies have been conducted to better understand the formation of the core-rim
morphology in TiC and Ti(C,N) based cermets [***]. However, comparable studies on
Fe-based binders are relatively scarce. A recent investigation by Guo and colleagues
assessed the effects of Mo,C additions on the microstructure and properties of Ti(C,N)-

Fe cermets [*°]

. It was noted that Mo.C improves both the wetting and mechanical
response in this system, and also leads to the generation of a core-rim structure in the

Ti(C,N) grains.

As shown in Figure 4.7, a moderately complex, core-rim structure can be generated in the

present TiC-316L cermets; the corresponding EDS point analyses (in wt.%) for the
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regions identified in Figure 4.7 are summarized in Table 4.3. The morphology of the TiC
grains includes two rim regions, and additional areas of high atomic number contrast. It is
apparent that these light contrast areas (region ‘3’) exhibit a W-rich composition at the
boundary with the core, which is often observed when W is present in the cermet

(24451 W is not deliberately added in the present materials, and it is believed

composition
to arise from contamination of the TiC during the commercial preparation process, as
confirmed through the chemical analysis of the starting TiC powder (Table 4.1). EDS
analysis shows that the grain cores are essentially pure TiC, whereas the rim contains
small amounts of Cr and Mo (Table 4.3), which were originally present in the stainless
steel starting powder (Table 4.2). The current study confirms observations from prior
work that the Ti is primarily detected within the grains, especially in the cores, while a
small amount of Fe can be found in the grain rim but it mostly remains in the binder (4!,
However, the Mo has clearly diffused into the rims as they are deposited onto the grain
cores. In fact the Mo is predominantly found in the ‘inner-rim’ region, consequently
depleting Mo from the binder phase. Both the dark and light rim regions of the grain
contain some Mo, which could have an effect on the crack propagation 7. ICP-OES
tests have confirmed that the 316-L stainless steel powder initially contains
approximately 2.21 wt.% of Mo, in accordance with standard specifications for this alloy.
From the EDS data presented in Table 4.3 (relating to Figure 4.7), the analyses at both
position ‘1’ (rim) and ‘4’ (binder) indicate that essentially all the Mo has diffused into the
rim phase, and negligible Mo is retained in the binder. It should also be noted that, in
relation to the weight losses observed for the more extreme sintering conditions
(discussed previously in Section 3.1: Basic cermet microstructure), there is a very small
decrease in the nominal Cr content of the steel binder. After processing at 1550°C/4 h, a
mean Cr content of 14.6 (+/- 0.36) wt.% was determined for the 30 vol.% steel sample
(which shows the highest weight loss under these sintering conditions). This is a
moderate decrease from the starting content Cr content of ~16.8 wt.%, but a small Cr

content was also detected in the rim of the TiC grains, as noted in Table 4.3.
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Figure 4.7: EDS point analysis regions for a core-rim grain in the 10 vol.% binder
content, coarse-grained TiC-based cermet.

Table 4.3: EDS point analysis data for a 10 vol.% coarse grain cermet, for the areas
previously highlighted in Figure 4.7.

Position Element concentration (wt. %)
C Ti Cr Fe Ni Mo w Total
1 22.16 | 72.02 | 0.72 2.36 2.75 100.00
2 20.01 79.99 100.00
3 20.02 | 69.22 10.76 100.00
4 7.44 13.56 | 7.26 | 54.95 16.80 100.00

In order to further understand the sintering mechanism(s) of the materials, cermets
prepared at 1550°C for 60 minutes, with binder phase contents of 15 and 30 vol.%, were
compositionally assessed in more detail. As with the example in Figure 4.7, clear core-
rim structures were formed, with a light contrast ‘inner’ rim and darker ‘outer’ rim.
Points were selected in the cores, binder, inner rim and outer rim, in order to obtain the
representative chemical compositions; mean values for each area type were then
calculated, and these are summarised in Table 4.4. For the cermets with a binder content
of 15 vol.%, qualitatively, a higher content of irregularly shaped TiC grains were

observed, and the cores are often located on the negative curvature side of the grains. The
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cermets with the higher binder content (i.e. 30 vol.%) reveal a more spherical shape to the
grains, and the cores are often fully surrounded by the rims. This observation can be
explained in terms of the relative solubility of the core and the rim phase. It is proposed
that in this instance the cores are more soluble than the rim, and consequently preferential
dissolution has caused the direct contact of the core to the metal binder. In a previous
study examining the ‘instability of the solid-liquid interface’ phenomena >, which is
broadly similar to the current work, a comparable structural evolution was developed.
Several theories were used to explain the microstructure evolution, including
substitutional diffusion of Mo into TiC 28] precipitation of supersaturated melts (48,
and dissolution of small grains into the liquid and re-precipitation on the large ones
(Ostwald ripening) 4>, It has been suggested that the formation of a core-rim structure
is mainly controlled by the dissolution of finer TiC grains into the melt, with material
then re-precipitated from the melt on to the larger, remaining TiC grains once a saturation
concentration is reached. The Ostwald ripening process and the coherency strain, causing
the irregular grain shapes, are then competing in this process. In this case, the direct
contact of the TiC cores with the binder, and the concave interface between them also
supported the proposal that precipitation from the supersaturated melts during cooling is

not sufficient to form the rim [,
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Table 4.4: Results of EDS analysis for the intermediate-grained samples with 15 and 30
vol.% 316L binder. All compositions are given in wt.%, with the standard
deviation errors shown in parentheses.

Element concentration (wt. %)
Core Rim (inner) Rim (outer) Binder
15 30 15 30 15 30 15 30
vol.% | vol.% | vol.% | vol.% | vol.% | vol.% | vol.% | vol.%
C 20.08 19.31 22.30 21.79 19.85 20.76 2.21 1.69
(0.33) | (0.25) | (0.35) | (0.16) | (0.81) | (0.57) | (0.86) | (0.42)
Ti 78.11 78.27 67.35 68.94 62.78 69.59 4.29 6.37
(0.56) | (0.70) | (0.73) | (0.58) | (4.55) | (3.72) | (2.13) | (1.48)
Cr 0.06 0.25 0.76 0.66 2.15 1.11 11.48 13.54
(0.13) | (0.48) | (0.09) | (0.15) | (0.69) | (0.44) | (0.77) | (0.65)
Fe 1.75 1.89 1.51 1.84 10.81 4.45 70.37 69.89
(0.29) | (0.49) | (0.43) | (0.67) | (4.31) | (3.91) | (1.22) | (0.95)
Ni -- -- -- -- 0.80 0.17 11.67 11.50
(0.86) | (0.30) | (0.57) | (0.36)
Mo -- -- 4.88 4.06 1.65 2.11 -- --
(0.48) | (0.72) | (0.83) | (0.21)
w -- 0.28 3.21 2.72 1.96 1.82 -- --
(0.48) | (0.27) | (0.54) | (0.31) | (0.18)

As noted above, Table 4.4 lists the EDS element analyses for the intermediate
microstructure cermets (1550°C/60 minutes) with 15 and 30 vol.% 316-L binder,
showing the mean compositions of the TiC grain core, binder, light-contrast inner rim,
and dark-contrast outer rim; it should be noted that the EDS analyses can be expected to
have an error of approximately 1-2 at.%. The Ti, which originally exists solely in the TiC
starting powder, has a decreasing gradient from the core to the rim, and was detected in
low concentrations within the binder. The Cr, Ni and Mo, from the initial 316-L stainless
steel powders, are all found in the rim to a greater or lesser extent. This indicates a
dissolution/re-precipitation process during the liquid phase sintering stage of the melt
infiltration treatment. The relative grey scale contrast of the BSE SEM images highlights

the variations in mean atomic number of the various phases and regions, and the EDS
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analysis further confirms these observations. The Cr is apparently found in a small
amount in the core, with increasing gradient to the binder. The majority of the Fe remains
in the binder phase, with a relatively large amount also found in the outer rim. Both Ni
and Mo are detected in the rim phases, although the majority of the Ni remains in the
binder, and could not be found in the inner ‘light’ rim. Some caution needs to be made
with regards to low concentrations of Ni appearing in the outer rim, as this may simply
arise as an artefact of the sub-surface interaction volume during EDS analysis. It is worth
noting that essentially no Mo has been left in the binder phase and, for the intermediate-
grained cermets, there is a localised, higher amount of Mo in the inner rim, when
compared with the outer rim. Some studies suggested that the inner rims are actually
formed during the heating stage of the sintering cycle, or through solid-state sintering,
while the outer rims form during the dissolution/re-precipitation stage of liquid phase

(2151321 'In a prior study focused on Ti(CN) based cermets with a core-rim

sintering
structure, it was proposed that the onset of inner rim formation occurs at the sintering
temperature, and that the rim phase ultimately becomes unstable and dissolves at high
temperature **. As a consequence, the early stage microstructure that is generated will
differ from the final structure and composition. The ICP-OES results presented in Table
4.1 indicate ~2.22 wt.% W is present in the raw TiC powders used in the present work.
After sintering, W was confirmed to be present in the rim structure, with a slightly higher

amount occurring in the inner ‘light’ rim.

A composition analysis was also performed using an EDS line-scan, which was drawn
across the particle, starting and ending in the binder phase. In each of the analyses, 25
points were chosen, as shown in Figure 4.8 (a); given the electron beam interaction
volume these will be effectively overlapping analyses. In these figures, the elements
present in relatively low concentrations (i.e. Cr, Ni, Mo, W) were plotted on an expanded
scale for convenient comparison (Figure 4.8 (b)), with the higher concentration elements
plotted full scale (Figure 4.8 (c¢)). This data further confirms that the Mo is not uniformly
distributed within the core-rim structure, and is instead concentrated primarily within the
light ‘inner rim’. This likely indicates that Mo is rapidly removed from the 316-L binder

during the early stages of sintering (after 316L melting has occurred), and incorporated
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into the inner rim region. The DSC and melt-infiltration experiments highlight the steel

phase is molten above ~1400°C.
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Figure 4.8: (a) Representative SEM image of an intermediate-sized TiC grain, with 15
vol.% of binder, showing the locations of EDS line profile analyses. (b,c) The
EDS line profile data corresponding to the line shown in (a); note the differing
concentration scale.

Based on the information that has been presented, it is possible to propose a simple model
of the morphology evolution of the core-rim structure, which is illustrated by the
schematic diagram presented in Figure 4.9. During the initial stages of wetting and
infiltration the TiC particles are distributed in the metal binder (Figure 4.9 (a)), with the
heavier element such as Mo (originally in the 316-L stainless steel) still present in the
binder phase; impurity W is, at this point, confined to the surface of the TiC powder. As
the temperature increases, some TiC dissolution into the melt occurs, and the heavier
element such as Mo, W start to form an initial rim structure on the TiC particle cores
through re-precipitation (Figure 4.9 (b)), as proposed previously for Ti(C,N) containing
cermets [*?!. This stage consumes much of the Mo from the 316L binder into the inner rim
region. With continued sintering, Ostwald ripening is beginning to govern the process
(Figure 4.9 (c)); the smaller TiC grains continue to dissolve into the liquid, reaching
saturation in combination with other transition metal constituents, then re-precipitate

back on to the larger TiC grain cores, generating a thin ‘outer’ rim containing additional
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Cr and Ni. Finally, as proposed in Figure 4.9 (d), a complex ‘core-rim’ structure is
generated, with a nominally pure TiC core, surrounded by an ‘inner’ rim with
comparatively high Mo and W concentrations, and an ‘outer’ rim with the additional
transition metal constituents. Cores are sometimes in direct contact with the binder phase,
even with a relatively well developed rim, and some particles form irregular C- or O-
shaped grains because of the instability during liquid phase sintering. It would be
expected that the holding time (i.e. 240 minutes) would affect the growth of the grains,

leading to a thicker ‘outer’ rim.

Outer rim of

(Ti,Mo,W (Ti,Cr,Ni)C

Core of TiC
(c) (d)
Figure 4.9: A simple schematic representation of the mechanism of multi-layer core-rim

evolution.
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4.4 Conclusions

In summary, TiC-316L stainless steel cermets with a range of binder contents were
fabricated using a simple melt-infiltration/sintering process under three different sintering
conditions. Following melt-infiltration, densities in excess of 95% of theoretical were
achieved (typically close to 100%). The sintered cermets exhibit a somewhat irregular
TiC grain morphology, especially at 1475 °C for 15 minutes, with both C- and O-shaped
grains present. This has been explained in terms of the ‘instability of solid-liquid
interface’ theory. It is also shown that a complex core-rim structure has developed, which
is believed to be a result of Ostwald ripening, with the dissolution of TiC into the liquid,
and re-precipitation of (Ti,Mo,W)C back on to the TiC grains. The core-rim structure
includes both ‘inner’ and ‘outer’ rims, which are shown to be compositionally different.
The study of this specific material has indicated a competition of interfacial energy

minimization and coherency strain energy during the liquid phase sintering process.
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Chapter 5 The Effect of Microstructure on Vickers
Indentation Damage in TiC-316L Stainless Steel Cermets
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Abstract

Titanium carbide (TiC) based cermets are commonly used as wear resistance and
corrosion resistance components. In the present work, the effects of microstructure of
TiC-316L stainless steel cermets are assessed in terms of Vickers indentation damage,
with both the steel binder content and TiC grain size varied. Binder contents from 5 to 30
vol. % were examined, with samples fabricated using a simple vacuum melt-infiltration
procedure at temperatures between 1475°C and 1550°C (held for up to 240 minutes).
Two primary Vickers indentation-cracking patterns arise in these materials, namely
median or Palmqvist cracks, and this response relates to both the volume fraction of
ductile metal binder present and the binder ligament dimension. Focused ion beam
microscopy has been utilised for sub-surface evaluation of the cracks, to confirm the

anticipated crack patterns.

Keywords: Vickers hardness; indentation size effect; indentation fracture resistance;

Palmgqvist cracking; scanning electron microscopy

*Contact author: kevin.plucknett@dal.ca

110



5.1 Introduction

Cermets are composite materials that combine a high volume fraction of hard but brittle
ceramic particles with a ductile metallic binder, which helps to impart toughness in the
composite. Compared with conventional ‘hardmetals’, such as tungsten carbide-cobalt
(WC-Co), cermets are lighter in weight with high strength and toughness, combined with

excellent wear and corrosion resistance [

. Due to its high melting point and low
density, titanium carbide (TiC) based cermets are used in a variety of industries.
Common examples of the metallic binder phase utilised for TiC-based cermets include
Ni, Co and Fe alloys *°!. While the mechanical properties of these traditional cermet
system have been studied relatively widely, there has been comparatively little
assessment of TiC-based cermets with stainless steel binders %), With this in mind,
indentation testing is one of the most convenient ways to assess a material’s mechanical
properties, and is particularly relevant for scenarios where impact damage may arise from
impact damage by foreign objects. For ‘brittle’ ceramics and cermets, it is typical to

employ Vickers indentation, which allows determination of the hardness and indentation

fracture resistance (IFR).

The fracture toughness of a material is an important property that effectively describes
the ‘resistance’ to fracture. A number of experimental techniques are available to
determine the fracture toughness, including single-edge notched beam (SENB), single-
edge V-notched beam (SEVNB), chevron-notch (CN), and double-cantilever-beam
(DCB) tests, etc. 7). The Vickers IFR test has also found broad usage for this purpose,
and it can be regarded a convenient way to estimate the toughness using relatively small
samples 8. Evans and Charles ! originally proposed the concept of indentation fracture
toughness in the mid-1970s, and there have been extensive subsequent studies on using
this method for evaluating the fracture toughness of brittle materials. As a consequence,
numerous equations have been developed to estimate the toughness based on Vickers

indentation.

The Vickers indentation technique was introduced to determine fracture toughness values
through characterising the crack patterns. Among the different crack patterns generated,

there are two types that generally viewed as the most important, the fully developed

111



median/radial crack (i.e. ‘halfpenny’) and the Palmqvist crack (Figure 5.1). It has been
demonstrated that cracks are generated for a wide range of contact loads, and Palmqvist
cracks are often not of the ideally elliptical shape inferred in Figure 5.1(b), and the cracks
may actually penetrate deeper than the indentation itself ['). It has been experimentally
shown that, at low loads, the cracks tend to only remain at the surface, and transform into

median cracks at high loads [,

2c
2 2e $
T >
AN l'\/’ —
Median Crack Paimgvist Creck
(a) (b)
Figure 5.1: Schematic figures of (a) the median crack system and (b) the Palmqvist crack
system.

The aim of the present work was to study the effects of microstructure on the indentation
response of a range of TiC-stainless steel cermets. The indentation size effect (ISE) was
investigated by applying both Meyer’s law and the proportional specimen resistance
(PSR) model. The Vickers IFR was also analysed, not to prove the validity of the test, but
rather as a predictive approach for determining the crack system generated. IFR values
were then calculated using various models, with the associated sub-surface crack systems

that were generated studied using a focused ion beam (FIB) milling technique.

5.2 Experimental Procedure

5.2.1 Sample Preparation and Microstructure Assessment
The TiC powder used for cermet preparation was sourced from Pacific Particulate
Materials Ltd. (Vancouver, BC, Canada), with a quoted particle size of ~1.3um. The
austenitic stainless steel powder (grade 316L) to be used for the binder phase was

obtained from Alfa Aesar (Ward Hill, MA, USA), and had a nominal particle size of -100
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mesh. For cermet fabrication, TiC pellets were first formed by uniaxial compaction of
~7.35 g of TiC powder in a hardened steel die of 31.75 mm in diameter at ~45 MPa. The
pellets were then further compacted by cold isostatic pressing at ~208 MPa. A simple
melt infiltration sintering procedure was then used to fabricate the cermet test samples.
The compacted TiC pellets are placed in an alumina crucible on a bed of bubble alumina,
with different amounts of the steel binder, ranging from 5 to 30 vol.%, placed carefully
on top the samples. The combined melt infiltration sintering cycle was then conducted at
temperatures of 1475°C (held for 15 minutes) to get fine grains, 1550°C (for 60 minutes)
to get intermediate grains, and 1550°C (for 240 minutes) to get coarse grains. A heating
rate of 10°C/min and cooling rate of 25°C/min were used for all experiments, under a
dynamic vacuum (20 mTorr), inside a graphite resistance furnace (Materials Research

Furnaces, Suncook, NH, USA).

The densities of the sintered cermets were calculated using Archimedes’ immersion
method in water; all samples reached a nominal density exceeding 95% of the theoretical
values. The cermets were then ground flat on both sides using a diamond peripheral
wheel, and polished to a mirror-like finish (starting from 125 um diamond pad and
finishing up with 0.25 pm diamond paste). Microstructural characterisation of the
densified cermets was conducted using both optical microscopy (OM; Model BX-51,
Olympus Canada, Richmond Hill, Ontario, Canada) and scanning electron microscopy
(SEM; Model S-4700, Hitachi High Technologies, Tokyo, Japan). The SEM is equipped
with both an upper, ‘in-column’ ExB electron detector (to which a bias can be applied for
observation of solely back-scattered electrons (BSE)) and a lower, off-axis Everhart-

Thornley detector that allows greater observation of topographic features.

5.2.2 Vickers Indentation Assessment
Vickers indentation was conducted using a pyramidal diamond indenter, with loads of 1,
5, 10, and 30 kgf, holding under load for 15 seconds (Model V-100A, Leco, St. Joseph,
MI, USA). To determine the mean hardness, a minimum of 5 indents were made per load

per sample, following the ASTM standard ['?], and the indent sizes were then confirmed
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by OM and SEM. The Vickers hardness, in GPa, was computed using following equation
[12].

p .
HV = 0.0018544( Equation 5.1

where P is the load (N), and d (mm) is the average length of the two diagonals of the
indentation. The Vickers hardness number is also computed, using the following

equation 12l;

P Equation 5.2
HV = 1.8544(ﬁ

The IFR was determined for the cermets using various applied loads of 1, 5, 10 and 30
kgf, with at least 5 indents measured per load per sample. Depending upon whether
median or Palmqvist-type cracking was observed, the IFR values were then calculated
using either the Anstis et al. 3! or Shetty et al. " approach. The transition between
median/Palmqvist cracking was predicted based on the measured value of the ratio c:a,
where c is the total distance from the centre of the indents to the crack tip, and a is the
half-diagonal length of the indent. For median/radial type of crack, the IFR was

calculated according to Anstis et al. 131 following:

E P Equation 5.3
Kic = 0.016(;)"2 x 73 a

where E is the Young’s modulus (GPa) and H is the hardness (GPa). For Palmqvist type
cracks, the IFR value was calculated using a modified version of the Shetty et al.

equation 4:

1 .
Kic = 0.0319P/(al2) Equation 5.4

where / is the indentation crack length (mm). To determine the IFR, the indented samples
were examined using SEM for accurate measurement of the cracks generated from the

corners of the indents.

To study the crack system generated for different applied loads and cermet
microstructures, the cracks were cross-sectioned in-situ using a FIB microscope (Model
F-2000A, Hitachi High Technologies, Tokyo, Japan). In the present work, typically three

‘staircase’ FIB milled regions were examined, at the beginning, middle and end of the
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crack, as shown in Figure 5.2. The dimensions of FIB milled cut were a length of 15 pm
and a width of 8 um wide. For the cermet materials examined the FIB cuts were made to
a total depth of ~8 um. SEM observation of the FIB milled regions was then conducted

after each cut.

Figure 5.2: Schematic representation of the location of FIB ‘staircase’ cuts relative to the
indentation crack.

5.3 Results and Discussions

5.3.1 Microstructure of the Cermets
Figure 5.3 shows representative SEM images of the ‘as-fabricated’ structures of cermets
following the sintering. Here the cermets have been processed under three different
conditions, with a nominally constant binder content of 30 vol.%. It can be seen that the
microstructural evolution is considerable; the cermets sintered for 1475°C for 15 minutes,
show ‘C’- and ‘O’-shaped grains, due to the instability of the solid-liquid interface during
the initial liquid phase sintering stage, which causes a coherency strain on the grains. For
the cermets sintered at higher temperatures, the grains are more spherical in shape. There
is also an obvious ‘core-rim’ structure generated in the cermets, which results from a
‘solution/re-precipitation’ process. The mean grain sizes for these examples are presented
in Table 5.1, highlighting the extent of grain coarsening. The ‘instability of the interface’
phenomenon occurs during liquid phase sintering, together with the formation of a ‘core-

rim’ structure which is seen in many TiC-based cermets [1%!7],
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10.0kV 9.4mm x2.50k SE(! 20.0um

Figure 5.3: Representative BSE SEM images of the cermets sintered at: (a) 1475°C for 15
minutes, (b) 1550°C for 60 minutes, and (c) 1550°C for 240 minutes.
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Table 5.1: The mean grain size of the cermets shown in Figure 5.3, determined using the
linear intercept method.

Sintering Condition Mean grain size (um)
1475 °C/15 minutes (fine) 3.19+0.18
1550 °C/60 minutes (intermediate) 7.64 +0.84
1550 °C/240 minutes (coarse) 7.83 +£0.36

5.3.2 Hardness and the Indentation Size Effect
For cemented carbides and cermets the hardness is invariably related to the erosion/wear
response of the material [!3!°], The bulk hardness of a cemet depends on the composition
(i.e. the volume fraction of constituents), the ceramic grain size and the binder mean free
path 14201 OM images, using Nomarski differential contract imaging (DIC), was used to
study the indentation feature of the cermets. Figure 5.4 shows example DIC images of the
fine-grained cermets with 5 vol.% steel binder, subjected to applied loads of 1 and 30 kgf.
The Vickers indentations show cracks radiating from the indent corners at 30 kgf, with no
sign of spalling. The optical microscopy images have revealed that the degree of material

‘uplift’ around the sides of the indents is significant 211,

(b)

Figure 5.4: Nomarski DIC images showing the Vickers indentation patterns of fine-
grained (1475°C/15minutes) cermets with 5 vol.% of binder using: (a) 1 kgf
and (b) 30 kgf applied loads.

117




Figure 5.5 shows representative SEM images of typical indentation tests, at various
applied loads, for the intermediate grain size cermets prepared with 30 vol.% binder.
Higher magnification SEM images of detailed features at the corners of indents are
presented in Figure 5.6. It is apparent that the binder phase has been pressed out of the
sample surface, indicating a ‘binder-extrusion’ phenomenon, since the metal binder phase
is more significantly plastic than the ceramic phase. The plastic deformation of the
indents affects the surrounding area up to ~20 um from the indent. The hard, brittle
ceramic particles under the indenter are severely damaged, showing micro-cracks, while
grains at the edge of the indents are often pushed out. From Figure 5.6, it should be noted

that negligible corner cracks were generated for 30 vol.% binder content samples.

10.0kV 9.8mm %400 SE 10.0kV 9.9mm x400 SE(L)

(a) (b)

Figure 5.5: Representative SEM images showing intermediate-grained (1550°C/60
minutes) cermet with 30 vol.% of binder subjected to applied indentation loads
of: (a) 5 kgf, and (b) 30 kgf.
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Figure 5.6: SEM images of Vickers indentations in intermediate-grained cermets with 30
vol.% steel binder. Indentations were subject to: (a) 1 kgf, (b) 5 kgf, (c) 10 kgf,
and (d) 30 kgf applied load. An ‘off-axis’ lower-detector was used in the SEM
to highlight surface topography, particularly the 'binder extrusion' features
around the indents, as arrows shows in (¢).
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The Vickers hardness values were determined using Equation 5.1 and Equation 5.2,
respectively. Figure 5.7 shows the effects of binder content on the hardness for both the
fine- and intermediate-grained cermets. In each case the general trends are of hardness
decreasing with both increasing applied load and steel binder content. The relatively low
hardness with 5 vol.% binder for the fine-grained cermet (1475°C/15 minutes) is the
result of retained porosity after sintering (< 95 % of theoretical density). For an
equivalent binder content, the hardness values of the intermediate-grained cermets are
slightly lower than those of the fine-grained equivalents, with the exception of the 5

vol.% samples, due to their increased sintered density.
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Figure 5.7: The hardness of TiC-cermets as a function of binder content: (a) fine-grained
(1475°C/ 15 minutes), and (b) intermediate-grained (1550°C/60 minutes). Error
bars indicate the standard deviation of the calculated hardness values.

It was shown previously that the binder mean free path values of the intermediate-grained
cermets are slightly higher than for the fine-grained cermets [??!. Taking the Hall-Petch
relationship into account, it can therefore be expected that the hardness should be lower

when the ligament dimension is increased. A comprehensive study on the microstructure
[23]

2

and erosive wear of a series of cermets/hardmetals was conducted by Hussainova
comparing the hardness of the composites assessed with a 5 kg indentation load. TiC-
based cermets, with 60 to 80 wt.% of ceramic phase and an austenitic steel binder, have

been reported with hardness values from 1060 to 1440 HV.

For many materials the hardness is load dependent when using a low load "), which is
often referred as the “indentation size effect” (ISE). In this instance the hardness
increases with decreasing load applied. Potential explanations of the ISE have been
proposed by many researchers, including indentation elastic recovery 124, work hardening

23261 surface dislocation pinning 27281 plastic deformation band

during indentation !
spacing ), an activation energy for dislocation nucleation % and the load required to

initiate plastic deformation '],
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The hardness of the fine- and intermediate-grained cermets, as a function of the applied
indentation load, are presented in Figure 5.8. It can be seen that the hardness decreases
with increasing applied load, especially for the lower loads, below 10 kgf. Similar results
have been seen for WC-Co cermets for loads between 0.025 and 40 kgf B2, It was
demonstrated that the hardness of both nanostructured and conventional composites
decreases as the applied load increases, and stabilises when the load is higher than 10 kgf.
It was suggested that the changes in hardness are the result of micro-cracking and work-
hardening *?); since the work-hardening effect is small in the low deformation region, the

hardness changes more significantly.
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Figure 5.8: Vickers hardness as a function of load and binder content for: (a) fine-grained
and (b) intermediate-grained cermets. Error bars indicate the standard
deviation of the hardness values.

Traditionally, the ISE is described using Meyer’s law 3] giving an expression for the

load and size of the indentation:
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P=Ad" Equation 5.5

where regression can be applied to calculate 4 and n. When n < 2, the material shows an
ISE behaviour, and when n = 2, the hardness is independent of the applied load.
This model has been applied to a variety of materials, including glass *#!, ceramics [3°3¢,

(381 ' A straightforward indication of the existence of

refractory carbides 7], and cermets
an ISE for each material is then based on the value of the n exponent. For the current
materials, by applying Meyer’s law, the values for the exponent n were calculated. The
values are presented in Table 5.2 for the fine-grained and intermediate-grained cermets
with 10, 20 and 30 vol.% binder. It can be seen that the fine-grained cermets exhibit an
ISE, with a decreasing exponent # as the binder content increases. This indicates that the
high binder content cermets exhibit a greater ISE. For the intermediate-grained cermets,
the ISE is less obvious, and the exponent n actually increases with the binder content. In

fact, the measured values suggest that the 30 vol.% intermediate-grained cermets do not

show an ISE.

Table 5.2: The values of n and 4 calculated using Meyer's Law 341,

Binder Content Fine Intermediate
(vol.%)
n log A n log A
10 1.96 + 0.02 3.94 1.93 +£0.02 3.86
20 1.94 +0.01 3.79 1.96 + 0.01 3.77
30 1.84 +0.02 3.58 2.00+0.04 3.64

The indentation size effect (ISE) has also been analysed by other models, using mostly
empirical analytical equations, e.g. the Hays-Kendall model ! Li and Bradt’s
proportional specimen resistance (PSR) model #**], and the modified PSR model 34,
The proportional specimen resistance model was developed based on the study of TiO:
and SnO> ceramics; both compounds exhibit the rutile structure, and single crystal
variants were examined. The PSR model is in fact an improved version of the Hays-
Kendall model, which is based on the concept of ‘effective indentation load’; here a

minimum test load is proposed, below which plastic deformation does not occur, only
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elastic deformation (this is also referred to as test-specimen resistance). As a

consequence, the effective indentation load can be expressed by:
Pey=P— W = Kd’ Equation 5.6

where K is a constant, P is the applied load, and d is the indentation diagonal length.
However, in contrast to the Hays-Kendall model, where the test-specimen resistance, W,
is a constant, Li and Bradt suggest that the W is proportional to indentation size, and

should be written as:
W= a\d Equation 5.7
Similar to the Hays-Kendall model, the equation can then be modified to:
Pyy=P — W= axd* Equation 5.8
or, alternatively:
P=aid + axd* Equation 5.9

where the a; and a; terms are determined by polynomial regression. This equation can

then be written as a linear regression in the form of P/d versus d:
Pld=a) + axd Equation 5.10

Therefore, the a1 and a» term are used to express the elastic and plastic portions of the
hardness, with the a1 term suggested to be related to the degree of cracking, and a> is
sometimes referred as the ‘true-hardness’, which is the resistance to crack-free

41-83] " Calculation based on the PSR model, for a; and a», are listed in Table

deformation |
5.3, for both fine- and intermediated-grained cermets. The a1 terms for the fine-grained
cermets are generally higher than intermediate-grained cermets, and 30 vol.%

intermediate-grained cermets even show a negative value.

It 1s generally proposed that the ISE is caused by crack formation under and around the
indents 3% Larger a1 values indicate greater cracking damage through the indentation
motion. Therefore, it can be concluded that the fine-grained cermets suffered more from
cracking, and show a more pronounced ISE; this agrees with the analysis using Meyer’s
law, outlined previously. It should be noted that the complex microstructures (i.e.

concave and ‘hollow’ grains) of the fine-grained cermets exhibit lower binder mean free
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path values %, When subjected to a ‘sharp’ Vickers indenter, the cracking in the
intermediate-grained cermets should be reduced, as the binder mean free path is basically
a measure of the ‘binder ligament size’. It can be found that the ‘true-hardness’, a>
(N/mm?, which is MPa), is significantly lower than that of measured values. As a>
denotes only the pure resistance of plastic deformation, the higher measured hardness

values are likely related to the micro-crack toughening of the cermets.
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Figure 5.9: PSR model plots of P/d versus d, for various binder contents, for (a) fine-
grained and (b) intermediate-grained cermets.

Table 5.3: Parameter analysis based on the PSR model developed by Li and Bradt (linear)
[36]

Binder Content Fine Intermediate
(vol.%)
a1 (N mm™) a2z (N mm?) a1 (N mm™) a2 (N mm?)
10 46.40 8904.22 79.29 7744.21
20 41.05 6664.94 34.24 6093.43
30 76.50 4564.79 -2.59 4173..48

5.3.3 Indentation Fracture Resistance and Crack System Identification
The determination of fracture toughness by indentation test was first developed by
Palmqvist in the 1950s, and it was not until the mid-1970s that Evans and Charles !
evolved this into a viable Vickers indentation fracture toughness procedure. They also
presented a generalized equation that appeared to apply to many different materials with
either Palmqvist cracks or median cracks. Subsequently, other authors have developed
similar curve fitting methods and analyses from Vickers indention to assess the fracture

toughness for both of the crack geometries [***’). Many of these equations are the
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products of dimensional analyses, modified with experimentally derived calibration
factors. Marshall and Evans refined the original equation and then published one that was
further simplified. Anstis et al. '3 and Chantikul et al. % then followed with two papers
presenting further indentation toughness research. Niihara ! focused particularly on
Palmqvist cracks. Another equation was developed by Miyoshi [*?, for median cracks,
which is derived from Anstis et al. ['*!, while further equations were introduced by Li et
al. 1 and Ghosh et al. #, a list of the equations were summarised by Ponton and

Rawlings [!%],

There has been considerable study on the load-dependence of indentation cracking, with
some of these focusing on the microstructure. Palmqvist-type cracking was observed for
WC-Co hardmetals, which was revealed through detailed sequential polishing through
the indentation ¥l In the current research, a combination of predictive equations (i.e.
Anstis and Shetty’s equation) and focused ion beam techniques are employed to study the

crack system, and to further identify the transition of one crack geometry to the other.

The indentation fracture resistance, measured under various loads, for the fine-,
intermediate- and coarse-grained cermets are shown in Figure 5.10, as a function of
binder content. Figure 5.10(b) highlights the IFR data for the lower range of binder
content. The fracture resistance values were calculated for scenarios were either the
Palmqvist !4 or median ['¥] cracking equations were anticipated. For each of the figures,
the open symbols indicate what is predicted as a ‘median crack’ system, while the closed
symbols indicate a ‘Palmqvist’ crack system is predicted. In Table 5.4 the predicted crack
types are listed, based on the c:a ratio '), It is apparent that the cracking geometry tends
to be of the median type for low binder contents, where c:a > 2, and Palmqvist-type
cracks at high binder content, where c:a < 2 !, The transition from median to Palmqvist
cracking, under a 30 kgf applied load, for these types of cermet is predicted to occur
between 10 vol.% and 15 vol.% steel binder. The transition in the predicted crack
geometry drops down to between 5 vol.% and 10 vol.% binder with a lower applied load
(5 kgf). The cracking geometries are predicted to be all Palmqvist-type when the cermets
are subjected to 1 kgf. It should be noted that some limited cracking still exists in high
binder content cermets, even at 1 kgf, although it is restricted to TiC grains immediately

in contact with the indenter corners.
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Figure 5.10: The indentation fracture resistance of the cermets as a function of binder
content, measured for a series of different applied loads and determined for
both median and Palmqvist cracking. Samples were sintered at: (a) 1475°C/15
minutes, (b) inset of data from (a) for the transition of two cracks, (c)
1550°C/60 minutes, and (d) 1550°C/240 minutes. Error bars indicate the
standard deviation of the indentation fracture resistance values. Open symbols
denotes the ‘median’ cracking, closed symbols indicates the ‘Palmqvist’
cracking. The two types of cracks were fitted independently.
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Table 5.4: The crack system predicted for fine-grained cermets (1475°C/15minutes), as a
function of indention load and steel binder content.

30kgf Skgf 1kgf
5 vol.% Median Median Palmqvist
10 vol.% Median Palmqvist | Palmqvist
20 vol.% | Palmqvist | Palmqvist | Palmqvist
30 vol.% | Palmqvist | Palmqvist | Palmqvist

While the indentation fracture resistance theory and VIF method has been accepted by a
number of researchers, it has also been suggested that it is not a valid characterisation of
the fracture toughness of brittle materials, leading to debate of the validity of the

[8:551 The main issues arise with the crack growth during VIF testing for

measurement
different ceramic materials. They may first form as Palmqvist-type cracks, which later
extend to form median cracks, or alternatively median cracks may form directly from the
deformation beneath the indenter 8], With increasing applied loads, a transition in the
cracking response has also been observed [®l. The indentation begins as crack-free
pyramidal micro-hardness impression, and then evolves to an impression with individual
corner cracks apparent at the surface, but there is also a crack pattern hidden beneath the
surface. As recently summarised by Quinn [l from the previous researches, many
different equations (up to ~30) can be applied to calculate the fracture resistance with
same crack lengths in a ceramic material, but the resultant Kic can be widely different.
Furthermore, when the various equations are applied to estimate the fracture resistance
from the indentation crack lengths, the fracture resistance can appear to increase and then

sometimes decrease with crack length for the same material, which clearly generates

confusion in terms of potential analysis.

The indentation crack systems arising from a ‘sharp’ Vickers indenter are well
established in brittle materials, and have been studied extensively. In the current work, in
order to determine the sub-surface cracking response FIB microscopy was applied to the
cermets for all loads and binder contents. Representative SEM images of the fine-grained

cermets, presented in Figure 5.11 , give a comparison of the indentions obtained under
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the same load, but with different binder contents. Similarly, Figure 5.12 presents
indentations formed for the same binder content, but subjected to different loads, again
for the fine-grained cermets. The SEM images were taken using back-scattered electrons
to better reveal the cracking, and the selected images are for the FIB ‘staircase’ cuts
located at the beginning of the crack, with respect to the indent corner. It can be seen
from Figure 5.11 , that the nominally ‘brittle’ cermet (i.e. 10 vol.% binder) shows
multiple cracking in the sub-surface region, while the ‘ductile’ cermet (i.e. 30 vol.%
binder) shows a single crack. The cracks follow a ‘transgranular’ path, which is favoured
from a fracture mechanics perspective, since the more will be absorbed by a crack
traversing the ductile binder content (hence it is easier for the crack to follow a path
through the brittle ceramic phase). For the same binder content, as shown in Figure 5.12
for the brittle cermet with 5 vol.% binder, the sub-surface region near the indent corner
shows a number of cracks, indicating the damage arising from the high load, which is 30
kgf in this case. In comparison, the cracking arising from a 1 kgf force reveals clear
evidence of single crack, with some slight evidence of ‘intergranular cracking’, since the

binder content is very low.

o

10.0kV 8.5mm x5.00k SE(U,-50)

(a) (b)

Figure 5.11: SEM images of FIB staircase cuts at the beginning (with respect of the
corner) of an indentation crack, for fine-grained cermets (1475°C/15 mintues)
with: (a) 10 vol.% and (b) 30 vol.% steel binder. The samples were subjected
to 30 kgf applied load, and show 'median' and 'Palmqvist' cracking,
respectively.
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(2) (b)

Figure 5.12: SEM images of FIB staircase cuts at the beginning (with respect of the
corner) of an indentation crack for sample with 5 vol.% steel binder, sintered at
1475°C for 15 minutes, with: (a) 30 kgf and (b) 1 kgf applied load. Samples
show 'median’ and 'Palmqvist' type of cracks, respectively.

The same study has also extended to the intermediate- and coarse-grained cermets. The
SEM images obtained for the same binder content (in this case 10 vol.% steel), for the
three different sintering conditions (creating fine-, intermediate- and coarse-grained TiC),
subjected to 30 kgf of force, are presented in Figure 5.13. It can be seen that the fine-
grained cermet exhibits multiple ‘thin’ cracks, while the intermediate-grained cermet
shows one single ‘thick’ crack. In comparison, the coarse-grained cermet only shows a

shallow, sub-surface Palmqvist-type of cracking.
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Figure 5.13: SEM images of FIB staircase cuts at the beginning (with respect of the
corner) of an indentation crack for sample with 10 vol.% of binder subjected to
30 kgf applied load, with: (a,b) fine-grained (1475°C/15 minutes), (c,d)
intermediate-grained  (1550°C/60 minutes), and (e,f) coarse-grained
(1550°C/240 minutes) microstructures.
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A ‘stitched’ series of SEM images of a surface radial crack is shown in Figure 5.14.
Again the crack pattern shows a transgranular tendency, and some ductile ligament
bridging is also evident. The indentation site shows extensive damage, with small cracks
generated from the edge of the impression into the surrounding region; this again reveals

the complex cracking behaviour of the cermets.

10.0kV 10.2mm x1.50k SE(L) 30.0um

Figure 5.14: ‘Stitched’ sequence of SEM pictures of a radial crack formed in the
intermediate-grained cermet with 10 vol.% binder (1550°C/60 minutes),
subjected to Vickers indentation with 30 kgf applied load, showing
transgranular cracking.

5.4 Conclusions

TiC based cermets, with 316L stainless steel as the binder phase, were fabricated using a
melt infiltration/sintering method. The cermets were sintered at 1475°C for 15 minutes,
1550°C for 60 minutes and 1550°C for 240 minutes, in order to get fine-, intermediate-
and coarse-grained microstructures. The sintered materials are homogeneous, with a
‘core-rim’ structure generated through sintering. The fine-grained cermets show a high
concentration of complex ‘C-shape’ and ‘O-shape’ grains, while the intermediate- and
coarse-grained cermets microstructure are more rounded. The sintered samples were
subjected to a series of indentation loads using a ‘sharp’ Vickers indenter, ranging from 1
to 30 kgf. The OM images show a surface ‘uplift’ phenomenon around the indents.
Further SEM observation revealed extensive damage within the indents and an apparent
‘binder extrusion’ occurring between TiC grains around the indents. The Vickers
hardness values of the cermets were calculated, and it was shown that the hardness values

decreased with increasing binder content. The hardness values of the fine-grained cermets
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were higher than that of the intermediate-grained materials, since the binder mean path

values are lower (effectively showing a Hall-Petch type response).

The cermets also demonstrated an indentation size effect (ISE), as the hardness values
were higher when subjected to lower loads. The ISE was analysed using both Meyer’s
law and the proportional resistance specimen (PSR) model. It was shown that the fine-
grained cermets exhibited a more pronounced ISE, and suffered more from cracking,
because of their low binder mean free path. The sub-surface crack patterns arose were
calculated by either ‘median-radial’ or ‘Palmqvist’ model equations, based on the
measured indentation fracture resistance (IFR), when subjected to different applied loads
with various binder contents. It was found for a fixed binder content (especially for low
binder contents), that low loads generally produced ‘Palmqvist’ type of cracking, while
‘median-radial’ cracks were favoured at high loads. Similarly, low binder content cermets
were more likely to have ‘median-radial’ cracks, while high binder content samples more
typically exhibit ‘Palmqvist’ type of cracks. FIB micro-sections were used to study the
sub-surface crack patterns for the cermets, which confirmed the findings from the

analytical results.
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Abstract

Titanium carbide (TiC) based cermets are commonly used in mining and tooling
industries because of high hardness, strength and wear resistance. The present work is
focused on the Hertzian indentation damage of TiC-316L stainless steel cermets. Samples
were fabricated using a vacuum melt-infiltration procedure, at temperatures between at
1550°C for 60 and 240 minutes, with steel binder contents ranging from 10 to 30 vol.%.
Various diameter WC-Co spheres, ranging from 1.19 mm to 3.97 mm, were used for
indentation, with applied loads ranging from 250 N to 2000 N. A standard 4140-4142
steel was also prepared and tested for comparison. Indentation stress-strain curves were
plotted to study the effects of differences in the cermet microstructure and the loading
condition. ‘Ideal’ Hertzian elastic responses were also calculated, to demonstrate the
deviation of the curves. It is shown that the materials perform in a ‘quasi-plastic’ manner,

with evidence of ‘strain-hardening” phenomena.

Keywords: Quasi-plasticity; scanning electron microscopy; optical microscopy; elastic

modulus
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6.1 Introduction

The indentation of materials with spheres was first studied by Hertz in the 1880s, when
he was observing two lenses that came into contact. The contact induced damage,
including deformation and cracking are important in many related engineering
applications, such as bearings, engine components, etc. Over the past 100 years the
contact mechanics of advanced materials has been studied extensively, especially for the
case of brittle materials. Cone crack formation in brittle materials is driven by the tensile
stress that is generated, which is just outside of the contact region ['*]. Beginning in the
1990s, the study of contact mechanics in brittle materials has been extended to investigate
heterogeneous ‘toughened’ ceramics, which have so-called ‘quasi-plastic’ behaviour 511,
This quasi-plasticity is driven by the shear components in the applied stress field,

e [12151 and that type of damage is

generating faults or microcracks in the sub-surfac
generated beneath the contact zone. Quasi-plasticity is usually related to materials that
exhibit an ‘R-curve’ behaviour, where the fracture toughness of the material actually
increases with increasing crack length. The quasi-plasticity of the material is often
determined through the evaluation of indentation stress-strain curves, which provide
information on the mechanism of deformation and help in predicting the material’s
performance, such as for bearings in contact, wear ['®!7] and erosion and/or fatigue [!3-2],
For a sphere contacting on a flat surface, the mean contact pressure is given by:

_ P Equation 6.1

Pm = Ta?

where P is the applied load, and a is the measured indent radius (i.e. the contact radius).
The equation can be also expressed as:

3E a Equation 6.2

Pm = 4mk R

where the E is the Young’s modulus of the material (in the present case a ceramic-metal
composite, or cermet), R is the sphere radius and k is the elastic mismatch constant,

which is given by:
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Equation 6.3

E
k (1—v2)+§(1—v’2]

= E [
where E and E’ are the Young’s modulus and v and v’ are the Poisson’s ratios of the

specimen and the indenter, respectively. Therefore, the left hand side of Equation 6.2 is

the so-called ‘indentation stress’, and a/R, is the ‘indentation strain’.

Over the past few decades, a technique referred to as the ‘bonded interface method’ has
been widely employed to study the sub-surface quasi-plastic damage zone arising from
Hertzian-type indentation 31521231 The shape, location and microstructure within the
damage zones has provided a lot of information regarding the ‘quasi-plastic’ response of
the materials being evaluated. The ‘bonded interface method’ is sometimes used in
conjunction with numerical or computational approaches (e.g. the finite element method
(FEM)), since there are no exact analytical models to explain the indentation response of
ceramics and cermets, or even the contact between a ceramic and a metal 24> As a
consequence, FEM is a powerful tool to evaluate the contact between two materials.
Fischer-Cripps and colleagues have conducted extensive studies on the fracture [,
elastic-plastic ['>!* and quasi-plastic ['*! indentation response of ceramics in relation to
Hertzian contact geometries. The quasi-plastic FEM analysis incorporated strain-
hardening effects into the elastic-plastic constitutive model, and was able to simulate the

indentation stress-strain curves and the size/location of the deformation zones [,

The purpose of the current study is to assess the ‘quasi-plastic’ behaviour of TiC-stainless
steel cermets, compare the effects of microstructural changes on the indentation response
of the materials, and provide experimental data for future finite element modelling. The
effects of the applied indentation load and indenter sizes were also investigated. Optical
profilometry was utilised to measure the final residual ‘indentation depth’, such that the

‘elastic recovery’ of the indentation can then be determined.
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6.2 Experimental Procedure

6.2.1 Sample Preparation and Characterisation
The TiC powder used in the current study was sourced from Pacific Particulate Materials
Ltd. (Vancouver, BC, Canada). The 316-L grade, austenitic stainless steel powder used as
the binder phase was obtained from Alfa Aesar (Ward Hill, MA, USA). TiC pellets were
obtained by uniaxial compaction in a hardened steel die, using with ~7.35g of powder at
a pressure of approximately 45 MPa. The TiC samples were then bagged and
subsequently further compacted by cold isostatic pressing at 208 MPa. The pressed
samples were placed in alumina crucibles, on a bed of bubble alumina. Different volume
percentages of the steel binder powder, ranging from 10 to 30 vol.%, were placed on top
of the TiC preforms. Melt-infiltration/sintering was conducted under a dynamic vacuum
(~20 mTorr) inside a graphite resistance furnace (Materials Research Furnaces, Suncook,
NH, USA) at 1550°C for either 60 or 240 minutes, in order to vary the grain size. The
nominal heating and cooling rates were 10°C/min and 25°C/min, respectively, although a

natural furnace cool occurred below ~900°C.

The densities of the sintered cermets were calculated by Archimedes’ immersion method
in water, and the data shows the samples reached higher than 95% of the theoretical
densities. The cermets were then ground flat on both sides, using a diamond peripheral
wheel, and subsequently ground and polished to a ‘mirror-like’ surface finish (starting
with a 125 pm diamond impregnated pad and concluding with 0.25 pm diamond paste).
Characterization of the microstructure of both sintered and indented samples was
conducted with both optical microscopy (Model BX-51, Olympus Canada, Richmond
Hill, Ontario, Canada), with a Nomarski differential interference contrast (DIC)
capability, and scanning electron microscopy (SEM; Model S-4700, Hitachi High
Technologies, Tokyo, Japan).

6.2.2 Hertzian Indentation Testing
The configuration of the Hertz indentation frame, designed in previous work %] is a

simple system that can be easily inserted and removed from a servo hydraulic test frame
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(5594-200 HVL Satec Series, Instron, Norwwod, MA, USA). A linear variable
differential transform (LVDT) displacement sensor system is attached to the system to
monitor the indenter sphere displacement during testing. The indentation stylus was
designed to hold a variety of WC-Co sphere sizes. The WC-6Co spheres were procured
from McMaster Carr (Aurora, OH, USA), with the properties of this grade of WC-Co
listed in Table 6.1. A schematic representation of the configuration used for Hertzian
indentation is shown in Figure 6.1. Both the indentation stylus and the frame were made
of 4140 high strengh steel, while the support frame was machined from 1040 carbon
steel. The sliding ring holding the stylus is made from brass to enable smooth movement

of the indenter head.

VDT

Indenter

Sample

Figure 6.1: Schematic figure of the Hertz indentation configuration.
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Table 6.1: Properties of WC-Co spheres 23! |

Property Value
Composition C2 Grade-6% Co, 94% WC
Density 14.95 g/cm?
Diameter +0.001”
Sphericity +0.000025”
Vickers Hardness 1620
Surface Roughness 0.05 um
Young’s Modulus 650 GPa
Compressive Strength 5.17 GPa
Impact Strength 1.36 Nm
Grain Size ~1.0 pm

In order to study the cermet response to Hertz indentation, six different sizes of WC-6Co
spheres were chosen, as listed in Table 6.2. Samples were indented with a series of
applied loads (250 N, 500 N, 1000 N and 2000 N). During the test, the frame was placed
under the hydraulic press, with the LVDT attached. The sample is securely clamped and
holding plates are screwed into place to eliminate any sample movement. They were
automatically loaded at the rate of 5 N/s to the prescribed load, which was monitored
with a 50 kN load cell. The load and deflection are recorded throughout the tests. The
load was applied until the peak was reached, which was then held for 10 seconds and
released. The WC-6Co spheres were invariably checked in the SEM after testing, since

they may encounter cracking or damage during the tests. The spheres were changed after

each set of experiment.
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Table 6.2: WC-Co sphere sizes and designations.

Designation Sphere Size (in) Sphere Size (mm)
Green 3/64 1.19
Red 1/16 1.59
Black 5/64 1.98
Blue 3/32 2.38
Grey 1/8 3.18
White 5/32 3.97

After testing, the indentations were observed and measured using DIC imaging, on the
optical microscope, to determine the indent radius, a. This was achieved using Image-Pro
Plus software (version 6.3, Media Cybernetics, USA), from calibrated digital
micrographs. An optical profilometer system was then used to determine the depth, 4,, of
the Hertzian indentation marks. The optical profilometer system uses a high resolution
chromatic confocal sensor including controller and the optical pen (STIL Initial 4.0,
STIL, France) with axial resolution of 130 nm. The scan was completed with a step size
of 5 um, in both the x and y directions. The three-dimensional feature observation and
depth calculations were performed using the software package SPIP 6.3.5 (Image
Metrology A/S, Horsholm, Denmark). Peak deflection values, §, obtained from the
extensometer were then compared with the residual indentation depths, in order to
analyse the elastic recovery of the materials. After the residual depths were obtained, the
final volume of the indents, or the indent’s plastic deformation, can be calculated as

(assuming there are no ‘pile-up’ or ‘sink-in’ phenomena):

mh,(3a% + h,?) Equation 6.4
- 6

where V' the volume of the final indent, 4, is the ‘indentation depth’, or more precisely the
‘depth of the residual impression’ determined using the profilometer, and a is the contact
radius, measured by DIC optical microscopy, six indents were used to calculate the

average and standard deviation of the contact radius.
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6.3 Results and Discussions

6.3.1 Microstructure and Residual Indents Analysis
The microstructure of the melt-infiltration processed samples were initially analysed
using SEM, prior to indentation testing. Representative SEM images of the cermets,
prepared with 30 vol.% steel binder under both sintering conditions, are shown in Figure
6.2. It can be seen that the TiC grains within the cermets have formed a ‘core-rim’
structure, which was believed to be a result of Oswald ripening during the dissolution/re-
precipitation process of the liquid phase sintering and incorporation of constituents from
the steel into the TiC. The basic microstructural parameters were calculated (detailed

r [26]), and are presented in

information of the calculation was published in a recent pape
Table 6.3. The cermets sintered for 60 minutes have a slightly lower grain size, higher
contiguity and relatively similar binder mean free path to those processed for 240
minutes. It can be predicted that the mechanical properties, such as hardness, fracture
toughness and other behaviour of the cermets might therefore be very similar at a fixed

binder content.

It has been reported that cemented carbide-type cermets exhibit a ‘quasi-plastic’
behaviour 2131 which is suggested partly due to the formation of microcracks 2121,
However the plasticity of the metal binder phase should also plays an important role.
Lawn and Marshall *”) have determined the correlation between strain hardening and
microcrack formation, by measuring the density and size of the microcracks, which is

given as:
a=1/(1+2NI3) Equation 6.5

where a is the strain hardening factor, N is the number of microcracks density, and / is the
size of the microcrack. When 2NP << 1, it is a fully elastic response, when 2N >> 1, it is
a fully plastic response. This has indicated that the microstructural variables such as grain
size, contiguity, binder mean free path and binder content are all important in evaluating
the indentation phenomena arising in cermets. Previous research [?®! reported a correlation
between microcrack densities and the microstructural parameters, and has demonstrated
that the densities increases with increasing grain size, and hence binder mean free path,

and decreases with increasing contiguity. This response is similar to the trend of fracture
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toughness with these microstructure parameters. It has also been shown that the
microcrack density increases with increasing binder content (i.e. increasing fracture
toughness, decreasing hardness), indicating that it is the microcracks that are dissipating
the energy and shielding the long-crack formation !, Since the cermets in the current
study show similar trends in hardness and fracture toughness (or ‘indentation fracture
resistance’, IFR) 2% in comparison to that prior work, it can be concluded that the

microcracks are also likely to be formed in the current material.

1 1 1 1 I 1
10.0um

(a) | T ()

15.0kV 12.1mm x5.00

Figure 6.2: Representative SEM images of the sintered TiC-30 vol.% cermets, after (a)
60 and (b) 240 minutes.

Table 6.3: Microstructure parameters of the cermets.

Binder Mean grain size (um) Contiguity Binder mean free path

content (pm)

(vol.%) 60 min 240 min 60 min 240 min 60 min 240 min
10 5.11+0.21 | 7.84+0.73 | 0.43+0.10 | 0.35+0.10 | 1.03+0.25 | 1.75+0.78
20 591+0.56 | 8.88+0.87 | 0.28+0.03 | 0.28+0.08 | 2.05+0.14 | 2.81 £+1.91
30 7.64+0.84 | 7.83+0.36 | 0.19+£0.02 | 0.16+0.05 | 4.03+0.35 | 4.01£0.16

The impressions of the indents were first characterised with a DIC optical microscope.
Figure 6.3 shows an example of TiC-30 vol.% cermet, sintered for 60 minutes, when
using a 1.98 mm indenter loaded with 250 N and 2000 N of applied stress. It can be seen
that the radius of the indents increases with applied load, and the material exhibits a slight
‘pileup’ effect around the indentation edge at the higher load. The representative

indentation radius versus the applied load(s) is shown in Figure 6.4, and fitted with a
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second order polynomial function. For the sake of easier presenting the data, only four
indenters are shown out of total six (1.59 mm, 1.98 mm, 2.38 mm, 3.18 mm) in the
figures (coloured symbols are indicated in the legends as red, black, blue, and grey, the

same as the indenter designation colours).

(a) (b)
Figure 6.3: Optical microscope images of a sample with 30 vol.% of binder sintered for

60 minutes, indented with a 1.98 mm indenter, for (a) 250 N and (b) 2000 N of
load.
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Figure 6.4: Indentation radius as a function of testing load for TiC- 30 vol.% cermet
sintered for 60 minutes.

150



The effects of binder content on the residual indentation radius were also studied. Figure
6.5 shows a cermet sintered for 60 minutes, tested with a 1.98 mm indenter, with 10
vol.% and 30 vol.% steel binder. The indentation radius has increased slightly with the
increasing binder content, as has the indentation depth. Further characterisations of the
indentation depth will be discussed in the following section. Figure 6.6 shows the
indentation radius variation as a function of binder content, for both of the cermets tested,
using a 250 N applied load. The use of a larger indenter yields a larger indentation radius,
as would be expected. The radius difference between the indents for both the cermets (i.e.
60 and 240 minutes sintering time) does not show a significant difference when the same
indenter is used at the same binder content. The effects of the indenter sizes are also
demonstrated. For a 1.59 mm indenter, as an example, the indentation radius has
increased ~25 pum, when the binder content increased from 10 vol.% to 30 vol.%. This
shown that the cermet has undergone a more severe deformation when applied with same
loading conditions (indenter radius and applied load) at a higher binder content. Figure

6.7 gives a comparison of a cermet indentation versus one in a 4140/4142 steel sample.

(a) (b)

Figure 6.5: Optical microscope images of a sample indented with a 1.98mm indenter, for
(a) 10 vol.%/60 minutes, (b) 30 vol.%/60 minutes.
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Figure 6.6: Indentation radius variation of the cermets as a function of the binder content,
tested under 250 N applied load. The cermets were sintered for: (a) 60 minutes
and (b) 240 minutes.
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Figure 6.7: Indentation radius as a function of the indenter diameter used; only four
different indenter sizes are shown in the figure for clarity. The test was
performed under 250 N applied load. Note the difference between the current
cermets and the steel.

6.3.2 Indentation Stress-Strain curves
As stated earlier, investigation the indentation stress-strain behaviour can help in
evaluating the material’s performance, understanding potential damage mechanisms, and
possible even predicting the material’s operational lifetime. The indentation stress is
determined by Equation 6.2, the indentation strain is the ratio of contact radius to the
sphere radius, a/R. The Young’s modulus of the cermet was calculated based on a simple
rule of mixtures, based on the constituent phases, while the cermet Poisson’s ratio was

estimated following Budiansky’s equation 2%,

The indentation stress-strain curves for both 60 minutes and 240 minutes sintering time
are presented in Figure 6.8. These tests were conducted using a 250 N applied load, with
various binder contents. The indenter sizes are not differentiated in these figures. The
dashed lines are the Hertzian elastic response calculated according to Equation 6.2 and
Equation 6.3. The materials shows an ‘pseudo-elastic’ response at the beginning of the
curves, and then at some point begin to deviate, in a manner not disimilar to ‘yielding’ in
a metal. For example, for the cermet sintered for 60 mintues with 10 vol.% binder,
deviatation from elastic begins at ~5 GPa, while for the 30 vol.% binder sample,

deviatation occurs at ~1 GPa; the corresponding hardness values for these samples are
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presented in Table 6.4. With strain further increasing, the indentation stress increases as
well, showing a phenomenon similar to ‘strain hardening’. At this stage, the material

presents an apparent ‘quasi-plastic’ response.

In terms of the Hertz elastic stress field B%, the maximum shear tress is located at a

distance of ~0.5a beneath the surface, with a value of:
Tm = 0.48p,, Equation 6.6

The ‘yielding’ starts when the shear stress reaches (if either Tresca or von Mises shear

stress criteria are applied %) and value of:
Tm=Y/2 Equation 6.7

where Y is the yield stress of the material, and often related to the hardness, as:

H=cY Equation 6.8
where ¢ is a ‘constraint factor’; for typical metals, ¢ = 3 [*1],
Therefore, plastic deformation is expected to occur at:
pm = 1.1Y Equation 6.9

According to Fischer-Cripps °2%, the shape of a shear driven plastic zone depends on
the ratio of E/Y. For high E/Y values, such as in metals, the material shows “fully plastic”
behaviour, where the indentation stress-strain curve does not increase any further with
continuing increasing strain. The plastic zone expands beneath and outside of the contact
area, therefore more shear driven deformation is taking over, and pushing away the
material from the loading axis. This is exhibited in the form of the ‘pileup’ phenomenon,
outlined earlier. It can be shown from using ‘bonded interface’ samples that the
deformation zone is considerably larger than the contact circle ['*. For a lower value of
the ratio E£/Y, the elastic portion are starting to dominate the response. The “pileup’ is less
pronounced compared to the previously described example, and an ‘expanding cavity’
model P!-** has been used to describe the mechanism. For relatively low E/Y values, such
as in ceramics, the subsurface damage is largely constrained within the contacting
surface, showing a hemispherical shape. For the current study, the ‘yield stress’ of the

cermet could not be obtained from the relationship shown in Equation 6.8, where ¢ = 3,
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since the model is specifically for metals. Previous research > has suggested that it is
adequate to determine the ‘yield stress’ from the point of deviation from linearity,
therefore for a TiC-10 vol.% cermet, the ‘yield stress’ was estimated as ~5 GPa. the
Young’s modulus, determined from rule of mixtures is ~415 GPa, hence the ratio E/Y =
83, which is close to the value of a commercial “Macor” glass-ceramic ['¥) (i.e. E/Y = 85).
This value is considered to be low in comparison to metals. It can be therefore be
assumed that the sub-surface damage zones of TiC-stainless steel cermets also exhibit a
‘hemispherical’ shape, constrained within the contact area. A prior study of WC-Co
cemented carbides tested three kinds of WC-Co with different grain sizes *!), indented
with a polycrystalline diamond sphere radius of 5.09 mm, under testing loads ranging
from 0.1 to 26 kN. That work confirmed the ‘near-hemisphere’ damage zone shape
underneath the indenter contact, which was effectively retained in the contact circle
diameter in terms of its dimension. However, this study also reported that no ‘pileup’ was

found, since the E/Y ratio is low (value was not indicated).

A previous study "3 compared the indentation stress-strain curves obtained for a variety
of materials, loaded with WC-Co spheres ranging from 1.98 to 12.7mm. The evaluated
materials included a glass-ceramic (HV = 2.8 GPa), a yttria-doped HIPed silicon nitride
ceramic (HV = 15 GPa), mild steel (HV = 1.1 GPa), and even the same WC-Co material
as the indenter itself (HV = 19 GPa). For the silicon nitride sample (grain size ~2.0um),
yielding started around ~7.8 GPa (determined by sequential load experiments B!3¢)),
SEM images demonstrated that when loaded using a 1.98 mm sphere, with loads varied
from 1000 N to 3000 N, the sample shows no apparent evidence of pileup, but clear ring
cracks were formed on the top surfaces. The ‘bonded interface’ SEM images showed that
the sub-surface damage expands when the load increases. The sub-surface damage zones
did not expand outside of the contact area, either at the top surface or underneath. In

addition, there was no evidence of ring cracks developing into cone cracks from the side

view.

As outlined previously, the maximum shear stress of the indentation is expected to be
located at depth of ~0.5a beneath the surface. Therefore, for a TiC-30 vol.% steel cermet,
the estimated maximum shear is ~2 GPa, which will be located at a depth of ~68 pm

below the surface under a 250 N applied load with a 1.98 mm diameter indenter. A
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previous study applied a ‘bonded interface’ method to study the subsurface damage 2%
With a low applied load and high binder content, subsurface ‘elastic-plastic’ damage was
evident; for a TiC-40 vol.% NizAl sample, this occurred ~50 um below the surface when
the same test condition is applied. The difference in maximum shear stress location is
potentially arising because of the significant difference in the yield strength of the binder
phase. In that prior work, for TiC-20 vol.% Ni3Al cermets, no cone cracks were observed
under 1000 N applied load, for a 1.98 mm indenter. The study also found two regions of
severe deformation, located directly under the indenter and deeper within the material at
where the maximum shear stress is located **1. The TiC grains were separated from the
binder phase, showing interfacial debonding because of the significant deformation of the

matrix. Evidence of transgranular cracking in the deformation zone is also found [2*!,
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Figure 6.8: The indentation stress-strain curve and calculated Hertzian responses for
cermets sintered for: (a) 60 minutes, and (b) 240 minutes. Data is from
multiple indenter sizes and is not differentiated in terms of the various sizes.

Table 6.4. Hardness values of the cermets.

Binder content (vol.%)

Hardness (GPa)

1550 °C 60 minutes

1550 °C 240 minutes

10 1920+ 1.15 17.77 £ 0.80
20 13.33£3.32 1416 £1.12
30 7.22+0.71 10.59 £0.83

To compare the effects of applied load on the same sample, a representative indentation

stress-strain curve for TiC-30 vol.% cermet, sintered for 60 minutes, is shown in Figure

6.9(a). It can be seen that with a higher applied load, the indentation stress-strain curve

deviates more severely, indicating that the relatively high amount of ductile stainless steel

binder has introduced a greater amount of ‘plasticity’ into the system. A comparison is

shown in Figure 6.9(b), between the cermet sintered after 60 minutes and the 4140/4142

steel, both loaded to 250 N and 500 N. It can be observed that even with the highest

binder content (i.e. 30 vol.%), the indentation stress-strain curves of the cermets are still

much ‘steeper’ than that of steel. Note the dashed and dot-dashed straight lines on the left
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hand side of the figure, which are the ‘Hertzian elastic response’ curves of each of the

materials, calculated according to the equation given previously.

Another important method to determine the ‘quasi-plastic’ response of the material is by
calculating the ‘brittleness index’, as studied by Rhee and colleagues ¥. For brittle
fracture, the maximum tensile stress is responsible for the generation of cone cracks,

therefore the critical load is determined from Auerbach’s law B7-40:

p. AT? Equation 6.10

= —— = constant
R E

where 7 is the fracture toughness of the material (7' = Kic).

For quasi-plasticity, the critical contact load, py, at yield is (!

Py H Equation 6.11
o DH(E)Z = constant

where D is:

D= i, 3(1-v?) Equation 6.12

c 4

Therefore, a ‘brittle index’ can be derived [4] as follows:

Dy 2 Equation 6.13

PP () ”

When py/pc >1, the material is brittle, and py/pc <1, it is quasi-plastic. This indicates a
correlation of the indentation behaviour with the materials’ hardness and fracture
toughness. A somewhat stronger dependency is observed on the hardness compared to
the fracture toughness. This equation also suggests a more brittle behaviour will be
observed when a larger indenter is used. Spherical indentation on the WC-Co hardmetals
adapted this method [?!1. Samples were loaded with incremental indentation loads, such
that the initiation of the fracture, pc, is determined as when a quarter of the circle of a ring
crack is formed. The onset of plastic deformation is then measured by a mechanical
profilometer, when a preset value is reached for the axial displacement, the corresponding

load is py.
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Figure 6.9: (a) Indentation stress-strain curve and calculated Hertzian response for TiC-
30 vol.% cermet sintered for 60 minutes, under various testing loads, (b)
Indentation stress-strain curve of TiC-30 vol.% cermet and a 4140/4142 steel
sample, both tested with 250 N and 500 N of loads.

6.3.3 Contact Damage, Deformation and the Materials Response
It is important to study the contact damage and deformation of materials to fully

understand the indentation mechanism and response. The optical microscopy images
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presented in Figure 6.10 show the damage arising in a TiC-30 vol.% cermet, sintered for
60 minutes, with an applied load of 2000 N; the smallest (1.19 mm) and largest (3.97
mm) indenters are shown here, to provide a clear comparison. From the optical
microscopy images, the 1.19 mm indenter shows a clear impression, with numerous
radial cracks. Further characterisation was conducted using the SEM, and is shown in
Figure 6.10(c) and (d). Higher magnification images show the edge of each indent
(Figures 6.10(e) and (f)). Use of the 1.19 mm indenter generates extensive damage within
the indent, with transgranular radial cracks propagating from the edge of the indentation.
A very subtle ‘ring’ crack can be seen at the edge of the indentation site. It can be
expected that, under the same load, but with a lower binder content, a more obvious
‘ring’ crack would be generated. The 3.97 mm indenter does not show any significant
sign of cracking, but binder extrusion can be observed. The SEM images in Figure
6.10(g) and (h) show higher magnification images of the damage at the indent edge and
within the contact zone of Figure 6.10(c). The radial cracks were not propagating from
the edge of the contact as individual long cracks, but rather in a ‘tangle’ of multiple short
cracks. They propagate through the TiC grains while the steel binder ligaments remain
intact. However, the crack trajectories travelling through the steel binder phase can be
seen, providing clear evidence of the toughening effects of the ductile phase. The damage
at the centre of the contact zone shows extensive cracking of the TiC grains. Very few
intergranular cracks can be observed, suggesting a shear driven mechanism. The binder

phase is clearly extruded from between the TiC grains.
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Figure 6.10: Optical microscopy images of a TiC-30 vol.% cermet, indented with a 2000
N applied load, using a: (a) 1.19 mm, and (b) 3.96 mm indenter. (c,d) SEM
micrographs of the indents shown in (a) and (b), respectively. (e,f) Higher
magnification SEM images of the edge areas for the corresponding images for
(c) and (d), respectively; the region ‘inside’ the indent are shown in the left top
corner for both of the images. (g,h) Radial crack at the edge and at the centre
of the contact, respectively, for the TiC cermet sample shown in (c) as region
‘1’ and 2°.

Further analysis was conducted using the optical profilometer in order to determine the
indentation depth and to calculate the indentation volume of the impressions.
Representative, pseudo three-dimensional images from both the 1.19 mm and 3.97 mm
indenters are shown in Figure 6.11. It should be noted that the aspect ratio of the images
is 1:1:6 in the X:Y:Z axes, respectively, in order to give a clear indication of the
difference in depth for the Z direction. In this instance, the measured top (plane) to
bottom depth for the 1.19 mm indenter, is ~ 46.86 pm and ~14.67 um for the 3.97 mm
indenter. The correlation between the indentation depth and the applied load is shown in
Figure 6.12. The depth increased linearly with increasing load, in agreement with a

previous study 4?1,
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Figure 6.11: Pseudo colour 3D images of the indents in Figure 6.10.
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Figure 6.12: Representative curves of the indentation depth and applied load, with
various indenters.

As mentioned earlier, the peak deflections, 9, that occur during each indentation test were
recorded, therefore a comparison between the residual impression (i.e. the final
indentation depth) and the peak deflection can be undertaken. This information is
provided in Figure 6.13(a,b) for cermets sintered at 60 minutes, as a representative
example. It can be seen that the peak deflections are significantly larger than the final
residual indents; for some of the indenters it is essentially an order of magnitude higher.
This shows the majority of the material deformation is elastic, and is mostly recovered
after unloading. A small portion of the residual deformation is plastic. The indentation
depth increases with increasing binder content, as anticipated, since the fraction of high
elastic modulus TiC phase has decreased. The indent depths also exhibit an inverse
relationship with the indenter size. However, for the peak deflections, these changes are

less obvious.

According to the original Hertz theory, if the contact bodies are elastic, the deflection, 9,

is given as:

a? Equation 6.14

As an example, for a TiC-10 vol.% cermet, loaded to 250 N with a 1.98 mm indenter, the

recorded peak deflection is ~28 um and the measured ‘contact radius’ is ~109 um. If the
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contact is fully elastic, for the 1.98 mm indenter (R = 992 um), the deflection should be
~12 pum, which is less than half of the recorded value. This confirms that the material is
showing an apparent ‘elastic-plastic’ behaviour. The elastically deformed material will
try to return to the original shape, but is constrained by the plastic deformation zone, and

(301 It has been previously demonstrated

a residual stress is left within the loaded material
that the contact radius between fully loaded and fully unloaded remain virtually the same
[3043] " therefore the difference between depth is due to the elastic recovery of the material
301 A schematic representation of elastic-plastic contact with a sphere is shown in Figure
6.14. It can be seen that the difference between the total depth and the residual

impression depth is noted as an elastic displacement, /e.
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Figure 6.13: (a) The indentation depth or the ‘depth of residual impression’, 4., as a
function of binder content (cermets sintered for 60 minutes, after loading to
250 N), and (b) The peak deflection, 9, as a function of binder content (cermets
sintered for 60 minutes, after loading to 250 N).
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Figure 6.14: Schematic figure of an elastic-plastic indentation, using a spherical indenter:
hy 1s the total indentation depth, /. is the depth of the residual indents, /4. 1is the
depth with the elastic unloading, and 4, is the depth at full loading.

With the indentation depth obtained, the indentation volume for each sample was

determined. Figure 6.15 shows a comparison for the cermets sintered for 60 and 240
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minutes, loaded to 250 N. It is shown that for a fixed binder content, a smaller indenter
tends to produce a larger indentation volume. The cermets sintered for 60 minutes appear
to have smaller indentation volume at 10 and 20 vol.% of binder content, but the volume
increased dramatically with a higher binder content, and finally they have a larger indent

volume than the cermets sintered for 240 minutes.
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Figure 6.15: Indentation volume as a function of binder content for cermets sintered for:
(a) 60 minutes and (b) 240 minutes. All samples were loaded to 250 N.
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6.4 Conclusions

The current study has provided experimental data for the case of Hertzian contact
between WC-Co spheres and TiC-316-L cermets. A standard 4140/4142 steel sample was
also tested to provide a baseline. The sintered samples were characterised with SEM.
Microstructure parameters were calculated as they are important in evaluating mechanical
properties, it was found that the values were close for cermets sintered at 1550 °C for 60
and 240 minutes. After loaded with a series of indenter and load for cermets binder phase
ranging from 10 to 30 vol.%, the indented samples were examined with DIC optical
microscope, and a slight ‘pileup’ effect was found for samples subjected at high load with
high binder content. The contact radius of the residual impressions were recorded and
increased with applied load, binder content, and the size of the indenter used. Indentation
stress-strain curves of the cermets were plotted, and the Hertzian elastic responses of the
materials were also plotted for comparative purposes. The ‘quasi-plastic’ behaviour of the
cermets was categorised into three regions, when studying the indentation stress-strain
curves of the materials: (i) pseudo-elastic, (ii) elastic-plastic, and (iii) fully pseudo-
plastic. The ‘quasi-plastic’ behaviour of the cermets is due to the formation of
microcracks in the TiC grains and the plasticity of the steel binder phase. Optical
microscopy and SEM were used to observe the residual indentation sites, the cermets
shows ‘ring’ cracks at low binder content, and radial cracks propagates from the edge of
the contact. Cracks trajectories also suggested the toughening effects of the binder. An
optical profilometry system was used to quantify dimensional features of the indents.
Indentation depths were obtained from the optical profilometer and was found increases
with both binder content and applied load. Further calculations were made to assess the
residual indentation volume, which follows the same trend. The peak deflection recorded
by the extensometer and the measured residual indentation depth were compared, and
was found significant larger than the final impression depth, which indicate the material
shows elastic recovery. Peak deflection for ‘ideal’ elastic response was also calculated
and compared with the indentation depth, and confirmed the ‘quasi-plastic’ behaviour of
the current material, which is due to the microcrack formation and plasticity of the metal

binder phase.
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Abstract

TiC-based cermets are heavily utilised in applications demanding good resistance to both
wear and corrosion. In the current work, TiC-stainless steel (grade 316L) cermets have
been developed, with the TiC grain size varied through heat-treatment, for steel binder
contents between 10 and 30 vol. %. Microstructural analysis showed mean TiC grain
sizes of ~4 and 10 pum, respectively, for fine- and coarse-grained cermets, with the grain
size nominally consistent as a function of binder content. Sliding wear resistance was
assessed in a reciprocating motion, using a WC-Co counter face sphere paired against the
TiC cermets. Overall, the fine-grained cermets exhibit better wear resistance and
hardness. The specific wear rate was seen to increase with applied load and/or binder
content, for both fine- and coarse-grained materials. SEM and FIB microscopy were used
to assess the microstructural changes occurring during wear. A two- to three-body
abrasive wear transition was apparent, together with the formation of a surface tribolayer,
which highlights a further evolution to an adhesive wear mechanism. The tribolayer
showed incorporation of a high concentration of O, which increased with the applied

load, together with a predominance of the binder constituents.
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7.1 Introduction

Ceramic-metal composites, or cermets, are used in a broad variety of industries, including
chemical processing, aerospace, automotive, pulp and paper, oil and gas, etc, due to the
high wear resistance. Titanium carbide (TiC) based cermets show considerable potential
for substitution into applications where tungsten carbide-cobalt (WC-Co) based materials
are more commonly used [!*!. TiC-based cermets benefit significantly from reduced mass
and better high temperature properties, in comparison to WC-Co. Although adding the
secondary ductile phase results in a reduction of the hardness [, the improvement in
toughness and wear resistance significantly outweighs this. It is generally assumed that
the wear behaviour of cermets is a direct function of both the hardness and toughness of
the composite, and that optimum wear behaviour is obtained when both of these

properties are fully maximised -1,

In terms of specific TiC-based cermet systems, a wide variety of metallic binders have
been employed. However, only limited attention has been paid to steel variants,
particularly stainless steels. For example, 316-grade stainless steel has excellent corrosion
resistance, combined with good mechanical (i.e. tensile) properties. However, the wear
resistance is relatively poor, as the steel has a low hardness, and 316 is therefore
susceptible to many common forms of wear and contact damage, which limits use in
tribological applications [®7!. In order to enhance the wear resistance of stainless steels,
several authors have reported an improvement through the incorporation of carbide

particles, such as TiC, to form metal matrix composites 319,

The cermet microstructural features that influence the mechanical and tribological
behaviour include the metal binder content, the average carbide grain size, the binder
mean free path (i.e. the thickness of the binder ligaments) and the contiguity of the
carbide grains '!l. Decreasing either the binder content or the carbide grain size typically
increases the hardness of the cermet; an increase in hardness is invariably accompanied
by decrease in bulk fracture toughness 1215, For instance, it has been shown that carbide
size influences the abrasive and erosive wear rate and, when comparing an equivalent

carbide volume fraction of fine- and coarse-grained particles, cermets prepared with fine-
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grained carbide particles provide superior wear resistance, as the binder mean free path is

decreased [3-%10:16]

To date, studies of the effects of grain size on the wear behaviour of cermets have

ILI7-24] Typically, an improvement in hardness and

primarily been conducted on WC-Co !
wear resistance with a decrease of the carbide grain size and Co binder content is
observed, while the fracture toughness invariably shows the opposite trend [1:17-22231 If
the carbide size is decreased for a fixed binder content, the binder mean free path is also
reduced, resulting in greater constraint against deformation, increased hardness and a
reduced tendency for binder phase extrusion. These features invariably result in an
increase in the wear resistance. Conversely, an improvement in fracture toughness with
increased in carbide grain size or binder mean free path is attributed to a decrease in the
constraint that limits plastic deformation of the metallic binder ahead of the propagating

crack [11,18,19].

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

grained TiC, with the stainless steel binder content varied from 10 to 30 vol. %.

7.2 Experimental Procedure

7.2.1 Sample Preparation
The TiC powder was obtained from Pacific Particulate Materials Ltd. (Vancouver, BC,
Canada), and had a mean particle size of ~1.25 um [?°!. The 316L stainless steel used for
the binder was sourced in powder form from Alfa Aeser (Ward Hill, MA, USA), with a
nominal particle size of -100 mesh. Disk-shaped TiC pellets (~31.75 mm diameter by ~4
mm thick) were first prepared by uniaxial pressing at ~35 MPa, then vacuum bagged, and

subsequently compacted by cold isostatic pressing at ~220 MPa. Following compaction,
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the TiC disks were weighed and a pre-determined amount of 316L stainless steel was
added on top of the pellet. This approach allows control of the steel binder volume
fraction, which was varied from 10 to 30 vol. %. The TiC preforms and steel powder
were held in a closed alumina crucible on bubble alumina during melt infiltration. Two
different vacuum heat-treatment cycles were developed in order to produce the fine- or
coarse-grained microstructures. For the fine-grained cermets melt infiltration was
performed at 1475°C for 15 minutes, while for the coarse-grained materials it was
conducted at 1550°C for 240 minutes. The heating cycle was performed under a dynamic
vacuum (better than 20 milliTorr), inside a graphite resistance furnace (Materials
Research Furnaces, Suncook, NH, USA). The nominal heating and cooling rates were

10°C/min and 25°C/min, respectively.

7.2.2 Materials Characterisation Procedure

Following melt-infiltration, the densities of the TiC-316L cermets were determined in
water using the immersion method. The cermets were initially diamond ground, and then
polished to a 0.25 pum surface finish using diamond paste. Microstructure assessment was
conducted using a field emission scanning electron microscope (SEM; Model S-4700,
Hitachi High Technologies, Tokyo, Japan), with chemical analysis performed in the SEM
using energy dispersive X-ray spectroscopy (EDS; Model X-Max/Inca, Oxford
Instruments, Concord, MA, USA).

The TiC grain size, d., was determined using the linear intercept method 2, from digital
SEM images, with ~300 grains measured for each compositional/grain size variant. In
addition, the contiguity, C, and binder mean free path length (or binder intercept
distance), dp, were calculated from these micrographs. The contiguity is a measure of the
ratio of carbide-carbide to carbide-binder interfaces, and was determined following ?7!;

C - 2N_,, Equation 7.1
2N('f(' + N('/b

where N.. and N.» are the number of carbide/carbide (TiC/TiC) and carbide/binder
(TiC/316L) interfaces that are intercepted per unit length, respectively. Based on the
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contiguity and grain size information, the binder mean free path can then be determined

following 1*71;

Equation 7.2

where V, and V. are the respective volume fractions of 316L binder and TiC. The
hardness of the densified cermets was determined using Vickers indentation (Model V-
100A, Leco Corporation, St. Joseph, MI, USA), with a 1 kg load used in order to avoid
sample cracking at the corners of the indenter; a minimum of 6 indentations were made

for each composition.

7.2.3 Wear Testing and Evaluation
The reciprocating wear response of the cermets was assessed using a universal micro
tribometer (Model UMT-1, Bruker Corp., Campbell, CA, USA), with a 6.35 mm
diameter WC-Co counter-face sphere (Grade 25 with 6 wt. % Co (~10.2 vol.% Co),
subsequently referred to as WC-6Co; McMaster-Carr, Aurora, OH, USA) sliding against
a flat test sample in a reciprocating motion. The use of WC-6Co presents an aggressive
counter face pairing, resulting in measurable specific wear rates for these wear resistant
materials, and allows comparison with a variety of other studies also using WC-Co as the
pairing material. A fixed stroke length of 5.03 mm was utilised, oscillating at a frequency
of 20 Hz; the sliding geometry was selected to mimic a number of industrial applications,
for example the coatings used in aircraft landing gear components (as replacement for
hard chromium plating) and wing flap tracks. Wear testing was performed at room
temperature (21 + 2°C), under a relative humidity of 40-55%. Applied loads of 20 to 80 N
were used for the reciprocating tests, held for a period of two hours; this results in a total
sliding distance of ~1.45 km. Further details regarding the wear testing procedure are
outlined in previous publications [?®?°, The wear tracks were examined using optical

profilometry (Model PS50 Optical Profilometer, Nanovea, Irvine, CA) to quantify the
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volume of material removed. Based on the volumetric wear loss, the specific wear rate, £,

was then determined following the basic Lancaster relationship %

e v Equation 7.3
PD
where V is the volume of material removed (in mm?), P is the applied load (in N), and D
is the total sliding distance (in m). While single tests were performed in the present work,
a separate study using the same wear testing system and counter face material showed a
maximum standard deviation of ~25 % for sets of three repetitions [*!l. SEM/EDS was
then used to assess microstructural features of the wear tracks and related wear debris,
along with the WC-6Co counter face sphere. Localised, sub-surface damage was
examined by micro-machining using a focused ion beam microscope (FIB; Model FB-
2000A, Hitachi High Technologies, Tokyo, Japan). In this instance a tungsten protective
strip is first deposited next to the area of interest, and then the adjacent surface region is
milled using gallium ions (30 kV accelerating voltage) within the FIB. This allows
subsequent examination of the immediate sub-surface region within the SEM, with the

FIBed samples viewed at 30° tilt relative to the original FIB orientation.

7.3 Results and Discussion

7.3.1 Densification, Microstructure and Hardness of the Composites
Using melt-infiltration, the cermets were invariably sintered to greater than 99 % of
theoretical density (Figure 7.1). In this instance the values determined for the theoretical
densities were based on a simple rule-of-mixtures for the initial component phases. It is
apparent that some densities appear to exceed 100 % of theoretical. This is likely due to
compositional modification during sintering, which would slightly change the theoretical
density. The apparent decrease in density for the coarse-grained cermets is due to a
combination of compositional change and volatilisation losses (up to ~1.5 wt.% for the
highest binder contents in the present samples); these general aspects are discussed in

more detail in a recent paper focusing on microstructural instability in similar TiC-316L
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cermets [*?1. Typical SEM images of the TiC-316L cermets, as a function of both binder
content and carbide grain size (i.e. fine- and coarse-grained), are shown in Figure 7.2, and
confirm the high sintered densities. The microstructure for both the fine- and coarse-
grained cermets is characteristically uniform, with no evidence for abnormal growth of
the TiC grains. The homogeneous distribution of the TiC particles within the steel binder
helps to ensure isotropic mechanical properties and uniform distribution of stresses in the
sintered cermets 1. It is apparent from Figure 7.2 that sintering at 1475°C for 15 minutes
results in a relatively complex, non-equilibrium grain morphology (i.e. a clear deviation
from moderately spheroid grains), with irregular shapes and even hollow ‘O’ and ‘C’-
shaped grains. This deviation from nominally spherical TiC grains will result in a higher
interfacial area between the carbide and binder phases when processing under such

conditions.
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Figure 7.1: The measured densities of the fine- and coarse-grained TiC-316L cermets, as
a function of the binder content (theoretical densities were estimated using a
simple rule-of-mixtures for the constituent phases).
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Figure 7.2: Representative SEM images of fine- and coarse-grained TiC-316L cermets
prepared with: (a) 10 vol. %/fine, (b) 10 vol. %/coarse (c) 20 vol. %/fine, (a)
20 vol. %/coarse, (e) 30 vol. %/fine, and (f) 30 vol. %/coarse.

181



The average grain size, contiguity and binder mean free path of both the fine- and coarse-
grained cermets are presented in Figure 7.3. The grain size is largely independent of
binder content (Figure 7.3 (a)), with only a slight decrease seen with increasing binder
content. This is broadly similar to observations with other TiC-based cermet systems, and
highlights the likelihood of an interface-controlled grain growth response *3!, where the
rate-limiting step is transport of Ti and C across the interface between the metallic binder
and the TiC, rather than diffusion through the steel melt. As can be seen from Figure 7.3
(b), the contiguity decreases with increasing binder content, which is similar to the results
of prior studies [*¥. It is apparent for the coarse-grained cermets that the mean free path
length increases with binder content (Figure 7.3 (a)), in agreement with prior studies on
TiC-based cermets 3. However, for the fine-grained cermets the behaviour is more
complex, actually showing a slight reduction in mean free path for the 20 vol. % 316L
samples, in comparison to 10 and 30 vol. %. This response is not fully understood,
however it is clear from Figure 7.2 that sintering at 1475°C for 15 minutes results in a
relatively complex, non-equilibrium grain morphology (i.e. a clear deviation from
moderately spheroid grains). As a consequence, this deviation from a nominally spherical
morphology will result in a higher interfacial area between the carbide and binder phases
when processing under such conditions, which likely leads to the anomalous mean free

path data presented in Figure 7.3 (b).
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Figure 7.3: The variation of microstructural parameters as a function of binder content,
for both fine- and coarse-grained TiC-316L cermets: (a) mean grain size, (b)
contiguity, and (c) binder mean free path.

Image analysis measurements of the binder volume fractions showed a consistently lower
binder content when compared to the nominal starting compositions for the coarse-
grained cermets (Figure 7.4), confirming some potential volatilisation of the steel binder.
Typically the discrepancy was small, with the main exception to this trend being the
coarse-grained TiC-30 vol.% 316L cermets, where the mean binder volume fraction was
determined to be 25.6 = 1.9 vol.% (the average of 20 repeat measurements). More
detailed SEM examination, using back scattered electron imaging and EDS analysis
demonstrated the presence of a core-rim structure for these materials *?!; in this instance
the grains possessed a TiC core, surrounded by a rim invariably containing some Mo, Cr
and W (an impurity from the TiC powder), in addition to the primary Ti and C. Such
core-rim structures are common in TiC and related Ti(C,N) cermets, especially when Mo
is present in some form. The 316L steel is therefore effectively depleted of these
elemental species (Mo and Cr), so that the measured TiC volume fraction is increased
(now a (Ti,Mo,Cr,W)C alloy in the rim) and there is a concurrent reduction in the (higher

density) steel content. As a consequence, the theoretical density is effectively reduced.
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The steel binder volatilisation, combined with core-rim formation, therefore results in a
decrease in the actual theoretical density, resulting in the discrepancy noted in Figure

7.1(based on a simple rule-of-mixtures value for the theoretical density).

%]
th
=]

Q S I I
= F | =4 Fine
g 30.0 | =-m == Coarse 1.
- u®
2, 0f
3 25.0F el
c . e
S i Ll
o 20.0F o
-E i It
= 150} i z
e =] [ e
2 - .ll-"
5 10.0F -8
3 - ,
] L
=) L
= sof
0 5 10 15 20 25 30 35

Binder content (vol. %)

Figure 7.4: The measured area fractions of 316L binder, as function of the initial cermet
binder contents during melt-infiltration processing. Each data point was
determined from 20 individual image analyses on digitised micrographs.

Vickers hardness measurements for both the fine- and coarse-grained TiC-316L cermets
are shown in Figure 7.5, highlighting the superior hardness of the fine-grained cermets.
The hardness of the composite is seen to decrease with increasing binder content for both
the fine- and coarse-grained materials. This observation is in agreement with our prior
studies, examining a TiC-304L cermet system 281 and is related to the relative elastic
moduli of the individual constituents (TiC: ~439 GPa and 316L: ~193 GPa). The reason
for the improved hardness, as the grain size is reduced, is attributed to the decrease in the
thickness of the binder phase ligaments (Figure 7.3(c)). Consequently, the movement of
dislocations within the binder phase is hindered due to the reduced ligament dimensions,
in a manner similar to the Hall-Petch response for polycrystalline metals; in this instance
the ligament widths effectively represent the functional 316L ‘grain size’ between TiC

crystals.
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Figure 7.5: The hardness of fine- and coarse-grained TiC-316L cermets as a function of
steel binder content (measured with a 1 kg load).

7.3.2 Reciprocating Wear Testing
Typical dynamic coefficient of friction (COF) curves for selected samples are shown in
Figure 7.6. Generally, although not always, the curves show a decreasing COF with
increasing applied load. There is invariably an initial transition period, typically lasting
15 to 30 minutes, where the COF is relatively unstable, after which the COF tends to
stabilise. These initial instabilities likely mark changes in the wear mechanisms, which
are discussed in more detail in subsequent sections. Figure 7.7 presents the variation in
the COF of the fine- and coarse-grained cermets with the applied load (determined after
120 minutes of dry sliding). It can be seen that the COF for all the fine- and coarse-
grained cermets evaluated ranges from 0.25 - 0.42, which is broadly similar to the COF

values recorded for a comparable TiC-304L cermet examined in an earlier study 2],
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Figure 7.6: Typical examples of the dynamic COF curves obtained for the TiC-316L
cermets: (a) 20 vol.% 316L/fine, and (b) 30 vol.% 316L/coarse.
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Figure 7.7: The COF for the TiC-stainless steel cermets after 120 minutes of dry sliding,
as a function of the applied load and steel binder content: (a) fine- and (b)
coarse-grained.

Looking critically at Figure 7.6 and Figure 7.7, it can be seen that the COF shows a slight
dependence on applied load, broadly decreasing with increasing load. This slight

variation of COF could depict that the wear mechanism may be gradually changing from
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an initially two-body to a three-body abrasive wear scenario, which slightly lowers the
COF. The transitions between 60 N and 80 N load may relate to the formation of a
tribolayer (these microstructural features are discussed in more detail in the following
section (3.3 Microstructural Development Following Wear Testing)). With an increase in
friction between the TiC cermet and WC-Co counter face sphere, the degree of frictional
heating can be expected to rise, resulting in a small temperature increase; previous work
highlighted such increases to typically be up to ~100°C ?°!. Comparing the COF of fine-
and coarse-grained cermets, there is no clear dependence on the TiC grain size. This
observation is in general agreement other studied cermet systems >**. A slight increase
in COF with binder content is apparent for both the fine- and coarse-grained cermets,
inferring that the steel volume fraction plays some role in the measured COF. Previous
studies have documented moderately high COF values for stainless steels under dry
sliding conditions. For example, O’Donnell, in comparing the wear performance of
carburized and un-carburized 316L stainless, reported a COF of 0.58 to 0.61 for an
untreated 316L stainless steel dry sliding against a WC sphere °. In that case the applied
load was 5 N, although severe adhesive/abrasive wear was reported, with a specific wear
rate of 4.25 x 10** mm>*/Nm 11, Similarly, Dogan and colleagues reported a mean COF of
0.679 for 316L stainless steel, dry sliding against an Al,Os counter sphere under a
relatively conservative load of IN ¢, The range of COF values observed for the present
TiC-316L cermets is comparable with other TiC-based cermet systems recently studied.
For instance, in our previous publications, we reported a COF of 0.2 to 0.36 for TiC-
304L cermets sliding against an identical WC-6Co sphere to the present work 28],
Buchholz and colleagues reported a mean COF of ~0.32 to 0.35 for TiC cermets,
prepared by melt-infiltration with between 20 and 40 vol. % NizAl (alloy IC50) binder,
sliding against an identical WC-6Co sphere *7!. Interestingly, similar TiC-NizAl and
Ti(C,N)-NisAl cermets prepared through a reaction sintering method, rather than melt
infiltration, exhibited somewhat higher COF values around 0.5 ). It was shown in that
work that the recorded steady state COF was essentially independent of both the ceramic
phase composition and the volume fraction of the binder phase, contrary to the present

study with a steel binder.
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Figure 7.8 presents the variation of specific wear rate, as a function of both the applied
load and steel binder content, for both fine- and coarse-grained TiC-316L cermets. At the
lowest loads (i.e. 20 N), the specific wear rates are consistent for all the compositions and
binder contents (at ~5 x 10”7 mm*/Nm). However, the specific wear rate is then seen to
increase with either increasing binder content or applied load. It should be noted that the
specific wear rate is normalised by the load (units of mm?/Nm), and might be expected to
be invariant with applied load if the same mechanism operates across the entire load
range. Consequently, the increasing specific wear rate as a function of applied load
indicates the likelihood of changes arising in the operative wear mechanism(s), which are
discussed in more detail in Section 3.5: Wear Mechanisms. The response shown in Figure
7.8 infers that the specific wear rate is dependent on the TiC content (and consequently
the steel binder volume fraction), and hence has a nominally linear dependence with
hardness (Figure 7.5); similar observations on the effects of TiC content were also
reported in our previous studies on a TiC-304L ?®). Figure 7.8 demonstrates that for the
lowest binder content (i.e. 10 vol. %) the response of the fine- and coarse-grained cermets
is quite similar, showing comparable specific wear rates, and a gradual increase with
increasing load in each case. However, for the higher binder contents the behaviour
deviates considerably, demonstrating the influence of the softer, ductile metallic phase on
the wear response. Firstly, the extent of increase in the specific wear rates is greater with
each stepped increase in binder content. Secondly, at the highest applied loads, the fine-
grained cermets have clearly lower specific wear rates than the coarse-grained

equivalents, typically by a factor of ~2.
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Figure 7.8: Comparison of the specific wear rate of the fine- and coarse-grained TiC-
316L stainless steel cermets as a function of applied load, for: (a) 10 vol.%
binder, (b) 20 vol.% binder, and (c) 30 vol.% binder.

When the TiC cermet and WC-Co counter-face sphere are brought into sliding contact
initially, the soft ductile steel metal binder between TiC particles can be anticipated to
undergo plastic deformation under the Hertzian contact stress. At the lowest loads this
effect is relatively small, but increases significantly with applied load. The deformed steel
metal binder is then extruded under compression. This binder extrusion can be
anticipated to be easier in the coarse-grained structures, where the binder mean free path
(and hence ligament dimension) is greater. Then micro-cracking, fragmentation, and/or
pull-out of the TiC particles occurs; the extent of this response increases with several
variables, notably applied load, steel binder content and/or TiC grain size. The degree of
deformation/damage is reduced in severity as both the size of the TiC grains and the steel
binder content are reduced. For the higher TiC contents, and at low loads, deformation of
the binder and associated material removal is minimised by the high TiC grain contiguity.
In this instance, there is an extensive, contacting network of the high modulus ceramic
particles, which can resist the Hertzian contact loading, minimising the binder extrusion.

In terms of the microstructure of the cermets, it is apparent that the wear resistance
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increases with increasing contiguity, but decreases with an increasing binder mean free
path. Hence, the improvement of the wear resistance (i.e. lower specific wear rate) and
hardness for the fine-grained cermets over the coarse-grained cermets, at constant 316L
content, is attributed to the decrease in the binder mean free path. This leads to greater
constraint of the binder ligaments against deformation, due to the higher contact area
between the high modulus TiC grains, and a reduced tendency for steel binder phase
extrusion, making shear and associated dislocation motion more difficult %!, It can also
be expected that this will promote a greater degree of dislocation pile-up during
deformation, due to the reduced ligament dimension, effectively increasing the yield
strength of the binder. Although the test geometry and conditions are slightly different for
the present study, comparing the data presented in Figure 7.8 with reported specific wear
rates for 316L in dry sliding against a similar WC sphere (i.e. 4.25 x 10* mm?*Nm 3
and 8.20 x 10 mm?*/Nm 7)), it is seen that the TiC-316L cermets exhibit a roughly three

orders of magnitude decrease in the specific wear rate over the steel alone.

When comparing the specific wear rates determined in the present work to other cermets,
it can be seen that the current materials compare favourably. For instance, Juhani et a/
examined the dry abrasive wear of fine-grained Cr3C>-Ni cermets using a block-on-disc
geometry at 20 N load, with the cermets sliding against an abrasive Al>O3 wheel %),
They reported a specific wear rate of 2.6 x 10 mm?/Nm, rising to 7.4 x 10 mm?/Nm,
for Ni binder contents varied from 10 to 30 wt.%, which are much higher values than
observed in the present work. Similarly, Pirso and colleagues determined the dry abrasive
wear of Cr3Cz-Ni, TiC-NiMo and WC-Co cermets using the identical test geometry and
condition similar to Juhani et al., and reported specific wear rates for WC-Co from ~5 x
10”7 mm*/Nm (10 vol. % Co), increasing up to ~80 x 107 mm?*/Nm (31.5 vol. % Co) 1],
For the Cr3C»-Ni cermets they reported specific wear rates ranging from ~8 x 107
mm>*/Nm to ~95 x 107 mm?/Nm, with the respective Ni content increasing from 7.6 to
24.5 vol.% 1. Bonny and co-workers examined a variety of WC-Co based materials, dry
sliding against a WC-6Co counter face, using a pin-on-disk geometry (4%l They
recorded typical specific wear rates from 0.2 to 4.5 x 107 mm*/Nm. It is apparent from
these prior studies that both the fine- and coarse-grained cermets developed in the present

work compare favourably with these other cermet systems.
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7.3.3 Microstructural Development Following Wear Testing
Typical SEM images of the edges of wear tracks for the fine- and coarse-grained cermets
are presented in Figure 7.9. There is a minimal amount of build-up of ploughed material
apparent around the edges or ends of the wear tracks, while the presence of a tribolayer is
also noted. Two-body wear may be associated with ploughing deformation of the
material [*!1. In addition, uplift and material deposition can occur at the wear track edges
(411" which can be observed as pronounced ridges around the wear track. Material
deposited at the wear track ends indicates two-body wear, while the absence of any
significantly raised ‘lip’ on the wear track would indicate a three-body wear mechanism.
These wear modes indicate abrasive wear is occurring in the cermets. However, the
added formation of a tribolayer highlights a mode of tribo-chemical, or adhesive, wear.
The wear process is initially two-body in character, with the fine- or coarse-grained
cermet sliding against the counter-face. This leads to debris formation between the
surfaces, as binder is extruded out from between the carbide grains, and the grains
themselves crack and fragment under the high Hertzian contact stress; this process can be
anticipated for both of the materials in the tribo-couple due to their high elastic moduli.
There is consequently a mechanism transition from two- to three-body wear, with the

wear debris creating the third body.

The tribolayer forms through continued cyclic loading, as the third body particles are
rolled back and forth between the tribo-pair surfaces. Severe mechanical attrition arises,
and there is significant refinement in the third-body particle size, which eventually forms
a homogeneous thin film in the wear track. As the wear process and loading continue, the
small fragments of TiC and WC particles are then embedded within the mix of extruded
binder, and become part of the tribolayer. Compositional analysis of the tribolayer is
discussed in the following section (3.4 Characterization of the Tribolayer and Sub-
surface Damage). 1t is clear that the wear behaviour of these cermets is rather complex;
previous studies have indicated that the wear of cermets is initiated by the removal and
extrusion of the ductile binder phase, followed by plastic deformation, grain

fragmentation and micro-abrasion [!1:18:41],
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Figure 7.9: SEM images of the ends of the wear track formed on the fine- and coarse-
grained TiC-30 vol. % 316L after testing using 20N and 80 load for 2 hours
duration; the sliding direction is shown for all images. (a) fine-grained/20 N
load, (b) coarse-grained/20N load, (c) fine-grained/80N load, and (d) coarse-
grained/80 load. The unworn region is present on the right hand side of each
image (c.f. the as-fabricated material presented in Figure 7.2).

When examining the evolution in the microstructure at higher magnification several
features can be seen, especially when looking at the coarse-grained cermets. Figure 7.10
to Figure 7.12 track the effects of increasing load on the wear track structure for a single
composition (coarse-grained TiC with 20 vol.% 316L binder). Figure 7.10 shows the end
of a wear track, developed under the lowest applied load (i.e. 20 N). While the majority
of TiC grains are retained, there is some initial evidence for damage occurring in these

grains. It is also apparent that much of the 316L steel binder has been removed from
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between the TiC grains, and a tribolayer is beginning to be generated. The tribolayer
itself is deposited between the TiC grains, and laminar cracks are apparent in the
tribolayer, highlighting its brittle nature. As the applied load is increased, the extent of
tribolayer formation also increases, as shown in Figure 7.11. Here large areas of
tribolayer are observed to have spalled away (particularly on the left hand side of Figure
7.11 (a)), leaving a rough surface with isolated, exposed TiC grains (Figure 7.11 (b)). At
the highest load, the wear track ends are largely covered by the tribolayer (Figure 7.12).
The tribolayer will continue to fail through spalling, but in this instance this region is still
largely intact (Figure 7.12 (a)). Isolated TiC grains are still visible in the tribolayer, along
with some imbedded TiC grain fragments, and there is significant crack formation
perpendicular to the sliding direction (Figure 7.12 (b)). Clearly, with continued sliding
some of the regions of tribolayer will ultimately spall off and be ejected from the wear

couple as fine debris.

LAY ~t‘, %

10.0kV 9.9mm x500 SE(U)

Figure 7.10: (a) SEM image of the end of the wear track of a coarse-grained cermet, with
20 vol.% 316L binder, tested under an applied load of 20 N for 2 hours (sliding
direction is shown by the arrow, with the unworn region on the right hand side
of the image). (b) Inset region of (a), adjacent to the end of the wear track,
highlighting the initial formation of the tribolayer, and laminar cracks being
generated perpendicular to the sliding direction (arrowed).
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Figure 7.11: (a) SEM image near the end of the wear track of a coarse-grained cermet,
with 20 vol.% 316L binder, tested under an applied load of 40 N for 2 hours
(sliding direction is shown by the arrow). (b) Inset region of (a), highlighting
considerable spalling.
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Figure 7.12: (a) SEM image of the end of the wear track of a coarse-grained cermet, with
20 vol.% 316L binder, tested under an applied load of 80 N for 2 hours (sliding
direction is shown by the arrow). Note that the surface was largely covered by
the tribolayer, w which is still mostly intact. (b) Inset region of (a),
highlighting significant tribolayer cracking perpendicular to the sliding
diraction. Note that there are some TiC grains that can still be clearly observed
within the tribolayer (arrowed), as well as some grain fragments.

SEM micrographs of representative third body wear debris examples, generated for both
the fine- and coarse-grained TiC-20 vol.% 316L cermets, at 20 N and 40 N loads,
respectively, are presented in Figure 7.13; these particles are recovered material that was
ejected from the wear track during testing. As the wear process proceeds, it would be

expected that there is increasing extrusion of the metallic binder phase, micro-cracking
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and fragmentation of the TiC particles, and an increasing degree of tribolayer formation.
This layer is then removed from the surface periodically through spallation (the tribolayer
exhibits brittle characteristics, as noted previously), potentially taking some of the
damaged sub-surface cermet material with it, creating exposed damage regions on the
surface. In other words, the entrapped debris particles produce further damage on both
surfaces in a three-body scenario, and the debris itself undergoes further fragmentation
during sliding, resulting in the formation of fine particles even at lower loads. At the
higher load the wear debris appears coarser, and exhibits a ‘plate-like’ morphology. This
is likely to be the result of successive adhesion and transfer of relatively round debris,
composed of material from both sliding surfaces (observed at lower load), which

ultimately forms part of the tribolayer and is then released by spallation.
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Figure 7.13: Representative SEM micrographs of the wear debris recovered after testing
both fine- and coarse-grained TiC-20 vol. % 316L. (a) coarse-grained/20 N
load, and (b) fine-grained/40 N load.

7.3.4 Characterization of the Tribolayer and Sub-surface Damage
To further understand the wear mechanisms of the fine- and coarse-grained TiC-316L
cermets, tribolayer compositional analysis was conducted in the SEM using EDS, while
examples of the tribolayer were also micro-sectioned using the FIB. Figure 7.14 presents
representative SEM EDS images, and the associated elemental maps, recorded at the

edges of wear tracks for the current cermets; both samples were tested at an applied load
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of 80 N. In each case, a significant portion of the wear track exhibits tribolayer build up.
Table 7.1 and Table 7.2 present typical mean EDS compositions for the fine- and coarse-
grained cermets respectively, for both 20 N and 80 N applied loads. These examples
confirm that a O forms a major chemical component within the tribolayer, which is likely
to be in the form of oxides associated with the steel binder constituents (i.e. Fe, Cr, Ni
and Mo), as well as Ti from the TiC, and trace W and Co arising from the counter face
material. Tribolayer formation increases with load, forming through continued
mechanical attrition and refinement of the third body particles. Consequently, fresh
surfaces are constantly being created, which results in repeated passivation of the
exposed surfaces and an increasing O incorporation. The EDS chemical analyses of the
tribolayers presented in Table 7.1 and Table 7.2confirm that the oxygen content increases
with applied load, indicating that the scale of the tribolayer is being refined (i.e. smaller

particles with a higher surface area).

As noted earlier, it is possible to examine the near sub-surface region of the wear tracks
by sectioning through the tribolayer with Ga ions in the FIB microscope. With this
approach a variety of features can be observed in terms of the wear behaviour, both
within and below the tribolayer, through subsequent examination in the SEM; the sample
tilt in the SEM 1is 30° for all of the FIB prepared images that are presented. Figure 7.15
shows a sequence of images at increasing magnification, following micro-sectioning
within an intact region of tribolayer (Figure 7.15 (a)). At higher magnification it is
apparent that the tribolayer is relatively thick (Figure 7.15 (b)); taking in to account the
tilt angle, the thickness can be estimated to be ~6 to 8 um. The tribolayer itself is highly
damaged, showing a significant concentration of fine scale cracks (Figure 7.15 (c)), and
confirming the “composite” nature alluded to earlier, with TiC grain fragments mixed in

to the layer.

Figure 7.16 highlights a region where the tribolayer has largely spalled away, leaving the
rough cermet microstructure fully exposed. Just below the surface both the TiC grains
and the 316L binder are still present (Figure 7.16 (b)), while at higher magnification it is
apparent that cracking and failure is occurring at the interface between the TiC grains and
the steel binder (Figure 7.16 (c)). There is even clear evidence of crack propagation

through the steel binder itself, between the TiC grains. Here the ligament dimension is
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extremely thin, and it can be anticipated that the local Hertzian stress has exceeded the
yield stress of the 316L, which likely has become more brittle through dislocation pile-up
due to the small dimensions. In Figure 7.17, a FIB section has been taken right at the
edge of the wear track, where both retained tribolayer and unworn material are present. In
the boxed area to the left hand side of Figure 7.17 (a), a heavily fragmented TiC grain is
present below the tribolayer (Figure 7.17 (b)). There is extensive cracking within this
grain, which is most probably only retained while there is still tribolayer present to hold
the fragments in place. The boxed area on the right hand side of Figure 7.17 (a) shows
two TiC grains in very close proximity, where shear between the grains has occurred

under the Hertzian contact loading, resulting in a crack being generated between them.
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Figure 7.14: EDS SEM images and associated elemental maps of the ends of the wear
tracks for both fine- and coarse-grained TiC- 30 vol. % 316L cermets,
following wear testing (80N applied load for 2 hours) for: (a) fine-grained, and
(b) coarse-grained microstructures. Note that the unworn region of the cermet
is shown on the right hand side of both SEM images (c.f. the as-fabricated
materials presented in Figure 7.2).
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Table 7.1: Typical tribolayer compositions determined using EDS analysis, for the fine-
grained TiC-20 vol. % 316L cermets, after sliding for 2 hours, under 20 and 80

N loads.
Element Load

(KLM line) | 20N 80N
C(K) 11.46 7.02
O(K) 22.44 31.92
Ti(K) 43.99 35.32
Cr(K) 3.11 3.84
Fe(L) 14.83 15.93
Ni(L) 1.58 2.06
Mo(L) 0.15 0.50
W(M) 2.23 3.18

Table 7.2: Typical tribolayer compositions determined using EDS analysis, for the
coarse-grained TiC-20 vol. % 316L cermets, after sliding for 2 hours, under 20

and 80 N loads.
Element Load

(KLM line) | 20N 80 N
C(K) 11.63 9.48
O(K) 21.23 26.12
Ti(K) 51.52 42.54
Cr(K) 1.71 2.62
Fe(L) 9.42 13.85
Ni(L) 1.31 2.38
Mo(L) 0.16 0.28
W(M) 2.79 241
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(©)

Figure 7.15: SEM images of a FIB micro-section through the tribolayer of a TiC-30
vol.% 316L cermet (fine-grained), tested under an applied load of 80 N for 2
hours. (a) Overview of the micro-machined area of the tribolayer. (b) Image of
the full FIB cut through th through the tribolayer. (c) Higher magnification
image of the inset area from (b), highlighting cracking of the brittle tribolayer
(arrowed).
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Figure 7.16: SEM images of a FIB micro-section through the tribolayer of a TiC-10
vol.% 316L cermet (fine-grained), tested under an applied load of 80 N for 2
hours. (a) Overview of the micro-machined area of the tribolayer, showing
significant spalling of the tribolayer surface. (b) Image of the full FIB cut
through the tribolayer. (c) Higher magnification image of the inset area in (b),
highlighting sub-surface cracks occurring between the TiC grains and the
narrow 316L steel ligaments (arrowed).
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Figure 7.17: SEM images of a FIB micro-section at the edge of the tribolayer/unworn
material for a TiC-10 vol.% 316L cermet (fine-grained), tested under an
applied load of 80 N for 2 hours. (a) Image of the full FIB cut through the
tribolayer/undeformed cermet. (b) Higher magnification image of inset area #1
in (a), highlighting extensive sub-surface cracking occurring in a TiC grain. (c)
Higher magnification image of inset area #2 in (a), highlighting cracking
occurring between two TiC grains (arrowed), and indicating likely shear
deformation.

7.3.5 Wear Mechanisms
Through assessment of the wear behaviour and the resulting response in terms of the
microstructural evolution of the TiC-316L cermets, it is apparent that the wear

mechanisms are moderately complex in the present materials. Initially, two-body abrasive
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wear occurs, with the WC-6Co sphere contacting directly on the surface of the TiC
cermet. However, it is evident that that there is a fairly rapid transition from two-body
abrasive wear to a predominantly three-body abrasive wear mechanism. This arises
through binder extrusion from the surface, under the high Hertzian contact load, and
subsequent TiC grain fragmentation when the surrounding constraint is reduced or
removed. This extent of this behavior is increased through increasing the applied load,
the steel binder content and/or the TiC grain size, as demonstrated by the increasing

specific wear rates.

In terms of the mechanism transitions, eventually there is an associated adhesive
component to the wear response, as evidenced through the formation of a tribolayer. The
generation of a highly homogeneous tribolayer arises from continued attrition of the
third-body wear debris, which constantly incorporates O into its structure as new surfaces
are exposed through fracture. Ultimately the tribolayer has a high O content, and is
essentially brittle in nature; several examples of regions of spalled tribolayer are
apparent, especially near the wear track ends. The degree of binder extrusion is more
severe for the coarse-grained cermets, relative to the finer-grained structures, although
the underlying mechanisms are broadly the same; the fine-grained materials typically
exhibit specific wear rates approximately half those of the coarse-grained materials at the
highest loads, combined with thinner tribolayers. Both the fine- and coarse-grained
cermets show an improvement in the wear resistance with an increase in the TiC content,
which is in agreement with a number of previous wear studies on TiC based cermets
[1.102734] 'Duye to the lessened binder extrusion and fragmentation phenomena, the fine-
grained cermets showed superior wear resistance relative to their coarse-grained

counterparts, which mirrors observations in related studies on WC-Co materials [!7-2223],

As noted earlier, the observed transitions in wear mechanism, from two-body to three-
body, and then to adhesive wear correspond with the observed increases in specific wear
rate as a function of load (rather than a specific wear rate that is independent of load).
The extent of this load dependency increases with both the steel binder content and the
TiC grain size (as demonstrated by the increasing gradients of the specific wear rate
curves in Figure 7.8), and it can be expected that the ease of binder extrusion and TiC

grain fracture will increase in a similar manner for these materials. It is also apparent

207



from Figure 7.8 that the lowest dependency of specific wear rate on load occurs with the

finer-grained cermets, particularly those with the lower binder contents. In this instance

the refined microstructure is more resistant to both binder extrusion and TiC grain

fragmentation (under identical Hertzian loads), particularly at the highest applied loads,

where the extent of wear is most severe.

7.4 Conclusions

In the present work, a simple melt-infiltration technique has been employed to develop

high-density fine- and coarse-grained TiC-316L cermets. The dry sliding wear response

of these materials has been assessed under reciprocating conditions, and the resulting

effects of wear testing on the microstructure have been evaluated. The following

conclusions can be drawn:

(D

)

3)

The fine- and coarse-grained TiC cermets showed improvement in hardness with a
decrease in the 316L binder content, as the lower modulus steel is replaced with TiC.
In comparing the two sets of cermets, the fine-grained cermets had a higher hardness
overall, which likely arises from a reduced binder ligament dimension for the fine-
grained materials, and the greater tendency towards dislocation pile-up and an

associated increase in the yield stress.

The fine-grained cermets also exhibited superior wear resistance to the coarse-
grained materials (i.e. lower specific wear rates), for an equivalent binder content
and applied load. The specific wear rate for both fine- and coarse-grained cermets
increases with load and 316L binder content. Binder extrusion and TiC grain
fragmentation arise during the sliding wear process, indicating a transition from an

initially two-body abrasive wear mechanism to one involving three-body wear.

A tribolayer is also generated during testing, confirming the further transition to an
adhesive, tribo-chemical wear mechanism. The extent of tribolayer generation
increases with load and, to a lesser extent, with the 316L binder content. The

tribolayer was shown to contain a high O content, which increases with applied load.
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This was attributed to extensive mechanical attrition of the third-body particles,

creating new surfaces, which then passivate in the air environment of the tests.

(4) The specific wear rates for both the fine- and coarse-grained cermets were invariably
in the range of 107 mm?/Nm, which compares favorably with data for other TiC- and

WC-based cermets found in the open literature.

(5) Examination of the wear tracks, following FIB micro-machining, highlighted that a
variety of sub-surface damage mechanisms were occurring in the cermets, including
extensive tribolayer cracking, TiC grain fragmentation and Hertzian loading induced

shear.
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Chapter 8 Reciprocating Wear Behaviour of TiC-Stainless

Steel Cermets
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Abstract

TiC based cermets have been prepared with three different grades of stainless steel binder
(304L, 316L and 410L). The cermets were densified by vacuum melt infiltration, at
1500°C, which allows the steel binder content to be readily varied from 5 to 30 vol.%.
The cermets were assessed for their hardness and indentation fracture resistance using
Vickers testing. The reciprocating wear response was evaluated using a ball on flat
geometry, with a WC-Co counter face sphere. It was shown that the coefficient of friction
increases with increasing steel binder content, and also with increasing load and wear
time. Similarly, the specific wear rate increases with both steel binder content and applied

load, but was largely independent of the steel grade used.

Keywords: Abrasive wear; adhesive wear; coefficient of friction; optical profilometry
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8.1 Introduction

Many demanding applications in the chemical, aerospace, automotive, mining, and oil
and gas industries require the use of materials that show a good combination of wear and
corrosion resistance. Invariably, ceramic-metal composites, or cermets, are employed in
these industries due to their unique combination of high wear resistance, hardness, and
strength characteristics, combined with good aqueous corrosion resistance 31, The most
widely employed cermet-type materials are the tungsten carbide-cobalt (WC-Co)
cemented carbides, or ‘hardmetals’, which have been extensively used as cutting tools,
and also in the drilling and mining industries [*>]. WC-Co based coatings are also widely
used as hard chrome replacements [*71. However, cemented carbides based on WC suffer
from having exceptionally high densities (~13-15 g/cm?), relatively poor mechanical
properties at elevated temperatures, and only moderate oxidation and corrosion
resistance. Titanium carbide (TiC) based cermets have proven to be a good substitute for
these conventional ‘hardmetals’ in many applications, due to having low densities (less
than 50% of WC-Co), high chemical and thermal stability, relatively high hardness, and
good wettability with many metallic binder materials. Several metals have been utilised
as ductile binders with TiC, such as Ni, Mo and Fe ¥-!!l. Due to the relatively low cost,
potential for heat-treatment, and good strength and ductility, Fe-based alloys are now
being studied and applied more widely [*!%!3], TiC based cermets have been reported to
show high abrasive wear resistance %], Degnan and colleagues noted that it is the load
bearing capability of the TiC retained at the sliding surface of the composite, and its
ability to reduce metal to metal contact during sliding, that is responsible for the

improved wear performance of TiC composites at low level of ceramic loading %!,

When thinking specifically about ferrous alloys, stainless steels are widely used for their
corrosion resistance, while they also typically possess good mechanical properties.
However, one significant limitation of austenitic stainless steels (e.g. 316L) is their poor
wear resistance. These materials are generally quite soft, and thus are susceptible to many
common forms of wear and contact damage '®!. For wear driven applications, ferritic or
martensitic stainless steels are better choices [!”). Because of this drawback in tribological

applications, several authors have investigated ways to improve the wear behaviour of
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stainless steels. Pagounis and co-workers reported that the wear resistance of stainless
steel can be improved dramatically through the incorporation of ceramic particles such as
carbides and oxides "8, Akhtar and Guo reported that a 50%-70% TiC addition to a
stainless steel binder, therefore generating a cermet structure, led to improvement in wear

17

resistance ['”). Tjong and Lau also reported a significant improvement in the micro

hardness, sliding wear and abrasion wear resistance by addition of 20 vol.% of a related

material, titanium diboride (TiB.), to 304L stainless steels ).

For the present study, we have developed a family of TiC-based cermets utilising a
variety of austenitic and martensitic stainless steels as binder (i.e. grades 304L, 316L, and
410L), using a simple melt infiltration/sintering technique, with the binder contents
varied from 5 to 30 vol.%. The primary aim of this study is to investigate the
microstructure, mechanical, and wear behaviour of these new TiC stainless steel
composites. A companion paper will report in more detail on the microstructural effects

of the wear process in terms of damage accumulation 21,

8.2 Experimental Procedures

8.2.1 Sample Preparation
The general details of the melt infiltration process for production of the cermets has been
reported in detail previously ?!?*] and will only be briefly outlined here. The TiC
powder used in the current study was obtained from Pacific Particulate Materials Ltd.
(Vancouver, BC, Canada), and had a manufacturer quoted mean particle size of ~1.3 pum;
this was confirmed through independent particle size analysis, with a measured mean of
~1.25 pum, and a clear bimodal distribution ?*. The 304L (Stock #: 11085, Lot #:
K19M09), 316L (Stock #: 11089, Lot #: A04S008) and 410L (Stock #: 11088, Lot #:
123M43) stainless steel powders were all obtained from Alfa Aesar (Ward Hill, MA,
USA), and each had a nominal particle size of -100 mesh. Chemical composition analysis
of the as-received TiC powder, determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES; Model Varian Vista Pro, CA, USA) is presented in
Table 8.1. The W and Co constituents are believed to arise from a milling stage used by

the manufacturer for particle size reduction. ICP-OES was also used to analyse the
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metallic constituents of the three stainless steel powders, as demonstrated in Table 8.2. In
this instance the powders match the specifications typically reported for these steel
grades. The C and N contents were determined using combustion infrared (Model Leco
CS-444, Leco Instruments, St. Joseph, MI, USA) and inert gas fusion methods (Model
Leco TC-436, Leco Corporation, St. Joseph, MI, USA), respectively.

Table 8.1: ICP-OES chemical analysis of the TiC powders used in the present work (in
wt.%). C comprises the balance.

Element Ti W Co Fe Ta Ni Cr

Concentration 76.79 2.22 0.23 0.17 0.026 | 0.024 | 0.014

Table 8.2. A summary of themical analysis results for the nominal compositions (in
wt.%) of the three stainless steel powders used in the present study. Fe
comprises the balance.

Alloy | Cr Ni Mo Mn S Ti Si \% Co C N

304L | 17.56 | 10.92 | 0.073 | 0.130 | 0.005 | < 0.427 | 0.028 | 0.034 | 0.023 | 0.034
0.01

316L | 16.28 | 12.81 | 2.21 0.12 0.01 < 0.56 0.0177 | 0.0836 | 0.03 0.03
0.01

410L | 11.91 | 0.078 | 0.0155 | 0.1578 | 0.0106 | < 0.6354 | 0.0154 | 0.0131 | 0.021 | 0.026
0.01

In order to fabricate the cermets, TiC powder pellets were uniaxially compacted in a
hardened steel die at ~45 MPa (using ~7.35 g of powder), and then vacuum sealed in
polyethylene bags and cold isostatically pressed at ~208 MPa. After compaction, a
known amount of steel powder is applied on top of the pressed disks (held in alumina
crucibles), which were then melt-infiltration/sintered in a graphite resistance furnace
(Materials Research Furnaces, Suncook, NH, USA). The vacuum sintering cycle was
conducted at 1500°C, held for 60 minutes, with nominal heating and cooling rates of
10°C/min and 25°C/min, respectively. Using this approach, samples with 5 to 30 vol.%

steel content could be prepared for each of the steel grades.
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8.2.2 Materials Characterisation
The sintered densities of the cermet samples, as a percentage of theoretical, were
determined using Archimedes immersion method in water. For subsequent
microstructural evaluation and wear testing, the samples were first ground flat using a
coarse grit diamond peripheral wheel, and then polished to a mirror-like finish (starting
with a 125 pm diamond impregnated pad and finishing with 0.25 pm diamond paste).
Microstructural assessment was then conducted using both optical microscopy (Model
BX-51, Olympus Canada, Richmond Hill, Ontario, Canada) and scanning electron
microscopy (SEM; Model S-4700, Hitachi High Technologies, Tokyo, Japan), equipped
with energy dispersive X-ray spectroscopy (EDS; Model Inca X-MaxY, Oxford
Instruments, Abingdon, UK) for chemical microanalysis. The mean TiC grain size in the
sintered materials was determined using the linear intercept method > from digital SEM
images, while both the TiC-TiC contiguity and steel binder mean free path (MFP) were
determined using Gurland’s method !, The hardness of the materials was determined
using Vickers indentation (Model V-100A, Leco Corporation, St. Joseph, MI, USA) with
a 1 kgf applied load, held for 15 seconds, in order to avoid any sample cracking. The
indentation fracture resistance (IFR) of the various cermets was determined using Vickers
indentation method, with a 50 kgf applied load. Both median and Palmqvist-type sub-
surface cracking patterns can be anticipated for these materials, depending on the load
and binder volume fraction. For median cracking, IFR values were determined using the

s 27 For the Palmqvist-type cracking a

equation developed by Anstis and colleague
modified version of the equation formulated by Shetty and co-workers was employed 2%,
consistent with our recent work ?. To ensure the validity of the measurements of both
hardness and IFR values, a minimum of six indentations were made for each test

procedure and material.

8.2.3 Reciprocating Wear Testing
A reciprocating wear test procedure, using a ball-on-flat geometry, was employed in the
present study, and is consistent with our recent publications on related cermet systems

(22291 The tests were conducted using a universal micro tribometer (Model UMT-1,

217



Bruker Corp., Campbell, CA, USA) on cermet samples prepared with 10, 20 and 30
vol.% of each of the three steel grades. A 6.35mm diameter WC-Co counter-face sphere
(Grade 25 with 6 wt.% Co, equivalent to ~10.2 vol.% Co) was used, sliding against the
sample in a reciprocating motion. The wear tests have a fixed stroke length of 5.03 mm,
while an oscillating frequency of 20 Hz is used. The tests were conducted at room
temperature (21 = 2°C), with a relative humidity of 40-55 %. The effects of applied load
were assessed using fixed duration tests (120 minutes total sliding time, for a sliding
distance equivalent to ~1.45 km), with loads of 20, 40, 60 and 80 N. The effects of test
duration were determined with 40 and 80 N applied loads, for total test times of 15, 30,
60 and 120 minutes.

After wear testing the samples were assessed using optical profilometry (Model PS50
Optical Profilometer, Nanovea, Irvine, CA), to observe the general wear track features in
three dimensions, but more importantly to determine the volume of material removed
from within the track itself. The wear loss is then used to calculate the specific wear rate,
k, based on the Lancaster relationship %!,

|4 Equation 8.1

=%

where V is the volume removed in mm?, P is the applied load in N, and D is the total

sliding distance in m.

8.3 Results and Discussion

8.3.1 Microstructure Characterisation
It is generally assumed that the wear behaviour of cermet materials is a direct function of
both the material hardness and toughness P!l and that an optimum wear response is
obtained when both of these properties are fully maximized [**. In view of this, the
processing techniques used in the production of TiC-based cermets should be careful
selected. A method that minimises residual porosity and effects a homogenous
distribution of the carbide phase within the metallic binder phase, with no interfacial

debonding, should be employed. These benefits are achieved when using vacuum melt-
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infiltration/sintering in the production of the TiC stainless steel cermets, which ensures
highly dense cermets (>98 % of theoretical density), even when very low amounts of

binder are employed (even as low as 5 vol.%).

Based on a simple rule of mixture, the densities of the sintered samples were assessed as
a percentage of theoretical. It can be seen from Figure 8.1 that all of the cermets have
achieved process densities greater than 98 % of theoretical. It is also noted that densities
apparently exceeded 100% of theoretical in some instances. This arises from the use of a
simple rule of mixtures calculation and the assumption that there is no change in
composition (and hence theoretical density) of either constituent during sintering.
However, in reality there is a high probability of modified compositions, to a greater or
lesser extent, after sintering; for example, some limited solubility of the ceramic phase in
the steel melt is a requirement for liquid phase sintering to proceed. It can also be
observed from Figure 8.1 that there is an apparently small decrease in the sintered
densities as the binder content increases. This phenomenon has been discussed in our
recent work 331 and arises due to a combination of minor volatilisation of the steel
constituent, and some limited compositional change of the phases (i.e. the formation of a

‘core-rim’ structure in the TiC, and the reduction of Mo contents in selected steel grades).
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Figure 8.1: The effects of steel binder content on the density of the melt-
infiltration/sintered TiC-stainless steel cermets.

A typical optical microscopy image of TiC with 20 vol.% 410L steel binder is presented
in Figure 8.2(a). The microstructure of the sintered samples is homogeneous, with
negligible evidence of residual. A representative SEM image of TiC with 10 vol.% 316L
binder is shown in Figure 8.2(b), while Figure 8.2(c) highlights the microstructure of a
small region in Figure 2 (b) where a W-rich area is present. There is no evidence of
interface debonding in the cermets, which show good wettability of the molten stainless
steel binder with the TiC particles during melt-infiltration/sintering. A homogenous
distribution of TiC in the binder phase and an absence of interface debonding can be
expected to enhance the tribological and mechanical properties of the composites.

It can be observed that there are some concave grains in the image, which is often

observed in TiC-based cermets 43>

1 which can be explained through the ‘instability of
solid-liquid interface’ theory [**. A “core-rim’ structure has also developed in the cermets
after the sintering, with a dark ‘core’ of pure TiC surrounded by a lighter ‘outer rim’.
With the 316L binder, the core-rim structure is relatively clear, with a thin, light contrast
‘inner rim’ as well as the darker TiC core and outer rim. For TiC with either 304L or
410L as binders, the structures are subtler in nature. This arises because of the relative
chemical compositions of the ‘core-rim’ structure itself; the backscattered electron

detector emphasises contrast based on average atomic number differences. For 316L
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cermets, the outer rim is mainly (Ti,Mo0,Cr,W)C, as heavier elements precipitate onto the
particle as a complex carbide; here there is also a greater concentration of W present in a
thin, inner rim region. For the 410L containing cermets, there is no Mo content in the
original steel powder, and the outer rim is (Ti,W)C, based on the EDS analysis. It is
interesting to find some ‘localized” white areas in the SEM images of these cermets, it
appears that the particle is surrounded by high amount of W. The W arises as
contamination in the TiC powder, presumably from an attrition stage used by the

manufacturer, when milling the powders to a finer size.
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Figure 8.2: DIC optical microscopy image of TiC cermet with 20 vol.% 410L stainless

steel binder. (b) SEM image of TiC cermet with 10 vol.% 316L stainless steel
binder. (c) Higher magnification image shows a W concentrated area from (b).
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The characteristic microstructural parameters are important in determining the ultimate
material properties, such as hardness, fracture toughness, etc. In particular, the binder
MEFP is effectively a measure of the steel ligament dimensions between TiC particles.
This will dictate the distance over which a dislocation can move in the binder [*¢], and
hence have an influence on altering the binder yield stress in a manner equivalent to the
Hall-Petch effect. The various microstructural parameters that were examined (i.e. mean
grain size, contiguity, and binder MFP), as a function of steel binder content, are
presented in Figure 8.3. For the mean grain size of the cermets, shown in Figure 8.3(a),
the standard deviation values were obtained from measuring the mean values from
individual distributions for multiple samples. It appears that the grain size is essentially
independent of the binder content, which is consistent with previous observations of TiC-
based cermets, indicating an interface-controlled grain growth mechanism likely
predominates [*>%7, Figure 8.3(b) presents the contiguity of the cermets, and highlights
that this parameter decreases with increasing steel binder content. Not surprisingly, as the
binder content increases, due to its wetting ability there is a tendency for lowered TiC-
TiC contact, and hence a reduced contiguity. In terms of the binder MFP, there is a
generally trend of increasing ligament dimension with increasing binder content (Figure
8.3(c)). The slight increase in binder MFP at low binder volume fractions is likely due to
the complex carbide morphology that develops (i.e. ‘C’ and ‘O’ shaped TiC grains). For
cermets and hardmetals, a small binder mean free path can be expected to lead to higher
abrasion resistance [*3). Comparing the three cermets, TiC-316L invariably has the lowest
binder mean free path values, which likely arises due to Mo depletion from the steel

(effectively lowering the true binder volume fraction).
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Figure 8.3: Microstructural parameters determined for the TiC-stainless steel cermets: (a)
mean grain size, (b) contiguity, and (c) binder MFP.

8.3.2 Hardness and Indentation Fracture Resistance
High hardness, respectable strength and fracture toughness, combined with relatively low
production costs make TiC based materials attractive and widely used wear resistant
composites P!, According to conventional definitions, the structure of one or both
surfaces and the component(s) that may be present between the sliding surfaces (which
can contain hard particles), can be viewed as leading to ‘abrasive wear’. Processes

resulting in abrasive wear are usually through brittle fracture or plastic deformation 38
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To predict the wear mechanism and to study the wear response, two important bulk

material properties are often assessed, namely the hardness and fracture toughness.

Vickers hardness measurements of the present cermets, as a function of binder content,
are presented in Figure 8.4. The hardness values are plotted as both the Vickers hardness
number and also in GPa. Overall, the hardness values obtained are relatively consistent
for each of the steel binders, but it appears that the 316L steel grade provides the highest
hardness for a fixed binder content, while the 304L cermets exhibits the lowest; these
observations broadly confirmed the previous prediction from the binder MFP values. The
hardness is observed to decrease as the binder content increases, which relate to the
reduced amount of elastic phase (i.e. ceramic) with the cermet structure. Increasing the
binder ligament size (i.e. the binder MFP) has effectively increased the dimensions a
dislocation could move within the ligaments, which can be ultimately expected to reduce
the yield stress.

A number of equations have been developed to determine the wear rate of advanced

[40

materials, one of which is the Archard equation ¥, originally developed based on sliding

wear scenarios, which is given as:

- k,PL Equation 8.2
-~ H

where ¥ is the material volume loss, in mm?, ki is the wear coefficient or wear rate,
which will be determined, P is the applied load, in N, L is the sliding distance, in m, and
H is the Vickers hardness number of the material. This can be compared with the
Lancaster relationship, outlined earlier in Equation 8.1. It has been demonstrated that
hardness is an important mechanical parameter in terms of the wear resistance of

materials. According to Hutchings (33"

, for wear by plastic deformation, such as in
metals, the specific wear rate of the material is dependent upon the hardness. When the
contact pressure exceeds the hardness of the surface, fully plastic deformation would
occur. The ratio of hardness of the abrasive (H.) and the hardness of the wearing surface
(Hs), gives an indication of the type of wear; when H./Hs > ~1.2 it is often called ‘hard
abrasion’, and when Hi./Hs < ~1.2, it can be termed ‘soft abrasion’ ¥l The actual

hardness value of the WC-Co counter-face ball was tested in the current study with 1 kgf,
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and a value of HV 1668 £ 92 was determined. Comparing this to the hardness of the
present cermets, the hardness values are higher than the counter-face for low binder phase
contents. At this stage the wear of the material is dominated by the elastic-plastic
response; this phenomenon is common in ceramics, cermets, hardmetals (i.e. WC-Co),
and hardened steels [*!1. For the present materials the transition from ‘hard abrasion’ to
‘soft abrasion’ is expected to occur at approximately 25 vol.% of binder content; a
nominally fully plastic deformation response can then be anticipated at high binder phase

contents (i.e. 30 vol.%).
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Figure 8.4: TiC cermet hardness values, as a function of steel binder content, for the three
steel grades, measured using 1 kgf of applied load.

When it comes to brittle materials, the wear behaviour is usually dominated by fracture.
As a consequence, the fracture toughness of the material also plays an important role.
Though the elastic moduli of ceramics are usually relatively high, plastic deformation can
occur, which is invariably followed by crack formation. Many models have been
developed to estimate the abrasive wear for brittle materials, one of which is the “plastic
groove’ model, formulated by Evans and colleagues [**, where the volume wear rate per

unit sliding distance for all particles is Q and the equation is given as:

225



(E ) po9/8 Equation 8.3

Q == alN KC3/4H1/2

where N is the number of particles in contact with the surface, « is a material-
independent constant, £ is the elastic modulus, K. is the fracture toughness, and H is the
hardness. This equation has taken into account both the hardness and the fracture

toughness of the material.
This relationship was subsequently further adapted by Evans [*3!:

p5/4 Equation 8.4

Q = aZNK3/4H1/2

and further can be written as:

W5/441/2 Equation 8.5

Q = as 3
/4
AVARIA /2

where W is the fixed load, 4 is the apparent contact area, d is the linear dimension where
particles are in contact, and N is proportional to Ad. These equations are all in a form
where there is an inverse correlation of the wear rate with some power of the fracture
toughness, indicating that the wear rate depends more predominantly on the material
fracture toughness than its hardness. According to previous research, the predicted wear
rates are invariably much higher than those that arise through plastic deformation alone
[38,39]

This may relate to the fact that these models assume the cracks generated

underneath the surface are based on an indentation mechanism.

For the cermets in the current study, at low binder phase content, the majority of the
material is the hard TiC phase (up to 90 vol.%). As a consequence, the cermet fracture
toughness is probably more important in predicting the wear response **#I The
indentation method, using a Vickers indenter, is widely used to ‘estimate’ the fracture
toughness or ‘fracture resistance’ of brittle materials >, and can be seen to be relevant
under scenarios relating to low rate impact by sharp objects. The current study is not
focused on the absolute validity of this method, but rather to give a comparative
indication of the indentation fracture properties of the materials. The IFR values for the

present cermets are shown in Figure 8.5, as a function of the steel binder content. It can
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be seen that, through increasing the steel binder content, the IFR of the TiC cermets
increases considerably. Generally, pure TiC exhibits a relatively low fracture toughness
(i.e. Kic = 2 to 3 MPa-m'?) 1. By adding the steel binder into the cermet structure, a
highly ductile phase is increasingly incorporated, thereby improving the fracture
toughness. To show the different types of sub-surface cracks that are expected to be
generated (i.e. ‘median/radial’ and/or ‘Palmqvist’), and the transition point(s) for these
crack patterns, the IFR values have been plotted as both open and closed symbols,
indicating the usage of the two equations for median/radial (Anstis et al. *”)) and

[28

Palmqvist (Shetty et al.*)) cracking, respectively.

Based on Figure 8.5 it can be seen that the transition from ‘median’ to ‘Palmqvist’ type
cracks, for the composites with 304L and 316L stainless steel, occurs between 5 and 7.5
vol.% binder, while for the 410L stainless steel, this transition lies between 10 and 15
vol.% binder. Due to this crack mechanism transition, and the relative equations being
used in each case, some of the IFR values appear to be lower for Palmqvist cracks than
for median/radial cracks in the low binder content cermets (i.e. 10 vol.% binder for both
304L and 316L containing cermets). The main reason to assess the transition between
operative crack systems is due to the suggestion that in the abrasive wear by brittle
fracture, the lateral cracks, or ‘Palmqvist’ cracks, move vertically towards the loading
direction upon unloading, and are therefore related to material removal during wear %),
As a consequence, Figure 8.5 basically suggests that as more ductile phase material is
added into the cermet system, the easier the formation of the lateral cracks becomes,
leading to increased wear. Clearly, this seems contradictory. However, prior work on
WC-Co and TiC-based cermets have indicated that what appear to be lateral cracks in the
sub-surface are actually not the result of an ‘indentation mechanism’ at all, and that in
this instance a fatigue mechanism is more likely to occur %!, Further discussion of the
sub-surface damage evolution for the current cermets is provided in a companion paper to

the present study 2!,
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Figure 8.5: Measurement of IFR as a function of binder content for the three TiC-
stainless steel cermet systems, highlighting the transition from median/radial
cracking (open symbols) to Palmqvist cracking (filled symbols).

8.3.3 Reciprocating Wear Behaviour
8.3.3.1 Load Effects on the Wear Response

The cermet samples were initially tested under applied loads of 20, 40, 60 and 80 N, for a
period of 120 minutes. Representative dynamic coefficient of friction (COF) curves,
obtained under 20 and 40 N loads, are presented in Figure 8.6(a-c). For cermets with a
low binder content (i.e. 10 vol.%), it is apparent that the applied load has an important
influence on the COF (Figure 8.6(a)). The dynamic coefficient of friction initially
increases with test time under 20 N applied load, and then stabilises after approximately
15 minutes. For the higher load (i.e. 40 N), the values tend to increase for the first ~60
minutes, and then stabilise and maintain an essentially steady state after that. For cermets
with high binder content (i.e. 30 vol.%), the dynamic COF slightly decreases with

increasing load, indicating a potential transition in wear mechanism.

Previous studies have suggested such a response may indicate a transition from two-body
to three-body abrasive wear 122221, Here third-body particles are generated, through a
combination of binder extrusion and micro-fracture of the ceramic phase, and the
resultant particles are then free to roll back and forth between the tribopair surfaces. It

appears that the dynamic COF for cermets with the austenitic steel binders (i.e. 304L and
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316L) are also more sensitive to testing time, compared to the nominally martensitic steel
binder (i.e. 410L). Figure 8.6(d) shows the dynamic COF curves of the TiC-410L cermet
with 10 vol.% binder at four different loads. It can be seen that when the cermets were
subjected to an applied load of 20 N the COF is relatively constant through the whole

testing time, while for the other loads it gradually increased with time.
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Figure 8.6: Dynamic coefficient of friction curves at 20 and 40 N for TiC cermets with
binder contents of: (a) 10, (b) 20, and (c) 30 vol.% stainless steel. (d) The
effects of applied load on the dynamic COF curves of TiC with 10 vol.% 410L
stainless steel.

The mean COF values for the cermets, as a function of applied load, are presented Figure

8.7. It can be seen for all compositions that the mean COF ranges from ~0.18 to ~0.38. A
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previous study has reported that using a 6 mm diameter WC-6Co sphere, dry sliding
against a 304 stainless steel with 2.5 N applied load, has a coefficient of friction of 0.58-
0.63 521 A separate study reported that by applying 5 N load, a 6 mm WC-Co sphere
sliding against 304 stainless steel has a COF of ~0.65 after ~0.5 m total sliding distance
[53] Clearly, the incorporation of high TiC contents in the present work lowers the COF

significantly.

When subjected to the same load, the mean COF generally increases with increasing
binder content. At low binder contents (i.e. 10 vol.%), the high elastic modulus TiC
particles resist deformation under the high Hertzian contact load; here it should be noted
that the ceramic phase contiguity is high, and there are many TiC-TiC contacts. By
increasing the steel binder content, there is an increase in the binder MFP, and a
concurrent reduction in the contiguity. As a consequence, it becomes easier to extrude the
significantly softer steel binder out from between the TiC grains, and the ductile steel can
then be expected to present a greater contact area against the WC counter face sphere,
raising the COF. It can be seen that the COF response generally agrees with the trend of
hardness, and again relates to the ability to plastically deform the softer metallic phase.
Ultimately, the extent of material removal from the binder or grain fragmentation/pull-out
decreases with an increase in TiC content, which must be balanced against the more

brittle fracture response of a lower toughness cermet.

There 1s typically a slight increase in COF with applied load, from 20 to 40 N, and then
invariably a slight drop at highest load (80 N). Previous research has suggested this may
be the result of formation of a tribolayer and its subsequent spallation [*?!. In a related
study on TiC-NizAl cermets *), typical maximum temperatures within the wear tracks
were ~60°C at 20 N, rising to ~100°C for 60 N. As the extent of frictional heating
increases the temperature, it can be anticipated that the COF also increases. The small
drop in COF at the highest load (i.e. 80 N) may infer the formation of a more lubricious
tribolayer, which by this stage has a fine, atomically mixed structure and relatively high

oxygen content (201,

Unsurprisingly, the current mean COF values are similar to a previous study ?°! on

related TiC-316L stainless steel cermets, using an identical test geometry, with both fine
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and coarse TiC grain structures; in that instance the mean COF values ranged from ~0.25
to ~0.42. In comparison, for a TiC-NizAl cermet system, with 20 to 40 vol.% NizAl
binder (alloy IC-50), the mean COF was ~0.3 for al/l evaluated compositions 4],
regardless of the binder content. It was also shown that the COF was stable and
essentially independent of load throughout the test duration ¥, That response is clearly
quite different from the present TiC cermets, using a variety of stainless steel binders, and
could be explained by a significantly higher yield strength for the IC-50 NizAl alloy
(~470 MPa 331y comparing to typical stainless steel values (i.e. ~190 MPa for 304L [¢]);
it should also be noted that the yield strength for the IC-50 alloy can be increased to
>1,500 MPa through cold working °°!, and some degree of similar strengthening can be

anticipated through the constraint of the Ni3Al in a cermet structure.
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Figure 8.7: The effect of binder content on the average COF as a function of various

applied load.

The specific wear rate, as a function of the applied load, for all cermets tested for 120
minutes, is presented in Figure 8.8. A consistent and essentially linear increase with
applied load is noted for each of the cermets examined. A broadly similar linear trend has
also been observed in WC-Co hardmetals, as the wear volume increases proportionally
with increasing hardness 7!, In the present work, for each steel grade used, at a fixed
load, the specific wear rate increases with increasing binder content. In this instance the
volume fraction of the hard TiC phase is being reduced, which results in a decrease in
hardness. As noted earlier, when the steel content increases, the binder MFP also
increases, and the cermets deform with an increasingly ductile response. It can be seen
that the specific wear rate increases more dramatically with higher binder contents,
especially for 30 vol.% of each of the steels. For single-phase materials, the wear rate
invariably increases when the hardness of the wearing material equals that of the counter
face surface °%l. However, for equivalent hardness composites, the metallic binder phase
has a lower hardness than the single-phase (ceramic) material, therefore the when the
hardness of the abrasive particles exceeds the hardness of the hard reinforcing phase (i.e.
TiC in this case), the wear rate can be much higher ¥, even compared to a lower binder
content material. In the current work, the specific wear rate values remain relatively close
for all of the cermets at low loads, but the values deviate somewhat when subjected to

higher loads (i.e. 80 N); previous work has demonstrated typical standard deviation errors
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of ~25 % for these types of test, so this may be simply typical of the error. However,

there is a general trend that materials with a 316L grade binder show higher specific wear

rates at the highest loads, while 304L and 410L show a broadly consistent response.
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Figure 8.8: Effect of binder content on the specific wear rate as a function of load: (a) 10

vol.%, (b) 20 vol.%, and (c¢) 30 vol.% steel binder.

The volume wear loss is plotted as a function of the respective cermet hardness in Figure

8.9. To better understand the wear response of the tested material, microstructure

parameters such as grain size and binder MFP are important. These parameters play an

important role in controlling cermet mechanical properties, such as hardness and fracture

toughness (in the current study, more precisely, the ‘indentation fracture resistance’, or
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IFR). It can be seen that the wear loss against hardness follows a log fit relatively well. In

prior work, the dependence of the hardness was also found to follow a log linear trend in

cemented carbides, such that:

V = Aexp(—BH)

or, alternately:

log,oV =A—BH

Equation 8.6

Equation 8.7

where 4 and B are constants °%>7°% The dependence of wear on fracture toughness has

also been assessed in the study of the hardmetals %Y and a correlation was also found,

indicating that both hardness and fracture toughness are important in the abrasion wear of

hardmetal-type materials. Since the IFR values in the present work were determined

using different equations (i.e. for either median/radial, or Palmqvist cracking), no

such

plots of the relationship between wear loss and indentation fracture resistance were

conducted.
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samples were tested for 120 minutes.
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Comparing the results from the current study it can be concluded that, by developing
cermet structures, the wear resistance was dramatically increased compared to the steels
alone. For example, 304L stainless steel itself exhibits a specific wear rate 2 to 3 orders
of magnitude higher than the cermets, at 1.07x10™* mm?*/Nm [®!), when tested against a
similar WC-Co counter face material. The specific wear rates for these cermets are, not
surprisingly, similar to our recent research on TiC-316L stainless steel cermets with fine-

(291" That study demonstrated specific wear rates for the

and coarse-grained structures
coarse-grained cermets, with 30 vol.% of binder, of ~5x107 mm?/Nm at low loads (i.e.
20 N), which increased considerably to up to ~65x10”7 mm?/Nm at the highest loads (i.e.
80 N). Buchholz and colleagues studied related TiC cermets, using a Ni3zAl binder (alloy
IC-50), with its content varied from 20 to 40 vol.% %21, The reported specific wear rates
were observed to vary between 1.5 and 1010”7 mm?/Nm, again increasing with applied
load. A separate study reported slightly lower specific wear rates, ranging from 0.2 to 3.8
x10”7 mm?/Nm, for a TiC-Ni3Al cermet with 20 to 40 vol.%, using applied loads of 20 to
60 N of load *}). This later material differed in both the manufacturing route, press-and-
sinter rather than melt infiltration, and the NizAl alloy composition; in the later work a
stoichiometric Ni3Al alloy was used. For other cermets systems, Pirso and colleagues
have studied the dry abrasive wear of Cr3Cz-Ni (with binder contents of 7.7 to 24.5
vol.%), TiC-NiMo (6.1 to 34.4 vol.% binder), and WC-Co (10 to 31.6 vol.% binder)
cermets under 20 N of load [®3]. They reported typical specific wear rates of 10 to 80x107’
mm?/Nm for the Cr;C-Ni cermets, 12 to 75x10”7 mm?*/Nm for the TiC-NiMo cermets,
and 5 to 85x107 mm?*/Nm for WC-Co. In each of these prior examples, as well as the
present work it is apparent that there are increasing specific wear rates with increasing
load. Given the nature of the Lancaster equation (Equation 8.1), where the volume loss of
material is effectively normalised by dividing by the applied load P, it might be
expected that there would be no such dependency if the wear mechanism remained
constant. As a consequence, this change in specific wear rate with load suggests a
gradually evolving sequence of wear mechanism(s), as noted previously. This conclusion
is supported by related microstructural studies, which are discussed in the companion

paper 12,
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8.3.3.2 Time Effects on the Wear Behaviour

In order to assess the cermet wear mechanism evolution in more detail, the effects of
reciprocating sliding duration were assessed, with 40 and 80 N applied loads, for 15, 30
and 60 minutes testing time. Representative dynamic COF curves, for 10 and 30 vol.%
stainless steel binder content, are shown in Figure 8.10 (for 15 minutes duration),
highlighting the initial stages of wear. For the lower binder content there is a brief
‘bedding-in’ period, up to ~500s from the start of the tests, and then the COF shows a
gradual and consistent increase with testing time. At the higher binder content, the
‘bedding-in’ period is significantly shorter, and there is far more fluctuation in the curves.
Generally consistent with the specific wear rate data shown earlier, the 316L samples
tend to show the highest COF values, while the 410L steel samples show the lowest COF

values during these initial stages of testing (at 30 vol.% binder).
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Figure 8.10: The initial dynamic COF, as a function of time at 40 and 80 N applied load,
for: (a) 10 vol.% steel binder, and (b) 30 vol.% steel binder.

Figure 8.11 presents the variation in the mean COF versus time for the TiC-stainless steel
cermets, again for both 40 and 80 N applied load. It can be seen that COF for all the
binder contents evaluated ranges from 0.16-0.38. This value of COF is at the lower end of
the range of typical quoted values for the COF of ceramic-metal pairs, which is between

0.25 and 0.8 4, Tt can be seen that the COF values increase with both binder content and
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testing duration, which again suggests a gradual change of the active wear mechanism

with time.
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Figure 8.11: The effects of binder content and loads on the average COF as a function of
testing time, for: (a) 10 vol.%, (b) 20 vol.%, and (c) 30 vol.% stainless steel
binder.

During the continuing process of wear, the contact surface area increases and heat is
generated through friction, leading to an increase in temperature in the region between
the tribo-pair. As a consequence, it is invariably the case that the wear volume increases
with time. The relationship of volumetric wear loss with time is shown in Figure 8.12; the

samples were selected with 20 vol.% of binder for all three stainless steel, with applied
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loads of 40 and 80 N. As can be seen, the volumetric wear loss increases with time, and
nominally complies with the Lancaster model [*”), where the volumetric wear loss has
linear correlation with time, or distance covered. This behaviour can be attributed to a
number of factors, including material loss during the initial two-body abrasive wear
period, the loss of third-body material from the wear track, and the spalling off of
segments of the tribolayer after attaining a critical thickness. This last scenario can
potentially lead to high wear loss. These factors can be related to the work of Stachowiak,
for wear testing at high sliding speed 9>, The mechanical attrition generates heat and
incorporates oxygen into the newly exposed material surfaces, which leads to the
generation of a layer of tribo-film within the wear track. Once the tribolayer reaches a
critical thickness it can no longer support the frictional shear stress or applied load, and it
spalls off, leading to high wear rate. This phenomenon is exacerbated by the high
incorporation of oxygen into the tribolayer, such that it becomes far more brittle in
nature. In the present case, it is noted that there is insufficient heat to lead to direct
oxidation. However, as discussed in the companion paper [?°, oxygen is incorporated
through an attrition mechanism (during three-body wear), with the constant creation of

new surfaces and their subsequent passivation (i.e. oxygen uptake).
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Figure 8.12: The effects of binder composition, sliding duration and load on the
volumetric material loss for cermet samples with 20 vol.% of stainless steel
binder.

It has been suggested for a composite material that parameters relating both directly and
indirectly to the microstructure, such as the phase volume fractions, their size and shape,
the distribution of the reinforcing phase, and the hardness, are important in predicting
wear behaviour. The ‘upper’ and ‘lower’ wear resistance can be modelled in a number of
modes, including ‘equal wear rate (EW)’ (or ‘optimal load (OL)’), and ‘equal pressure
(EP)’ (or ‘minimal load (ML)’), modes [*”%8]. The EW (or OL) mode follows a linear
trend of the wear resistance as a function of the reinforcing phase content, as this mode
assumes both of the phases wear at the same linear rate. Conversely, the EP (or ML)
mode follows an inverse dependence, as it assumes both of the phases are subjected to the
same load per unit area (i.e. the reinforcing particles make a smaller contribution to the
wear resistance). These two modes set the ‘upper’ and ‘lower’ limiting bounds of wear
resistance for a multiphase material. In the majority of actual practical scenarios

multiphase materials usually follow an ‘intermediate’ response [*,

With large abrasive particles or high applied loads, the scale of the material being
damaged may be larger than the dimensions of the microstructure, therefore the ‘bulk’

properties of the material are important [*7l; improving the individual phase properties
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would then be anticipated to increase the properties of the combined, composite material
(8] In the EW (or OL) mode, the more wear resistant phase takes a larger portion of the
load, which usually occurs when the abrasive particles are smaller than the reinforcing
phase. If the particles are small or, conversely, the reinforcing phases are larger, under
low loads the material volume that is being worn is small; in this case, the reinforcing
particles and the matrix would affect the wear resistance of the overall material. The
matrix and particles in a multiphase composite may not wear under the same rate (e.g.
matrix is worn at a higher rate), which would leave a rough surface. To compensate for
this situation, and to maintain a ‘steady wear rate’, the reinforcing phase will have to
break down in some manner, such as grain fragmentation and pull-out. This phenomenon
would be likely to occur in a composite with a low volume fraction of a hard
(reinforcing) phase %81, However, for cermets and hardmetals with a low amount of
metallic binder (and a small MFP), the softer binder component is removed more rapidly
than the high hardness phase. This will leave the hard ceramic grains to be subjected to
the load, therefore the wear resistance of the cermet or hardmetal is closer to the pure
ceramic phase (e.g. WC, or TiC in the present case) [®8]. However, as it can be seen in the
present work, as well as prior studies, the wear rate does not remain constant and the
situation is invariably more complex. It is proposed in the current study, together with
previous investigations, that one or more transitions in the predominant wear mechanism
arises. In order to more convincingly confirm this, detailed microstructural observation is
required for various testing conditions, which is explained in greater detail in a

companion paper to the current article 2%/,

8.4 Conclusions

High density TiC-based cermets, with stainless steel grades 304L, 316L and 410L as
binder alloys, were produced by a simple melt-infiltration technique for binder contents
from 5 to 30 vol.%. It was noted that the TiC-TiC contiguity decreases with increasing
steel content, while the binder MFP concurrently increases; the responses were
essentially independent of steel grade. The densified cermets have high hardness (~25

GPa with 5 vol.% of binder), which decreases with increasing binder content, while the
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indentation fracture resistance increases. It was found that the cermets with 410L as the
binder have a slightly lower hardness and indentation fracture resistance, in comparison

to 3xx series steels.

Samples with binder contents ranging from 10 to 30 vol.% were subjected to
reciprocating wear tests, sliding against a WC-Co counter face sphere, with loads of up to
80 N. The dynamic coefficient of friction demonstrated that the materials exhibit an
initial ‘run-in’ period, which can exceed 30 minutes, but invariably maintain a steady
state for longer durations. Cermets with lower binder content (i.e. higher TiC volume
fractions) typically have shorter ‘run-in’ times, when compared to the high binder
samples. When subjected to higher applied loads, the dynamic COF invariably decreases
with increasing load, indicating a transition in the primary wear mechanism. The specific
wear rates of the current materials were determined using optical profilometry to measure
the wear track volume. For a fixed binder content and test duration, the specific wear rate
was seen to increase with increasing applied load in a nominally linear manner. Overall,
cermets prepared with the 316L grade binder typically exhibited the highest specific wear
rate for any given set of test conditions, while 304L and 410L behaved in an essentially
identical manner. The cermets developed in the current study have specific wear rate
values within the range of ~2x1077 to 3510”7 mm*/Nm, depending on binder content and
applied load, showing comparable wear resistance to the more traditional WC-Co

‘hardmetals’ and related TiC based cermets.
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Chapter 9 Microstructural Damage Following Reciprocating
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Abstract

High density TiC-based cermets were fabricated using a simple melt-infiltration/sintering
method, with three different grades of stainless steel binder. Reciprocating wear tests
were conducted using a ball-on-flat geometry, with the test material sliding against a
WC-Co counter face. The morphology of the worn surface and wear debris were
investigated using SEM and EDS chemical analysis. FIB microscopy was applied to
study sub-surface damage within the wear tracks, to aid explanation of the operative wear
mechanism(s). The wear behaviour is moderately complex, transitioning from two- to
three-body abrasive wear, with both steel binder extrusion and TiC fragmentation
observed to contribute towards third-body formation. A further transition to adhesive

wear is also observed, with tribolayer generation on both tribo pair surfaces.

Keywords: Abrasive wear; tribolayer; scanning electron microscopy; focused ion beam

microscopy
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9.1 Introduction

Tungsten carbide-cobalt (WC-Co) ‘hardmetals’ are widely used in the mining and
petrochemical industries to resist tribological damage ['*]. As a consequence, the wear
mechanisms of these more traditional hardmetals have been extensively studied. For the
sliding wear of WC-Co (e.g. ball-on-flat geometry), several wear mechanisms have been
suggested, including removal of the binder phase [®l, plastic deformation and grooving
of the binder phase 7“1 accumulation of plastic strain in WC grains, fracture and

[4,7.9

fragmentation of individual WC grains 1 cracking between WC grains and breakaway

(191 However, in comparison, titanium carbide (TiC) based

of unsupported WC grains
cermets invariably show better strength to weight ratio, with excellent mechanical
properties including high hardness and fracture toughness, combined with relatively good
wear and corrosion resistance. As a consequence, TiC based cermets have started to see
applications in tooling, automotive, aerospace and tribology, etc. Several tribological
studies have been conducted on TiC based cermets, with various binders [''"13] and the

wear mechanisms for these materials were evaluated.

Recently, the sliding wear response of some new TiC-stainless steel based cermets has
been evaluated ['®!7] including assessing the effects of the mean TiC grain size. It was
suggested that the wear was initially two-body. As binder extruded and removed from the
surface, the debris falls between the counter-faces, leading to a three-body wear. Then the
carbide grains begin to fragment under the high Hertzian compressive load. Under cyclic
load the third body debris were rolled between the surfaces, slowly forming a thin

‘tribolayer’ film on the wear tracks, indicating transition to an adhesion wear mechanism.

For the present study, this recent work has been extended to assess the effects of the steel
grade used upon the wear response, notably for the austenitic grades 304L and 316L, and
the martensitic grade 410L. The effects of binder content and composition, applied load,
and test duration have been evaluated, with a companion paper presenting the direct wear
characterisation parameters, such as coefficient of friction and specific wear rate ['®]. To
highlight the microstructural evolution that arises during the wear process, a variety of
microscopy techniques have been applied to characterise the worn materials. In the

present paper, the damage evolution will be discussed for these new cermets. In addition,
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simple ‘wear maps’ are developed, to give an indication of the severity of the wear

process under specific wear test conditions.

9.2 Experimental Procedure

A detailed description of the cermet materials and the related melt-infiltration/sintering
preparation method can be found in the companion paper to the present study ['®!. The
materials were prepared with stainless steel grades 304L, 316L and 410L, with the
nominal binder content varied from 10 to 30 vol.% for each composition. The densified
samples were diamond ground and polished down to a 0.25 pm surface finish for
subsequent evaluation and wear testing. The polished samples were examined using
optical microscopy (OM; Model BX-51, Olympus Canada, Richmond Hill, Ontario,
Canada), with the option for Nomarksi differential interference contrast (DIC) imaging.
The samples were also assessed at higher magnifications using scanning electron
microscopy (SEM; Model S-4700, Hitachi High Technologies, Tokyo, Japan), operated
in both conventional combined secondary electron/backscattered electron (SE/BSE)
mode, and also in a dedicated backscattered electron (BSE) mode, were a detector bias of
-50 V is applied. The SEM also allows in-situ chemical analysis of the materials, using
energy dispersive X-ray spectroscopy (EDS; Model X-Max/Inca, Oxford Instruments,
Concord, MA, USA).

Details relating to the reciprocating wear test procedures, conducted on the polished
samples, can also be found in the companion study ['®!, along with data relating to the
coefficient of friction and specific wear rates measured for these materials. Subsequent
OM and SEM analyses were conducted to study the material removal/damage
mechanism(s) during wear, with chemical analysis of the resultant wear tracks conducted
using EDS. In order to study the sub-surface damage, a focused ion beam microscope
(FIB; Model FB-2000A, Hitachi High Technologies, Tokyo, Japan) was used. The FIB
allows site specific micro-machining of the samples, and specifically the wear tracks,
using a gallium ion beam. Typically, this is performed through the use of a ‘staircase’ cut
into to the sample, as shown schematically in Figure 1(a), with the sample then tilted in

the SEM to image the newly cut surface. This procedure then allows a cross-section
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through the wear track to be assessed. Normally three staircase cuts were conducted, as
illustrated schematically in Figure 9.1(b), at the end of the wear track (i.e. region ‘a’),
roughly in the centre of the wear track (‘b’), and at the edge of the wear track (‘c’). For
the staircase cut location ‘c’, the cross-section has a worn surface area on one side of the
cut and an unworn surface on the other. The relative reciprocating sliding directions are
vertical for all of the wear track FIB sections presented in this paper. Initially, a tungsten
(W) protective strip was deposited on top of the sections to be FIB machined. The
staircase cuts were then ion milled adjacent to the W protective strip using a gallium
liquid metal source, with a 30 kV accelerating voltage. Typical examples of the
subsequent SEM analysis are also shown in the schematic representation in Figure 9.1(b),
with the samples imaged at a tilt angle of 30°. The counter-face WC-Co spheres were
also examined within the SEM, with chemical analyses of the counter-face material

conducted using EDS.

SEM observation
at 30° tilt

Micro-milling
with Ga' ions

(2)
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(b)

Figure 9.1: (a) Schematic figure of a series of FIB ‘cuts’ from side view (b) Schematic
representation of the typical locations for FIB staircase cuts applied on a wear
track. The sliding direction is vertical in this figure.

9.3 Results and Discussions

9.3.1 Wear Response of the Materials
Representative OM and SEM images of selected sintered and polished samples are shown
in Figure 9.2. The OM images highlight the general level of homogeneity and
densification that can be achieved through the use of the melt-infiltration/sintering
process. It can be observed from the SEM image that a subtle ‘core-rim’ structure was
generated (Figure 9.2(b)), which was discussed in more detail in an earlier study !, It
has been proposed that the ‘core-rim’ structure may be beneficial to the wear resistance

of cermet-type materials [20-22],
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Figure 9.2: (a) Representative OM image of the microstructure of a TiC-20 vol.% 316L
cermet sample. (b) SEM image of a TiC-10 vol.% 410L sample, showing a W
concentrated area to the left hand side.

In order to determine the volumetric wear loss during the wear tests, high-resolution
optical profilometry is used. Figure 9.3 demonstrates a typical image that was generated
using the profilometry method, in both a pseudo three dimensional and cross-sectional
view. These examples are taken after wear for 15, 30 and 60 minutes, at both 40 and 80 N
applied load. The difference in the extent of wear is clearly shown when comparing the
depths of the wear tracks. Careful examination at the ends of the wear tracks reveals that
third-body wear debris is pushed to these regions and gradually accumulates. An abrasive
wear mechanism, in the form of ploughing along the centre of the track, is apparent as

continuous grooving, which is indicative of two-body wear.
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Figure 9.3: Optical profilometry images of a series of wear tracks for TiC-10% 410L
steel based cermets, at different test durations and applied loads: (a) Pseudo
three-dimensional plot, and (b) line-scan type plot. Note that the wear tracks in
(a) are in order (left to right) of 40 N applied load after 15, 30, and 60 minutes,
and 80 N applied load after 15, 30, and 60 minutes, while this order is reversed

in (b).

When the materials have undergone elastic deformation through Hertzian contact, the
maximum shear stress is located underneath the sliding surface, at a depth of ~0.5a,

where a is the contact radius. The contact radius can be assessed following [2*I:
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2= 4kPr Equation 9.1
- 3E

where E is the Young’s modulus, P is the applied load, and k£ can be determined

following:

9 E Equation 9.2
=—1[(1— 2 1— 12y 2
k=1p[A=v)+A-v) L]

where v is the Poisson’s ratio of the surface, and the prime notation indicates the indenter

material.

In order to determine the Young’s modulus and the Poisson’s ratio of both the cermets
and the WC-Co counter face material, the bulk modulus, K, and shear modulus, u, should
be first obtained **. According to Hashin and Shtrikman ®], the modulus can be

obtained from the upper and lower boundary limits as follows:

1 3f ]‘1 Equation 9.3

KUPPer = K + (1 — [ +
R ( f) KM - KR 3KR + 4“LlR

3(1—1) 17! Equation 9.4

1
Klower=K 1— [
M+ (@d—-1) KR_KM+

1 6f(Kg +2ug) 17+ Equation 9.5
Py — MR SHUR(3KR + 4R)

pr = pr + (1 - f) [

1 6(1— f)(Ky + 2uy)1” " Equation 9.6
—um  Sum(BKyv + 4um)

lower __
u =Uu [
Mt f P

where fis the volume fraction of the reinforcing particles, and the subscripts M and R

identify the matrix and reinforcement, respectively.

Therefore, according to Budiansky ?®!, the Young’s modulus and the Poisson’s ratio of

the final composites can be determined following:
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9K Equation 9.7

E=——F>
3K
1+ (=
)
v = M Equation 9.8
~ 2(u+3K)

As noted above, the maximum shear tress is located a distance ~0.5a below the contact

surface, and has a value determined from:
Tm = 0.48p, Equation 9.9

where po is the mean contact pressure (or ‘indentation stress’), which can be calculated

following:

p Equation 9.10

Therefore, using the TiC-316L stainless steel cermets as an example, with 30 vol.% of
binder, under an applied load of 60 N, with a WC-Co counter face sphere 27?1 the
maximum shear stress is projected to occur at approximately 98 um below the surface,
with a maximum shear stress of ~237 MPa. Comparing this with previous study of TiC,
with a higher binder content of 40 vol.% of Ni3Al, tested under the same load, the
maximum shear stress was projected to occur at ~44 pm below the surface B%. A further
study B!, using quasi-static loading with a WC-Co sphere (1.98 mm diameter), revealed
the depth of indentation damage through DIC optical microscopy. The sample used in
that work, TiC with 40 vol.% NizAl binder, loaded to 500 N, showed sub-surface damage
to a depth of ~100 um. However, some caution should be taken in making such
comparisons, as the quasi-static loading and reciprocating wear tests will be effectively
quite different. In particular, there is cyclic component to reciprocating wear, and there
will also be shear involved in plane with the surface (i.e. perpendicular to the loading
direction). As a consequence, work hardening of the metallic binder may be more

prominent for the wear cyclic scenario.
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9.3.2 Microstructural Observation of Samples Following Reciprocating Wear

s U617 the damage evolution was

In a preliminary study examining TiC-304L cermet
investigated as a function of the applied load. A similar approach is followed in the
present study, with the focus primarily on both the applied load and test duration effects,
for a variety of steel grades. However, in particular this approach is followed for the
cermets prepared with 410L stainless steel as the binder phase. Optical microscopy, with
an associated DIC/Nomarski imaging capability, was used to initially assess the evolution
of the wear tracks. Figure 9.4 shows DIC images of a TiC cermet with 30 vol.% 410L
binder, after testing at both 40 and 80 N applied load, for 15 and 60 minutes. A clear
contrast is present between the worn and unworn regions of the samples. The sliding
directions are horizontal in each of the images, and the unworn material with intact TiC
grains and binder can be clearly seen, without detectable plastic deformation, at the
bottom of each image. The material in the wear tracks shows several interesting features,
as differing reflectivity is highlighted under the halogen lamp illumination. The light
contrast rounded regions are individual and aggregated TiC grains which have high
reflectivity (cf. Figure 9.2); these are either originally polished grains. In comparison, the
mid-grey contrast areas highlight the initial stages of tribolayer formation, while the dark
contrast regions show where the tribolayer has cracked and spalled away, leaving a
roughened surface with very low reflectivity. It is apparent that the highly reflective TiC
grains are still intact, but it can also be seen that there are large areas between the grains
were the TiC is apparently missing, and a tribolayer region has replaced the TiC (c.f.
Figure 9.2(a)); in these regions the TiC grains at the original polished surface have been
fragmented and removed during a two- to three-body wear transition. These observations
have confirmed that the tribolayer formation process is actually relatively fast, since the
sample tested after only 15 minutes is already showing this damage feature. With
increasing testing time, the tribolayer continues to form, covering a larger percentage of
the worn area. When subjected to an 80 N applied loads, the formation of the tribolayer
occur much faster, and cracks occasionally appear within the wear track itself,

perpendicular to the sliding direction.
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Figure 9.4: Representative DIC optical microscopy images, showing a TiC-30 vol.%
410L cermet sample after wear testing under the following conditions: (a) 40
N/15 minutes, (b) 40 N/60 minutes, (c) 80 N/15 minutes, and (d) 80 N/60
minutes.

Representative SEM images of cermets prepared with 10 vol.% 410L stainless steel
binder, after wear testing under 40 N of applied load, for 15, 30 and 60 minutes, are
presented in Figure 9.5. Figure 9.5(a) highlights the initial stage of wear for the low
binder content cermets. It is apparent that, in the middle of the wear track or at the
beginning of the wear process, the surface area is relatively smooth, indicating a
mechanical polishing mechanism following initial diamond polishing ['!. Plastic
deformation of surface asperities has also been suggested ['!l. Under the Hertzian contact

load, the binder is partially extruded from the surface, and then effectively ‘smeared’
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over the surface of the wear track. It can be observed from Figure 9.5(b) that, after 30
minutes of wear, the surface has undergone more severe elastic-plastic deformation,
showing dark regions, indicating the binder is being removed; this third-body material
has now started to be deposited at the ends of the wear track. It can also be noted that
there is no grain cracking at the edge of the wear track, indicating an abrasive wears
mechanism still predominates ['%1. After 60 minutes of wear (Figure 5(c)), it can be seen
that the wear surface is relatively smooth, while some parallel cracks can also be
observed. This suggests that a uniform thin layer of tribofilm material has been deposited
onto the surface. In fact, the initial tribolayer generation occurs very rapidly, as noted

earlier, and clearly happens within the first 15 minutes of wear.
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Figure 9.5: Representative SEM images of the TiC cermets with 10 vol.% 410-L stainless
steel binder, following wear testing with and applied load of 40 N of load after
testing for: (a) 15 minutes, (b) 30 minutes, and (c¢) 60 minutes. The sliding
direction is horizontal in each of the images.

Typical SEM images of the edges of wear tracks on the TiC cermets with 30 vol.% of
410-L steel binder, subjected to a 40 N applied load, and after 15, 30 and 60 minutes of
wear, are shown in Figure 6. There is clear evidence that while many of the TiC particles
are retained in-situ, a significant portion of the binder has been removed at the surface
when the steel content is increased (Figure 6(a)), since the high elastic moduli TiC
particles take a smaller fraction of the applied load in the composites (due to their
reduced volume/area fraction). It can be observed that at the side the wear track, the

binder phase has been subjected to a compressive force (i.e. pushed out between the
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harder TiC grains), while ‘rings’ of residual binder can also still be seen around some of
the TiC particles away from the wear track edge; at the edges of the TiC grains the steel
binder is protected somewhat from removal by the high modulus ceramic. Figure 6(b)
shows the edge of the wear track after 30 minutes testing. It is apparent that there is now
significant TiC damage/fragmentation and removal, although some grains from the
original polished surface are still retained. The wear debris that is generated acts as a
third-body, leading to an aggressive three-body wear mechanism. There is also evidence
for a deposited triobolayer being accumulated, especially near the edge of the wear track,
with subsequent spalling also being apparent. The tribolayer formed at the edge of the
track shows occasional parallel cracks, indicating the brittle nature of this layer. A
previous study on related cermets prepared with a 316L stainless steel binder (designed to
have either fine- or coarse-grained TiC structures), demonstrated a tribolayer thickness of
approximately 6 to 8 um after 120 minutes of wear 7). Similarly, Figure 6(c) shows the
wear track after 60 minutes. The edge of the wear track now has moderate tribolayer
build-up, while TiC grains remain intact within the tribolayer. Cracks are again visible

perpendicular to the wear direction.
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Figure 9.6: Representative SEM images of the TiC cermets with 30 vol.% 410L stainless
steel binder, following wear testing at 40 N applied load for: (a) 15 minutes,
(b) 30 minutes, and (c) 60 minutes. The sliding direction is horizontal in each
of the images.

In order to further elucidate the wear mechanisms relating to the TiC-steel based cermets,
SEM analysis was conducted on the wear debris generated for various conditions (Figure
9.7). The SEM micrographs presented in Figure 9.7(a,b) show the wear debris generated
under a 40 N load from TiC cermets prepared with 30 vol.% binder, for 316L and 410L,
respectively. The morphology of the wear debris in Figure 9.7(a) is essentially spherical,
indicating a rolling action of the debris between two nominally parallel surfaces (on a
micro-scale), and confirms the abrasive three-body wear mechanism. The fine-scale,
micro-composite nature of these individual particles is clearly visible, with
predominantly sub-micron grains (presumably TiC or WC) present within what appears
to be a metallic binder phase. Spherical wear debris has been observed during fretting and
rolling-contact fatigue studies by Samuel and colleagues *?, and during sliding by
Rigney *3!. The particle in Figure 9.7(b) is more plate-like, indicating the probability of
an adhesive wear mechanism 4, where there is successive adhesion and transfer which
initially may result in relatively round debris composed of constituents from both sliding
surfaces. As the wear process continues and the particle continues to grow, it would
likely become flattened by plastic deformation as it is sandwiched [2!4); alternatively,
this may simply represent a segment of tribolayer that has spalled away, but which is

effectively formed through a similar mechanism. Figure 9.7(c,d) show SEM micrographs
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of typical wear debris generated from the same cermets, but at a higher load of 60 N. The
spherical morphology apparent Figure 9.7(c) again suggests three-body wear, while
Figure 9.7(d) shows both spherical and irregularly shaped particles, indicating both three-

body abrasion and adhesive wear mechanisms. As with the earlier example, the micro-

composite nature of each spherical particle is clearly apparent.
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Figure 9.7: Representative SEM micrographs of wear debris formed from TiC cermets
with 30 vol.% steel binder: (a) 316L at 40 N, (b) 410L at 40 N, (c) 316L at 60
N, and (d) 410L at 60 N.
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9.3.3 Micro-chemical Analysis of the Wear Damage
The formation of a tribolayer can be potentially beneficial if the coefficient of friction is
effectively reduced. In this instance, when a tribolayer of sufficient thickness forms,
direct contact of the sliding surfaces is effectively reduced. Under dry sliding conditions
the interfacial shear strength provided by the tribolayer limits sub-surface deformation
and strain accumulation, consequently reducing wear . This would then be confirmed
through a decreasing wear rate. Quinn *®! reported that oxide films, either discontinuous
or otherwise, on the surface of steel reach a critical thickness before breaking up to form
wear debris. The potential spalling of the tribolayer, after reaching a certain thickness,

can assist in explaining why the rate of volumetric wear loss often increases with time.

Figure 9.8 demonstrates representative EDS analysis data obtained on a TiC-20 vol.%
316L sample, following wear testing at 40 N for 60 minutes, with the associated mean
chemical composition for this region provided in Table 9.1. It is apparent that the
tribolayer is extremely homogeneous in composition, indicating very fine scale mixing of
the various constituents. It is also apparent that there are components from the TiC and
steel, as well as from the WC-Co counter face material, incorporated into the tribolayer.
Finally, the tribolayer region itself also has a very high content of O, which is essentially

absent from the starting cermet composition.
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Figure 9.8: EDS elemental maps and associated SEM EDS electron image of the edge of
a wear track a TiC-20 vol.% 316L sample testing at 40 N for 60 minutes.
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Table 9.1: Average EDS mapping analysis of the region shown in Figure 9.8.

Element | Weight % | Atomic %
CK 15.16 35.10
OK 16.22 28.20
TiK 31.79 18.46
CrL 16.86 9.02
Fe K 14.36 7.15
NiL 3.78 1.79
WM 1.83 0.28

Totals 100.00

Figure 9.9 presents EDS analysis conducted on a WC-Co counter-face sphere following
wear testing, with the associated mean chemical composition of this region presented in
Table 9.2. From the SEM EDS electron image below, dark areas with vertical cracks can
be observed (suggesting the horizontal sliding motion of the wear test), with the general
appearance of a tribolayer, as on the cermet surfaces. The use of EDS mapping indicated
these regions have a high concentration of O, not originally present in the WC-Co prior to
testing, confirming the generation of a tribolayer during wear tests. Traces of Ti, Fe, Co
were also found, indicating that the tribolayer on the couter face surface has also
incorporated fine-scale fragments from both materials into the tribo-pair. It can therefore
be seen that this tribolayer is transferred onto both the counter-face sphere and the cermet

being evaluated, a typical feature of adhesive wear.

Stott B71 outlined the beneficial effects of the presence of oxides at low sliding speeds,
when the applied force is sufficiently low. Under such conditions it was noted that the
frictional heat is low, and only externally applied heat can lead to oxidation of the
surfaces. The oxide and oxidized metal debris can be retained and compacted onto the
contacting surfaces, giving wear protection. At a high speed, or at sufficiently high load,
there would be higher frictional force and, as a result, a higher temperature leading to the
formation of thicker oxides on the contacting surface. When the oxide has reached a

critical thickness on the contacting surface, it would spall off leading to mild oxidation
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wear. It was suggested that at very high speeds, surface temperatures may be high enough
for the oxide to melt, leading to severe oxidation wear. A recent study on wear of Ti(C,N)

cermets 20

also proposed that a ‘thermal oxidation’ mechanism may lead to a
tribochemical reaction, and hence the high oxygen content incorporated into the
tribolayer. However, through the use of a thermal imaging camera in our recent work on
Ti(C,N)-Ni3Al cermets P*3% the maximum temperature rise only appeared to ~100°C,
which is significantly lower than necessary for thermally induced oxidation. This
indicates that the oxidation mechanism for the current cermets is one relating to
passivation of fresh, exposed surfaces, rather than high temperature oxidation, which thus
relates to an attrition process during three-body wear; the third-body particles are
consistently being refined in size through micro-fracture, leading to the constant exposure

and passivation of new surfaces; this is effectively a similar process to mechanical

alloying, in this instance in an oxidising environment.
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Figure 9.9: EDS mapping of a WC-Co counter-face ball.
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Table 9.2: EDS mapping analysis.

Element | Weight % | Atomic %
CK 8.29 29.23
OK 15.95 42.20
TiK 10.07 8.90
FeL 7.24 5.49
CoL 1.50 1.08
WM 56.95 13.11

Totals 100.00

Further evidence for this mechanism can be seen in two additional characteristics of the
worn materials. Firstly, when examining EDS maps of the tribolayers for the current
materials, as well as in prior related studies [!%!73%3%] there are very distinct boundaries
between the worn and unworn materials, showing the unworn region immediately
adjacent to the tribolayer has no O content at all. Secondly, when examining the initial
stages of wear, such that many of the original TiC surface grains remain intact, and some
initial tribolayer material is being built-up between the TiC grains, EDS analysis
confirms that O is restricted entirely to the tribolayer material deposited between the TiC
grains, and that there is no measurable oxide formed on the TiC grains that are
immediately in contact with the tribolayer region (Figure 9.10). This is also apparent with
the counter face material, as shown previously in Figure 9.9, where the presence of
significant O is entirely constrained within the tribolayer region built-up between the WC
grains; at the same time, there is no evidence of O incorporation on the WC themselves,
even though they are in contact with the tribolayer film. These three pieces of evidence
all point towards the incorporation of O into the tribolayer through mechanical attrition,

and subsequent surface passivation, rather than through thermal oxidation.
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Figure 9.10: EDS elemental maps and associated SEM EDS electron image of a TiC-10
vol.% 410L sample following wear testing. Sample was tested at 80 N for 15
minutes.

9.3.4 Characterisation of Sub-surface Damage
Several previous studies have applied FIB-based techniques to assess the tribological and

[40-43]  The wear mechanisms

tribo-corrosion responses of WC-Co cemented carbides
suggested plastic deformation of the Co-based binder, and fragmentation of the WC
grains. The fractured WC grains can be re-embedded into the binder phase, forming a

layer that might help to protect the surface. Recently, FIB has also been used to look into
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the wear mechanism of TiC and Ti(C,N) based cermets, using a NizAl alloy binder 3.
The sub-surface damage of fine- and coarse-grained TiC-316L stainless steel cermets has
also been recently assessed, using essentially the same wear testing conditions as the
current work [!7l; note that the current cermets are effectively ‘intermediate’ grain size
compared to our prior investigation. Similar FIB approaches were applied to the present
study, especially on TiC-410L cermets, investigating the effects of time on the wear

damage.

SEM images of the FIB cross-section of the generated tribolayer for TiC-30 vol.% 410L
cermets are shown in Figure 9.11. There is evidence of extensive binder extrusion
immediately outside of the tribolayer in wear track in Figure 9.11(a); a moderate amount
of binder was ‘pushed out’ from the surface, showing severe plastic deformation, to a
distance of ~10 pum from the edge of the tribolayer. Hertzian cracks forming
perpendicular to the sliding direction can be observed at the bottom of the image (in these
FIB/SEM micrographs the sliding directions are vertical), indicating the brittle nature of
the tribolayer that is formed. In Figure 9.11(b,c), a closer examination of the FIB section
is presented. It can be seen that a relatively uniform layer of tribo-film is ‘smeared’ on
top of the wear track, while the near sub-surface grains remain relatively intact; the
tribolayer itself is of the order of 5 to 7 um thick. Previous research utilising the FIB
excision method has revealed that the cracks are generated and then propagate through
the metal binder where the ligaments are thin [!7]] this is because the stress is likely to
exceed the yield stress of the binder, therefore effectively making the binder more brittle

through the pile-up of dislocations.

In related work, micro-tribology scratch tests were conducted on a WC-Co hardmetal,
with 250 mN or 400 mN loads and a diamond indenter of 20 or 30 um tip radius (test
speed of 100um-s™! were used, with a sliding length of 3 mm) %, Cracks were found in
the binder phase, and the FIB cross sections indicated that the cracking in the WC grains
does not extend to the surface even after 50 repeat tests. When the number of repeats was
increased to 100, WC grains exhibited fracturing and material was then re-embedded into
the Co binder phase. Cracks in the sub-surface region were also found to be relatively
parallel to the surface. Cracks appeared to travel further down from the surface, but some

of them only partially crack a WC large grain. After 200 repeats, the WC grains were

270



severely damaged, and this damage fully covered the surface. The study also suggested
that the tribolayer formed did not have a uniform depth. A related publication assessed a
slightly wider applied load range, between 20 and 250 mN, with a higher number of
repeat tests, starting from 100 and increasing up to 1600 3. The damage response was
similar, and the extent of damage was estimated for a 250 mN applied load after 1600

repeats; the damage was assessed to be to a depth of ~17 pm under the surface.
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Figure 9.11: SEM images of a FIB excision cut through the tribolayer of a TiC-30 vol.%
410L cermet, tested with an applied load of 40 N for 15 minutes: (a) general
overview of the FIB cut location, (b) higher magnification of the full FIB cut,
and (c) a close-up view within the FIB cut area, showing the general absence

of damage below the tribolayer after short term wear at a relatively low applied
load.

Figure 9.12 presents another FIB section on the same sample, in a wear track area that
does not exhibit significant tribolayer build-up; here there are still surface TiC grains
remaining from the original sample polishing. From Figure 9.12(a,b) it can be seen that
the surrounding binder material is partially extruded, and then effectively ‘mashed up’
with TiC fragments and deposited back onto the surface. Some regions show a related
damage stage, where fragmented and removed grains can be seen. In Figure 9.12(b,c), the
sequence of SEM images highlight the sub-surface damage within this region. Clear
evidence of crack formation is apparent, with damage in the binder phase around the TiC
grains, which indicates the local stresses have exceeded the yield stress of the binder
phase; it is highly likely that the cyclic nature of the wear test results in some degree of
work hardening of the binder, and a concurrent reduction in ductility. There is also some
initial evidence of cracking within the TiC grains The cracks underneath the worn surface
are somewhat ‘lateral’ in their character. Although this kind of crack pattern is related to

(441 the cracks do not seem to

wear, according to a similar study conducted in WC-Co
propagate through multiple grains, which suggests that it is more likely a fatigue related

mechanism, rather than one associated with indentation.
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In a prior work, scratch testing of WC-Co was assessed using FIB/SEM analysis !, Here
a spherical indenter of 200 um tip radius was used, with an applied load of 30 N and a
‘sliding” distance of 5 mm; various numbers of repeats were conducted (i.e. 1,2, 5 and 10
tests), on both fine- (~1.5 um) and coarse-grained (~6.4 pum) WC-Co samples. FIB
sectioning after 10 passes showed that nano-sized fragmented WC grains were generated
and embedded into the surface. Intergranular fracture was observed within the grains or
tribolayer around the scratch. It was noted that crack growth usually follows a
transgranular pattern in the WC-Co hardmetals, while in the current work both
transgranular and intergranular cracks are observed in the TiC cermets. In comparing the
two classes of material, the yield stress of the Co-based binder can be anticipated to be
somewhat lower than the steels used, thereby allowing greater surface re-arrangement
and binder extrusion. It is also likely that work hardening is more prevalent in the current
study, due to the significantly greater number of cycles endured by the TiC-based
materials (roughly 2 to 4 orders of magnitude higher).

,..u‘_d“:‘ R ; Y. - -
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10.0kV 9.8mm x10.0k SE(M)
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Figure 9.12: SEM images of a FIB excision cut through the worn region, prior to
tribolayer formation, of a TiC-30 vol.% 410L cermet, tested with an applied
load of 40 N for 15 minutes: (a) general overview of the FIB cut location in the
wear track, (b) higher magnification of the full FIB cut, and (c) close-up view
within the FIB cut area showing cracking within the binder.

Figure 9.13 shows the same TiC-30 vol.% 410L composition sample after wear testing
with an applied load of 80 N, maintained for 60 minutes. The FIB excision region was
selected in a moderately thick, well-developed tribolayer area. The TiC grains were
covered by the tribolayer buildup, and cannot be seen in the initial plan view (Figure
13(a)). However, the SEM images show an interesting feature of the tribolayer in this
region; voids can be seen to be present underneath the cracked tribolayer (Figure
13(b,c)). It appears that while the tribolayer is being smeared onto the surface of the worn
materials, it has not been able to conform to all of the surface asperities, leaving some
voids. Related scratch testing studies on WC-Co hardmetals have confirmed that a Co
rich layer was built up on the surface of the material, along with fragments of the WC
phase “+*1 Tt was shown that, with a 0.1 mm tip, after applying a load of 150 mN, the
WC grains have undergone increasing severity of cracking as the number of repeat
scratches in increased. The mechanism determined in that work was the build-up of
plastic deformation, resulting in fracture of the grains. As the number of repeat scratches
increases, the damage also increases within the fractured layer of grains covering the top

surface.
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Figure 9.13: SEM images of a FIB step figure on the tribolayer of a TiC-30vol.% 410L
cermet, tested with 80N of load after 60min.

Another extreme of the sub-surface wear response was observed for the TiC-10 vol.%
410L cermet samples (Figure 9.14). The FIB excision example is taken within the rough
wear track, shown in Figure 9.14(a), and tested under 40 N applied load for 15 minutes.
Here the tribolayer has spalled away, leaving the high roughness surface of the cermet;
this is effectively a layer of material originally just below the initial polished surface,
such that any polished (i.e. flattened) TiC grains are removed during wear. This example

shows how the shear stresses below the tribo-surface have generated small voids at TiC-
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TiC interfaces (Figure 9.14(c)), and also that the yield point of the steel has been

exceeded in certain areas, leading to crack formation in the binder phase (Figure 9.14(d)).

_ N

L L L P R L, S P T T
10.0kV 16.6mm x10.0k SE(M) 5.00um 10.0kV 16.6mm x10.0k SE(M) 5.00um

(©) ()

Figure 9.14: SEM images of a FIB excision cut through the worn region, after tribolayer
spallation, for a TiC-10 vol.% 410L cermet, tested with an applied load of 40
N for 15 minutes: (a) general overview of the FIB cut location in the wear
track, (b) higher magnification of the full FIB cut, (c) close-up view within the
FIB cut area showing shear and void generation between the TiC grains, and
(d) cracking occurring in the steel binder close to the worn surface.

9.3.5 Development of Cermet Wear Mechanism Maps
In prior work, the development of wear maps was studied by Kato and colleagues,

including for both metallic alloy “5*71 and ceramic 8% representative systems. As an
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example, for steel the wear map was plotted for the indentation depth/contact radius as a
function of the contact interface/wear material shear strength, to show the well-known
‘cutting’, ‘wedge forming’ and ‘ploughing’ modes of wear 61, Wear mechanism and
mode maps were also studied for ceramics, and in particular for alumina, zirconia and

4850511 The wear modes were divided into ‘mild wear’ and ‘severe wear’,

silicon carbide
based on the ratio of surface roughness (Ry) to the mean grain size (Dg). With Ry/Dg <
0.2, the worn surfaces are relatively smooth, and the wear rate ranges from 10 to 10
mm?/Nm. For Ry/D, > 0.5, the worn surfaces are rough, with a much higher wear rate,
between 10 and 102 mm?/Nm. It was also determined that the transition from mild to
severe wear could be ascertained by defining the ‘mechanical severity of contact’, Scm,
and the ‘thermal severity of contact’, Sc;. The critical value for these materials for the

transition from mild to severe wear, if driven by the tensile stress which causes vertical

cracking, is given by:

(1 + 10p) PpoxVd Equation 9.11
c,m = K 2 6
IC

where p is the coefficient of friction, Pmax is the maximum Hertzian contact pressure, Kic
is fracture toughness, and d is the vertical crack length, which was taken as half of the

grain size for the calculation.

Hsu and colleagues, based on considerable data obtained for ‘structural ceramics’ such as

alumina, ytrria-doped zirconia, silicon carbide and silicon nitride, and have developed

52-57

detailed wear maps 71 for these materials. They have classified them into three

(58391 termed ‘mild wear’ (stress intensity < Kic), ‘severe wear’

different categories
(stress intensity > Kic), and ‘ultra-severe wear’ (stress intensity >> Kic). The overlapping
wear volume ranges for these were outlined as 107 to 10* mm?, 10 to 102 mm? and 1073

to 10" mm?

, respectively. They were also able to determine the dominant wear
mechanism for each of the modes, as ‘asperity-scale failure mode’, ‘nominal scale failure
mode’, and ‘nominal scale plus few large debris/thermal shock mode’. The models used
include the traditional ‘lateral crack’ mode, the tensile crack mode, and thermal shock

mode.
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To study the effects of both material and test parameters on the present TiC-stainless steel
cermets, simple wear ‘maps’ were plotted, specifically relating to wear rate changes as a
function of conditions within the processing and testing envelope. In previous research, a
qualitative wear rate ‘map’ for Tio3No.7-NizAl cermets, with varying Mo>C additions was
developed [*1. These ‘maps’ were plotted versus the applied load and Mo,C content, for
20 and 40 vol.% of NizAl binder. In terms of quantification, ‘low wear’ was defined as <
10x107 mm>*Nm, and ‘high wear’ was > 30x107 mm®/Nm, with ‘intermediate wear’

lying in between.

Figure 9.15 shows the effects of applied load and steel binder content on the specific
wear rate, with the same wear rate definitions used previously 1 highlighted by
different grey scale levels. For a ‘low’ wear rate the area is indicated in dark grey, while
light grey indicates ‘intermediate’ wear, and white shows the ‘high wear’ conditions. This
information is also presented in a three-dimensional image, giving a comparison between
the three binder types. Overall, it can be concluded that TiC-316L stainless steel
invariably has a higher specific wear rate over the range of examined loads, and this
increases steadily as the load and/or binder content increases, as noted in our previous

(18] In terms of the severity of wear,

conclusions in the first section of the current study
for each material it can be seen that the worst case scenario occurs for a combination of

high applied load and high binder content.

Kumar 2% et al. studied the sliding wear of Ti(C,N)-WC-Ni cermets, with various applied
loads, and with a WC content ranging from 5-25 wt.%. It was shown that the friction
response reaches a steady state after ~5,000 cycles, and the coefficient of friction
decreases with an increasing load. The wear rates also decrease with an increasing load
for a fixed binder content, but increase with the binder content at any particular given
load. They have suggested that an iron-titanate layer (i.e. tribolayer) was formed, which
decreases the contact friction, leading to a decrease in the specific wear rate when the

applied load is increased.
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Figure 9.15: Wear mechanism ‘maps’ for the TiC-stainless steel cermets, with the effects

of load and binder content shown for: (a) 304L, (b) 316L, and (c¢) 410L
stainless steel binders.
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9.3.6 Wear Mechanism(s)
Several studies of the wear mechanism(s) arising for WC-Co ‘hardmetals’ have been
conducted [#10444560-63] " The various suggested mechanisms were mainly focused on
plastic deformation 17 or plastic grooving >, binder phase extrusion and removal [*
681 fracture of WC grains 71, or Palmqvist cracking and subsequent material spalling
(19 Work by Gee and colleagues 4436063 has provided a large amount of useful data on
both two-body and three-body abrasive wear for various hardmetals. This includes both
low and high binder content materials, with either Co or Ni as the binder phase [**;
comparison was also made with selected ceramics materials. Tests were conducted using
both low load (i.e. 4 N) scratch tests, for a single pass, and also multiple pass test using
same load, but repeated for up to 100 scratches. It was found that with an increasing
number of scratches, the width of the scratches increases, but with a decreasing rate. It
was found that fracture damage was the dominant wear mechanism for the brittle ceramic
materials, since ceramics with the same hardness values have a smaller scratch width for
the initial tests, but the width then increases much more rapidly than for the hardmetals
after the same number of subsequent repeats. It was suggested that fracture of WC grains
and plastic deformation were the main wear mechanisms, but re-embedding of the
fragments was also observed. They proposed that small fragments remain at the surfaces
through two mechanisms “*6!: (i) the fragments are re-embedded in the structure as
further contacts occur, or (ii) the binder phase is pushed out or extruded through the
network of cracks that is formed in the WC grains [%). Since there was no binder
extrusion observed, the re-embedding of fragments was proposed. A Co containing film
(i.e. tribolayer) was also formed. In a related study, concentrating on three-body abrasive
wear %% the hardmetals were sliding against a high speed steel wheel for 20 minutes,
using silica sand (200-312 um) as an abrasive, under various applied loads (50 to 200 N).
The low binder content hardmetal samples was observed to have damage within the hard
phase (i.e. WC), while binder extrusion was also noted. Conversely, ploughing, fracture
and re-embedding of WC fragments dominated the wear mechanisms for the high binder
hardmetals. Debonding between the WC grains and the binder matrix was also apparent.
The use of either dry or wet environments was also a point of interest for the rotating

wheel abrasion (three-body) tests conducted on the hardmetals ®!, for both fine- and
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coarse-grained cemented carbides. Various types of abrasive tests [®?l binder contents,
and test geometries [*¥1 have also been studied. It was shown that the extent of wear
increases proportionally with increasing load; the wear volume also has a log linear
relationship with the hardness. Similar mechanisms were found, with no observation of
binder extrusion. This work also found cracks present in the grains on the wearing
surface [*461:621 byt the cracks did not propagate through multiple grains, therefore an
indentation generated Palmqvist crack was not proposed, but rather a fatigue-related

mechanism.

It has been noted that abrasive wear is dominated by either plastic deformation or brittle
fracture [®¥1. Several studies on wear through brittle fracture have indicated that the wear
rate increases with the square root of the particle size [*>¢7) It has also been suggested
that the wear rate predicted by brittle fracture is higher than that arising through plastic
deformation, has a stronger dependence on fracture toughness than hardness, and that

(%81 Tt can be seen that such

fracture has to occur when a critical load is exceeded
transitions may not follow these basic predictions. These materials were assumed to be
homogeneous, but cermets, cemented carbides or other composites are actually
heterogeneous when wear occurs from hard particles (%),

s 9], The dominating wear

The wear of ceramics depends on the tribological contact stres
mechanism at low contact stress is plastic deformation (e.g. binder extrusion). At some
critical point, cracks will be generated with an increasing contact stress. Then the various
cracks would begin to interact with each other, transitioning into a crack-controlled type
of wear, leading to a severe wear rate [®). Finally, fracture-controlled wear would
dominate the process if the contact stress keeps increasing, causing grain fragmentation.
Tribochemical reactions can then occur when the fragments become trapped between the

surfaces.

For the present case it can be seen that the response of the TiC-based cermets is complex,
and evolves through the duration of the wear test. Initially, the contract stress promotes
some limited extrusion of the binder material from between the TiC particles. This is
driven by the much lower hardness and elastic modulus of the steel, potentially combined

with a significantly higher Poisson ratio. The reciprocating contact action of the counter
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face material also introduces a cyclic loading. Ultimately, sub-surface cracking of the
binder arises (as evidenced through the FIB excision experiments). It is proposed that this
occurs through work hardening of the steel, at least in part, and eventually the yield stress
of the metal is exceeded and failure occurs. At the same time, there is some
cracking/fragmentation of the hard TiC phase, although this only appears for extreme
surface grains, such that damage is restricted to less than one grain diameter depth. These
various features mark a transition from two- to three-body wear, with the third-body
being a combination of the TiC particle fragments and the extruded steel binder (as
evidenced by the micro-composite wear debris particles that are generated (Figure 9.7)).
These observations mark a predominantly abrasive wear mechanism. The fragmented
TiC and steel particles are then further refined in size; some of these fragments become
embedded back into binder rich regions (as seen, for example, in Figure 9.12(a)). Further
attrition results in the third-body debris being refined to such an extent that individual
fragments are no longer recognisable when observed in the SEM, and this material is
effectively deposited as a semi-continuous tribolayer within the wear track, especially
towards the ends and edges of the track. The extent of attrition of the third-body material
is further highlighted by the incorporation of relatively high O contents in the tribolayer
material. Based on several observations, it is proposed that for the present TiC-based
cermets the O content predominantly arises through passivation of freshly exposed
surfaces during three-body wear and not, contrary to several other observations, from
elevated temperature oxidation. The tribolayer itself is brittle, and exhibits multiple
cracking during cyclic loading, eventually leading to spallation of small segments during

testing.

9.4 Conclusions

Microstructure assessment by OM, SEM/EDS and FIB were conducted in in order to
characterise the effects of dry sliding reciprocating wear tests on TiC-stainless steel
cermets. Using optical microscopy, the difference between the retained, intact TiC grains,
any tribolayer, and any spalled regions can be readily detected, due to the different

reflectivity of these areas within the wear tracks. It was found that the wear response of
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the current materials was not governed by a single mechanism. Binder extrusion was
found under Hertzian contact loading, in combination with fracture/fragmentation and
pull out of the harder TiC grains. Transitions from an initially two-body abrasive wear
mode to three-body abrasive wear is apparent due to the formation of debris from these
constituents. The wear debris itself can be spherical or ‘plate-like’, with the spherical
particles typically exhibiting a fine-scale, micro-composite structure; this morphology
forms from the third-body material being constrained between nominally rolling planar

contacts (on a micro-scale).

A further transition to adhesive wear was also observed through the formation of a
tribolayer within the wear tracks and on the contact surface of the counter face sphere.
The structure and extent of this tribolayer evolves during wear. Initially, the third-body
micro-composite material is compacted in regions between the harder TiC grains. With
increasing wear time and/or load, this material is significantly refined is structural scale,
such that individual TiC grain fragments are no longer resolvable, and is more uniformly
distributed across both the wear track and counter face surfaces. The compositions of the
tribolayers on both tribo pair surfaces were assessed by EDS analysis, which highlighted
constituents from both components in combination with a high O content. It was
confirmed that the mechanism of O incorporation into the tribolayer is through particle
attrition, rather than thermal oxidation. Site specific FIB micro-sections, cut through the
tribolayer/wear surface, highlighted the extent to which sub-surface damage occurs. This
included crack formation within the steel binder ligaments, arising from the complex
compression/shear loading during sliding wear which, it is proposed, leads to work
hardening of the binder and a concurrent loss in ductility. A shear loading component
contributed to isolated micro-void formation between contacting TiC grains. Limited
cracking of TiC grains was also noted, although this only occurs very close to the wear
contact surface (less than one grain diameter depth). Simple ‘wear maps’ were developed
for each cermet family, using specific wear rate data to categorise the severity of the
wear. It was noted that wear increased with a combination of high applied load and high

binder content, with materials processed with 316L steel showing the highest wear rates.
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Chapter 10 Conclusions and Future Work

10.1 Conclusions

Material loss through wear and/or erosion has resulted in significant costs in maintaining
and repairing components in the mining, tooling, and oil/gas industries. To reduce the
damage, the microstructure and topography of the worn material should be studied. The
current research produced a new family of TiC stainless steel cermets with various
binders, and studies relating to wear were conducted (i.e. sharp and blunt contact
damage). To optimise the material’s mechanical properties and performance, the
microstructural evolution was first assessed. Indentation behaviour of the materials was
evaluated. ‘Sharp’ Vickers indentation was conducted since different crack patterns may
lead to the removal of the material, and it also simulated the erosion behaviour of the
cermets with a fixed geometry ‘sharp’ indenter. ‘Blunt’ Hertz indentation was also
studied, under quasi-static loading and following reciprocating wear, which provides
information relating to the cermets in contact with a sphere under both static and dynamic

loads (e.g. for a bearing scenario).

Stainless steel binders (austenitic 304-L and 316-L, and martensitic 410-L) were
incorporated with the TiC ceramic phase, and varied from 5 to 30 vol.%. Samples were
densified using a simple ‘melt infiltration/sintering’ method, with a variety of different
sintering conditions: (i) 1475 °C for 15 minutes, (i1) 1550 °C for 60 minutes (1500 °C for
reciprocating wear tests), and (ii1) 1550 °C for 240 minutes. This allowed the fabrication
of fine-, intermediate- and coarse-grained TiC cermets. The sintered cermets consistently
achieved densities greater than 95% theoretical, even with only 5 vol.% steel binder. A
slight decrease of the measured densities with the increasing binder content was found,
which is believed to be the combination of microstructure/compositional modification

during the sintering process and volatilisation of the steel binders.

For evaluation of the microstructural evolution of the cermets, scanning electron
microscopy (SEM) analysis was conducted on the samples, and revealed a homogenous
distribution of the TiC grains, and no evidence abnormal grain growth. It has found that

the grain size distribution of the cermets followed a logarithmic Gaussian fit, with a
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broader distribution when the sintering duration increased. The microstructural
parameters (i.e. mean grain size, contiguity and binder mean free path) were measured, as
they are important in predicting the mechanical properties of the materials. The mean
grain size increases with increasing sintering temperature, and is relatively independent
of the binder content. The contiguity of the cermet decreases with increasing binder
content, as the contact between the TiC grains were decreased. Conversely, the binder
mean free path of the cermets increased with increasing binder content. A complex,
irregular ‘C-shape’ and ‘O-shape’ morphology of the TiC grains arose during the
sintering process, especially for the samples sintered at 1475 °C for 15 minutes. This
phenomenon can be explained by the ‘instability of solid-liquid interface’ theory, in
which the dissolution of specific constituents produced a coherent strain at the surface of
the TiC grain, causing the tensile stress to push the grain inwards. This is related to the
competition between the minimisation of interfacial energy and the coherency strain
energy. Focused ion beam microscopy (FIB) was conducted and showed that the ‘O-

shape’ grains are, in fact, an artefact of the sectioning, and are actually ‘cup-shaped’.

A multi-layer ‘core-rim’ structure was developed after sintering, which is believed to be a
result of Oswald ripening during the ‘dissolution/re-precipitation’ process of the liquid
phase sintering. Energy dispersive X-ray spectroscopy (EDS) analysis revealed the ‘core’
is pure TiC, while the rim consisted of a lighter contrast ‘inner-rim’ and a darker contrast
‘outer-rim’. It was found that the Mo, which is originally in the 316-L stainless steel, was
fully depleted from the binder and deposited onto the pure TiC cores; a maximum
concentration of Mo was found in the ‘inner-rim’. The other constituents, Cr, Ni are also
detected in the rim phase, but mainly in the ‘outer-rim’. A small amount of Fe was also

detected within the TiC grains, but the majority remains in the binder.

Indentation with ‘sharp’ Vickers indenters, with various applied loads, was conducted on
the TiC-316-L stainless steel samples, in part to study the indentation-induced cracks, but
also to assess fundamental hardness and indentation fracture resistance characteristics.
Differential interference contrast (DIC) optical microscopy revealed a slight ‘uplift’
phenomenon around indentation sites without spalling. The hardness of the cermets
decreases with increasing binder content, as the binder mean free path of the materials

increase. Hardness was evaluated with various loads (1, 5, 10 and 30 kgf), and an

291



apparent ‘indentation size effect’ (ISE) was found, as the hardness number increases with
decreasing load at a fixed binder content. The ISE was analysed using both Meyer’s law
and the proportional specimen resistance (PSR) model. Measurement of the indentation
fracture resistance (IFR) was also conducted, again with various indentation loads. The
IFR values were calculated using either ‘median/radial’ or ‘Palmqvist’ crack models,
depending on the predicted crack pattern (assessed initially from the c:a ratio), and the
values increases with increasing binder content, as anticipated. ‘R-curve’ behaviour was
found, as the IFR increases with increasing crack length/load. This phenomenon is due to
the ductile binder ligaments bridging the crack in its wake; the longer the crack, up to
some maximum length, the greater the number of bridging ligaments. FIB micro-
machining cuts were conducted within the crack paths, to view sub-surface damage, and
these revealed a transgranular-type of cracking. Both ‘median’ and ‘Palmqvist’ cracks
were found in the system. When applied with a fixed load, cermets with higher binder
content are likely to produce ‘Palmqvist’ type of cracking; when the binder content is

fixed and applied with high load, ‘median’ type of cracking are favoured.

‘Hertzian’ indentation, with blunt spherical indenters, was also assessed with the TiC-
316L cermets. Various diameter WC-Co spheres were used as indenters, ranging from
1.19 mm to 3.96 mm, with the applied loads ranging from 250 N to 2000 N. Standard
4140/4142 steel samples were also indented to provide a baseline comparison. The
indentation stress-strain curves were plotted to study the ‘quasi-plastic’ behaviour of the
material. It was found that the cermets deviated from the calculated ‘elastic Hertz
response’ and exhibited a ‘strain-hardening’ effect. The cermets demonstrated three
nominal regions of ‘quasi-plasticity’: (i) pseudo-elastic, (ii) elastic-plastic, and (iii)
pseudo-plastic. The residual indentation sites were observed using optical microscopy
and SEM, while an optical profilometer was used to obtain the final indentation depth,
which was compared with the maximum deflection values recorded during the spherical

indentation tests.

Relating to the spherical indentation assessment, the reciprocating wear behaviour was
also studied using a sphere-on-flat test geometry. Two main aspects of sliding wear were
assessed: (1) the effect of the grain size, binder content and applied loads on the TiC-316-
L cermets, and (i1) the effects of the steel grade (340L, 316L, and 410L), binder content,
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applied load and the testing time. To assess the grain size effect for the TiC-316-L
cermets, fine- and coarse-grained materials, with binders ranging from 10 to 30 vol.%,
were tested with 20 to 80 N applied load for 120 minutes. The fine- and coarse-grained
cermets both exhibited a decrease in hardness with increasing binder content, while the
fine-grained cermets have overall higher hardness values; this is primarily attributed to
the finer steel ligament dimensions (binder mean free path) generating a higher yield
stress in the metal (following the Hall-Petch relationship). The fine-grained cermets also
exhibited better wear resistance than the coarse-grained equivalents. The specific wear
rates for the fine- and coarse-grained cermets are in the order of 10”7 mm?®/Nm, which is
broadly consistent with WC-Co hardmetals. The specific wear rate for fine- and coarse-
grained cermets increases with increasing binder content and applied load. SEM analysis
was used to study the wear mechanism(s). Binder extrusion and TiC fragmentation were
detected, indicating a transition from two-body to three-body abrasive wear. The
formation of tribolayer confirmed the further transition to an adhesive wear mode. High
concentrations of oxygen were found within the tribolayer through EDS analysis. The use
of FIB micro sections, within and at the edge of the wear tracks, revealed shear induced
sub-surface damage. This was manifest in form of: (i) brittle nature of the tribolayer, (ii)
fragmentation of the TiC grains, (iii) void formation between TiC grains, and (iv)

cracking of the steel binder ligaments.

A study of the effects of different grades of stainless steel binders was conducted using
the same reciprocating wear test geometry; samples were all sintered for 1500°C for 60
minutes, to generate broadly identical microstructures. The binder contents were varied
from 10 to 30 vol.%, and the cermets were tested with loads ranging from 20 to 80 N, for
durations from 15 to 120 minutes. For the lowest binder content, the ‘run-in’ time to
reach a steady state coefficient of friction is somewhat longer than for the highest
content. It was found that the wear resistance of the TiC-410-L cermet is slightly higher
than the austenitic binder cermets, particularly those prepared with 316L. Optical
microscopy confirmed that the formation of a tribolayer is a fast process, as the samples
examined after only 15 minutes of wear already exhibited initial stages of tribolayer
formation. The wear mechanism(s) are again, initially two-body abrasive wear,

transitioning to three-body abrasive wear. A further transition to adhesive wear then
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occurs, with tribolayer formation; a tribolayer is also deposited on the WC-Co counter-
face sphere, which is confirmed with EDS. Simple wear maps were developed, as a
function of binder content and applied load, which categorised the ‘mild’ to ‘severe’ wear

regions.

It can be concluded from above, a combination of good mechanical properties and steel
grade would provide the ideal candidate material in terms of wear resistance. Fine-
grained cermets with a medium binder content (i.e. ~ 15-20 vol.%) would provide both
high hardness and indentation fracture resistance, which could enhance resistance to both
wear by plastic deformation and brittle fracture mechanisms. Overall, cermets with
martensitic 410L grade steel as a binder has the highest wear resistance within this family

of materials in the current study.

10.2 Recommendations for future work

The current study has conducted indentation tests, with both sharp and blunt indenters, on
a family of TiC-stainless steel cermets. It would be desirable to apply the bonded
interface method to analyse the cermets, particularly to study the cracking behaviour and
sub-surface damage within the cermets. For Vickers indenter-induced cracks, the current
study has utilised FIB micro-machining of regions within the crack path to determine the
sub-surface crack patterns. However, the cracks may not be as ideal in shape as is
illustrated in the schematic figures. The sequential polishing method was conducted in
the current work, but was not very successful, as the debris from polishing was pushed
into the cracks and the residual indents, causing issues in the identification of the sub-
surface crack patterns. For ‘blunt’ indentation, the bonded-interface-method is a very
useful tool to study the sub-surface deformation, particularly the shape, magnitude and
location of the deformation zone; information relating to the mechanism of ‘quasi-plastic’
deformation can also be identified by this method. Indentation fatigue, with multiple
repeated loading cycles (effectively a form of contact fatigue), and high temperature
indentation are also worth considering for assessing spherical indentation on these and
related cermets. Nano-indentation with a diamond Berkovich tip is also suggested, to

obtain the localized, ‘in-situ’ values of the Young’s modulus of the phases (i.e. on a
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micro-scale), as the current study uses a rule of mixtures to estimate the composites
elastic modulus. This would nominally provide the true materials parameters for future
analysis. By using nano-indentation method, the hardness of the ceramic and the metallic
phase can be obtained respectively, and this would also allow some determination of the
degree of work hardening that may occur during the ‘cyclic’ reciprocating wear tests.
Similarly, the bulk elastic moduli should also evaluated, for example using a Grindosonic

system.

Another important aspect of such a study is to utilise the finite element method to
simulate the indentation process. Hertzian indentation models have been widely adapted
in many commercial simulation packages, therefore extending the current study is
suggested, starting with modelling of the spherical indentation on the cermets as a
‘continuum’ material initially. By comparing the modelling and experimental work,
potential discrepancies between the two can be identified. The model could then be
revised to apply to the composite cermets by incorporating interactions between the
ceramic and the metallic phases. Further research utilising the FEM method in terms of

the Vickers indentation response could then be applied.

Finally, for the reciprocating wear studies, to help better understand the operative wear
mechanism(s), the use of electron back-scattered diffraction (EBSD) is suggested to
examine the plastic deformation. EBSD would provide important information on the
plastic deformation accumulated, and to determine the critical plastic strain and when the
TiC grains would start to crack. EBSD analysis would also provide the initial orientation
of the TiC grains, as well as the degree of plastic deformation through the reduction of

the indexed patterns.
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Appendix. A Microstructure Characterisation of the Cermets

Appendix A presents the sample characterisation results, which were not shown in the
previous sections. All sintered samples were characterised with SEM with their
microstructure parameters calculated. In Figure A. 1 and Figure A. 2, are the
representative SEM images and corresponding grain size distribution histograms of the
TiC-316L samples with 20 and 30 vol.% of steel binder, sintered at 1475°C for 15
minutes (fine-grained), 1550°C for 60 minutes (intermediate-grained) and 1550°C for 240
minutes (coarse-grained). It can be seen that the sintered samples are homogeneous in
microstructure and were fully densified. Again, the fine-grained cermets show a more
complex microstructure than the other two. A multi-layer ‘core-rim’ structure of the
sintered samples can be seen from the SEM images. The grain size distribution follows a
log normal distribution, and becomes wider as the sintering temperature and duration

increases.
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Figure A. 1: Representative SEM images of TiC cermets with 20 vol.% 316
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Figure A. 2: Representative SEM images of TiC cermets with 30 vol.% 316-L binder
content and corresponding grain size distributions sintered at (a) 1475°C/15
min (fine), (b) 1550°C/60 min (intermediate) and (c¢) 1550°C /240 min
(coarse).

The XRD trace of the intermediate- and coarse-grained TiC-316L cermets are shown in
Figure A. 3. The spectra fit the TiC powder diffraction file (#03-065-8416) and austenitic
stainless steel powder diffraction file (#00-033-0397), respectively.
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Figure A. 3: XRD spectra obtained for (a) intermediate- and (b) coarse-grained cermets.

The multi-layer ‘core-rim’ structure of the sintered samples were categorized with four

different regions as ‘binder’, ‘core’, ‘outer-rim’ and ‘inner-rim’, which was further
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analysed by EDS. Figure A. 4 shows the weight percentage of the detected constituents as
bar graphs, to give a comparison of an intermediate-grained cermet with 15 and 30 vol.%
of binder. Values were listed in Table 4.4 and detailed discussion can be found in Chapter

4.

300



100

Bimljerl

80 -

60 -

wt.%

40 |

20 -

Il 15 vol.%] |
I 30 vol.%

100 :

wt.%

B 15 vol.%
I 30 vol.%

c Ti cr Fe Ni Mo w c Ti cr Fe Ni Mo w
Element Element
(a) (b)
100 I ! T T T T T 100 T T T T T T T
| |Quter Rim] | [Inner Rim] Il 15 vol.%] |
I 30 vol.%

80

wt.%

B 15 vol.%] |
B 30 vol.%

80

60

wt.%

40

20

c Ti Cr Fe Ni Mo w
Element Element
(©) (d)

Figure A. 4: Representative EDS core-rim structure intensities of a TiC-316-L
intermediated grained sample with 15 and 30 vol.% of binder, as (a) binder, (b)
core, (c¢) outer-rim and (d) inner-rim.

The sintered samples prepared for the reciprocating wear tests were also examined with
SEM. Figure A. 5 to Figure A. 7 are the intermediate-grained cermets, with 304L, 316L
and 410L as binder. Binder contents are 10, 20 and 30 vol.%. Areas with high

concentration of W can be seen.
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Figure A. 5: TiC- 304L cermet sintered for 1500°C for 60 minutes with (a) 10 (b) 20 and
(¢) 30 vol.% of binder.
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(¢) 30 vol.% of binder.
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Appendix. B Vickers Indentation Data

Appendix B presents the ‘sharp’ Vickers indentation data and images, which were not
shown in the previous sections. Figure B. 1 is the hardness data, and Figure B. 2 is the

fitting plot using PSR model of TiC-316L coarse-grained samples.
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Figure B. 1: Hardness as a function of binder for a TiC- 316L coarse-grained cermet.
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Figure B. 2: PSR model for P/d versus d, for a TiC-316L coarse-grained cermet.
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DIC optical microscope images of TiC-316L cermets with various binder contents were
shown in the following section, loaded with 1, 5, 10 and 30 kgf of force. Figure B. 3 is
TiC-30 vol.% fine-grained. Figure B. 4 and Figure B. 5 intermediate-grained cermets
with 10 and 30 vol.% of binder. Figure B. 6 and Figure B. 7 are coarse-grained cermets
with 10 and 30 vol.% of binder, respectively. The samples all show a slight ‘pileup’

effect. Intermediate-grained cermets sample shows relatively well-defined radial cracks

than the coarse-grained at 10 vol.% binder.

(a) (b)

(©) (d)

Figure B. 3: DIC optical microscopy images of a TiC- 316L 30 vol.% fine-grained
cermet, indented with a Vickers indenter with (a) 1, (b) 5, (¢) 10, and (d) 30
kgf of load.
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(a) (b)

() (d)

Figure B. 4: DIC optical microscopy images of a TiC- 316L 10 vol.% intermediate-
grained cermet, indented with a Vickers indenter with (a) 1, (b) 5, (c) 10, and
(d) 30 kgf of load.
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Figure B. 6: DIC optical microscopy images of a TiC- 316L 10 vol.% coarse-grained
cermet, indented with a Vickers indenter with (a) 1, (b) 5, (c) 10, and (d) 30
kgf of load.
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Appendix. C Hertz Indentation Data

Appendix C presents the representative images and figures of the ‘blunt’ Hertzian
indentation test, which was not presented in Chapter 6. Figure C. 1 shows DIC optical
microscope images of an intermediate-grained cermet with 30 vol.% binder after 2000N
of load, the samples shows ‘pileup’ effect, the radius of the samples increases with
increasing indenter sizes. Figure C. 2 shows a coarse-grained cermet with 10 and 30
vol.% of binder loaded with 250N of load, the contact radius increases with increasing
binder content. Representative 3D images of the indentation depth obtained from the
optical profilometry is shown in Figure C. 3, for an intermediate-grained cermet with 30
vol.% of binder, the residual impression depths decreases with increasing indenter
spheres used. Another example of the optical profilometry is the load effect, which is
shown in Figure C. 4, the cermets was also 30 vol.% intermediate-grained, loaded with
both 250 N and 1000 N of force. The indentation depth increases with increasing load. In
Figure C. 5 shows the residual indentation depth and peak deflection of coarse-grained

cermet loaded with 250 N of force.
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(a) (b)

(©) ()

Figure C. 1: DIC optical microscope images of a TiC-316L 30 vol.% intermediate-
grained cermet loaded with 2000 N of force, with WC-Co indenters, diameter
shows (a) 1.58, (b) 1.98 (¢) 2.38 and (d) 3.18 mm.
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(a) (b)

Figure C. 2: DIC optical microscope images of TiC-316L coarse grained cermets, with
(a) 10 and (b) 30 vol.% of binder, loaded with a 1.98mm indenter with 250 N
of force.
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Figure C. 3: Pseudo colour 3D images obtained from optical profilometry. Load with
2000 N of force on TiC-30 vol.% intermediated grained cermet, with (a) 1.58,
(b) 1.98 (¢) 2.38 and (d) 3.18 mm indenter.

313



(2) (b)

Figure C. 4: Pseudo colour 3D images of TiC-30 vol.% intermediate grained cermets,
loaded with 1.98 mm indenter, with (a) 250 N and (b) 1000 N of load.
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Figure C. 5: Coarse-grained cermets loaded with 250 N of force showing (a) indentation
depth and (b) peak deflection.
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Appendix. D Reciprocating Wear Data

Appendix D shows the reciprocating wear data of the TiC-stainless steel cermets, which
was not presented from Chapter 7 to 9. Figure D. 1 is the dynamic coefficient of friction
data for TiC-410L intermediate-grained cermet with 20 and 30 vol.% of binder. The
sample were subjected to load ranging from 20 to 80 N and tested for 120 minutes. Time
effect on the reciprocating wear is also shown here. In Figure D. 2 shows the dynamic
coefficient of friction for intermediate-grained cermets, with 10 and 30 vol.% of binder

and for 30 and 60 minutes. All samples were subjected with both 40 and 80 N of load.
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Figure D. 1: The effects of applied load on the dynamic COF curves of TiC with 20 and
30 vol.% 410-L stainless steel.
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Figure D. 2: Dynamic COF of TiC cermets loaded with 40 and 80 N of force, tested for
30 and 60 min.
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