University of Alberta

Studies on the improvement in wear resistance of WC-Co composites
by adding a pseudo-elastic TiNi phase and relevant issues

by

Yang PAN

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Master of Science
in
Materials Engineering

Department of Chemical and Materials Engineering

©Yang PAN
Spring 2012
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is
converted to, or otherwise made available in digital form, the University of Alberta will advise potential users
of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and,
except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or
otherwise reproduced in any material form whatsoever without the author's prior written permission



Abstract:

In this study, pseudo-elastic TiNi alloy was added as a second phase to the Co
matrix of WC-Co composite, which has found many applications in forms of
coating, hardfacing overlay and bulk against wear. It was demonstrated that the
added TiNi phase markedly enhanced the wear resistance of WC-60%wtCo
composite. However, the beneficial effect of the TiNi phase was diminished when

the amount of added TiNi exceeded 10wt% due to the formation of pores.

The TiNi alloy was also directly used as the matrix to fabricate WC-TiNi and
TIC-TiNi composites. The TiNi-matrix composites exhibited higher wear
resistance than WC-Co composite when the volume fraction of the metal matrix
was high, e.g., 60vol%. However, the situation was reversed when the volume
fraction of the metal matrix was lowered. It appears that the formation of pores

was also responsible for the deterioration of the TiNi-matrix composites.

Keywords: TiNi alloy, WC-Co composite, WC-TiNi, TiC-TiNi, wear, pseudo-

elasticity
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Chapter 1

Introduction



Chapter 1 - Introduction

In Chapter 1, a general introduction to the subject of wear is provided in the first
section, followed by the introduction to properties of tungsten carbide cobalt
(WC-Co) composite, titanium carbide (TiC), and titanium nickel (TiNi) alloy in
the second section; in the third section, the main purpose of this study is

addressed, and the content of other chapters is briefed at last.

1.1 Definition of wear

In early studies of this subject, wear was defined as the removal of materials from
solid surfaces as a result of mechanical action [1]. However, as the research was
deepened and the cases involving oxidation or corrosive wear arouse, it drawn the
awareness that this definition shall not be limited within mechanical interaction.
Thus, wear became better defined as the progressive loss of material from the
operating surface(s) of one or more bodies occurring as a result of relative motion
at the surface(s) [2], which may eventually result in failure of the materials in

service.

1.1.1 The use of wear

From the definition, one can tell that wear is not desirable in engineering
application in general, but there are also considerable usages of wear if this

double-edged sword is handled properly. Take diamond rings as an example,
1



coarse diamonds cannot be admirable without proper cutting and polishing, and
the polishing process involves abrasive wear; or the master-pieces of sketches for
instance, sketches would not be realistic if graphite could not be “worn” on
drawing papers. However, the engineering wear applications are far more
complex and difficult to control when compared to these simple examples;

therefore, the subject of wear should be investigated into more details.

1.1.2 Types of wear

Knowing that wear process might involve additional chemical reactions, it is
divided into two main streams. One is summarized as the “mechanical wear”, the
other one is wear in a reactive environment such as those with active chemical
elements [3]. The former stream, i.e. the mechanical wear mode, can be generally
sub-divided into four types, which are adhesive wear, abrasive wear, surface
fatigue and erosion. Figure 1-1 depicts these four groups and the mechanism

under each group in an ascending sequence of severity.

Mechanical
Wear
Processes
§ | |
o
=
3 surf
i Erosion Adhesion Hilace
Abrasion fatigue
Two & three body cavitation adhesion ratchetting
palishing I|qg|dhlmpacl fremrjg d_-:-.l_armnaucn
ploughing solid impact scuffing pitting
g 7 : g
micromachining slurry erosion galling

Fig. 1-1. A classification of mechanical wear processes [Ref. 3]



The second stream, wear in a reactive environment or corrosive wear, involves
mechanical wear mechanism, chemical and/or electrochemical reactions along
with influences of other external factors such as temperature, lubricant, or other

contaminants [2].

Other than the above classification according to the mechanism, the wear
situations can also be categorized for the purpose of selecting wear-resistant

materials [2]. These are:

1. Sliding wear

2. Fretting

3. Three-body abrasion

4. Gouging wear

5. Low-stress abrasion

6. Erosion

7. Corrosive wear

In order to introduce difference types of wear from a theoretical point of view, the

first classification is adopted for further elaboration.



1.1.2.1 Adhesive wear

Perfect flat surface is never achieved by preparation such as machining, grinding,
polishing and etc, so all surfaces have asperities [4]. When two solid surfaces are
placed against each other under load, only a very small region of the asperities
will actually be in contact, while a large percentage of the nominal contact area is
relatively further away from the corresponding surface, as shown in Fig 1-2. In
the figure, it is obvious that the real contact area (A;) is much smaller than the
apparent contact area (A,). As a result, the stress around those asperities areas
(usually referred to as “junctions”) could be considerably higher than the nominal
stress, then the asperities will deform elastically and plastically if yielding occurs,

also the local temperature could be significantly elevated.

B
T
== -
&
N}

Ja

Fig. 1-2. Comparison of A;to A in a schematic depiction of surfaces in contact

[Ref. 1]



From a microscopic view, atoms on the asperities of the two surfaces are so close
to each other that the atom-to-atom force takes place, and this attractive force
leads to adhesion of the two surfaces. When atoms are transferred from its
original surface to the other in contact, adhesive wear has occurred. Fig 1-3 and
Fig 1-4 schematically illustrate the adhesion process [2]. If the adhesion strength
of the junction is lower compared to the cohesive strength of either material in the
contact pair, the junction will simply rupture in the original path, i.e. path 1 in Fig
1-4; if not, the junction will rupture in a new path within the material with lower

cohesive strength, i.e. path 2 in the figure.

Adhesive wear by strong interfacial bonding

O e e N
\ —,/ 2 \\ = S A - // 3
-- e . 4 . L
\'\ _//': B \ "\’\—/.,\f’ g L™
i % / bonding™\ . N
;/ \ ."/ & \ it d L 1 \

Fig. 1-3. Adhesive wear

The equation of volume loss of adhesive wear can be approximately expressed as

V=KWL/H (1-1)

where V is the volume loss of adhesive wear, K is a wear coefficient, W is the
normal load, L is the total distance of relative motion and H is the indentation

hardness of the material being worn. This equation can be deduced as follows.



Path 2

o -

Fig. 1-4. Alternative rupture path after adhesion of surfaces [Ref. 2]

If the tips of the asperities are taken as spherical, the real area in contact will be
proportional to the normal load, and the coefficient H is defined as load divided

by the surface area in real contact (Fig 1-5) [5].

dy 1 JW
Bo y lw1
e 4‘\/ :

AW e
Body 2 @/Areo A1

w= 3w, F=3F

Fig. 1-5. Approximate assembly of local asperity contact [Ref.5]

A;=Wy/H (1-2)

Since W=>W;, and A=} A, it is obvious that



A,=W/H (1-3)

It is predictable that the adhesive wear loss is proportional to the real areas where
adhesion occurred and the total distance of relative motion of the materials in
contact, so V o A, x L <« WxL/H, where L is the distance of relative motion.

Thus, the volume wear loss can be written in the form of equation 1-1.

There are several factors influencing adhesive wear [2]. Firstly, adhesive wear is
mitigated when there is lubrication present or low shear-strength surface films on
the hard materials. A second approach to weaken adhesive wear is to reduce the
mutual solubility of the materials in contact. If the materials are mutually
insoluble to each other, atom-to-atom force is less likely to take place at the
asperities regions. Besides, fine grain size and possible HCP packing are desirable
for lowering adhesive wear. Temperature has strong influence on adhesive wear.
At elevated temperatures, the atomic interaction is enhanced and the contact area
becomes larger due to softening of the material in contact, both increasing

adhesive wear.

1.1.2.2 Abrasive wear

Abrasive wear occurs when two rough surfaces interact with each other, mainly
involving mechanical interactions. During this process, plowing and cutting

usually occur on the softer surface caused by hard asperities, and the removed



material becomes loose fragments [1]. This process is referred to as two-body

abrasive wear as Fig.1-6 illustrates.

Abrasive wear by plastic deformation and microcutting

Fig. 1-6 Two-body abrasive wear

When there are hard loose particles between the mating pair of materials as grits,
the removal of materials due to these hard particles is referred to as three-body
abrasive wear [4]. Fig 1-7 shows the categories and situations of different

mechanisms of abrasive wear.

o mostly in by e .

g J| suface polishing i appearance and |

2 film loose particles | loss rate depend

o (three body) i on the number of !

gl scratching E repeat passes, the!
a .. 1 size, shape and !
8 . bonded particles ; '
2| mosty grinding (two I}F:}dy] ' hardness of the !
§| inthe { abrasive bodies !
Z| substrate gouging hard tools

Fig. 1-7. Categories abrasive wear on size scale [Ref. 6]



In the case of two-body abrasive wear, the volume loss of abrasive wear can be

expressed as

V=KWL/H (1-4)

where V is the volume loss of adhesive wear, K, is a wear coefficient, W is the
normal load, L is the total distance of relative motion, and H is the hardness of the
material being worn. Despite the similarity to the adhesive wear loss equation 1-1,
it should be brought forward that the abrasive wear coefficient K, has a much

higher value than the adhesive wear coefficient K mentioned above [5].

In this two-body abrasive wear mode, surface roughness and hardness of material
is of importance to the wear loss. It is obvious that hardness plays a role since the
volume loss is inversely proportional to the hardness of the material. Better
surface finishing, especially on the harder material, will reduce wear loss since it

reduces the hard asperities and thus the possibility of cutting or plowing.

For three-body abrasive wear, measures can also be taken to reduce the wear loss.
In industrial cases, it is difficult to control the geometry or hardness of abrading
grits for they usually enter the system from the environment, so measures such as
suitable sealing or filtration are taken to prevent external particles [5]. However,
wear debris generated within the system is inevitable and it can accelerate the
wear process. It is a greater problem than the external hard particles since the

debris forms as the wear process continues, and cannot be excluded completely.



1.1.2.3 Surface fatigue

When subjected to cyclic loading and unloading, there will be a maximum shear
stress forming below the surface [7], as shown in Fig 1-8; this shear stress can
lead to nucleation of cracks and the propagation to the surface which causes the
material to detach from the surface [4]. Fig 1-9 illustrates the early stage of
surface fatigue wear, the initiation of the cracks are always from below the

surface as shown.

967 max.

789 max.

64 % max.

479 max.

Fig. 1-8. Distribution of shear stress of surface if subjected to cyclic loading and

unloading [Ref. 1].

It is worth noting that there is a remarkable difference between surface fatigue
wear and the two wear modes mentioned above. Either of adhesive wear or
abrasive wear requires loading condition and actual physical contact of two

surfaces. While for surface fatigue wear, only cyclic loading and unloading is

10



demanded while physical contact may not be necessary. For instance, when there
is proper lubricant present between the two surfaces under cyclic loading and
unloading, adhesive wear or abrasive wear will be alleviated, but surface fatigue

wear is still very likely to happen [5].

@ 5
\l o
(a) (b)

Fig. 1-9. lllustration of early stage in surface fatigue (a) Surface crack (b)

Subsurface [Ref. 1]

1.1.2.4 Erosive wear

Erosive wear describes the damage resulted from the impingement of particles on
surface of the object [2] as schematically illustrated in Fig.1-10. However, erosive

wear may also happen due to flow of hot gases or cavitations of liquid media with

11



Fig. 1-10 Erosive wear caused by solid-particle impingement

collapsing bubbles. Sand blasting is an example of the application of erosive wear
where the sharp particles are transported by compressed air, besides, erosive wear
also occurs when the sharp particles are transported by flowing liquids, in which
water jet cutting may be a proper example. In the case of hard particle
impingement, the erosive wear is influenced by the following factors [8]: ductility
of material being eroded, microstructure, velocity of particles, impingement angle,
particle size, hardness of particles, strength of particles and temperature. For
instance, small angle attacks are the most destructive for ductile material, while

attacks with large angle (close to 90 degrees) wear the most on brittle materials

[9].

12



1.1.2.5 Corrosive wear

Corrosive wear is referred to the wear in a reactive environment during which

corrosion is involved and reaction products are worn off the surface [9].

In corrosive wear, there is corrosive attack of the surface first due to the reaction
between the naked surface and the environment. If there is protective film formed,
the wear rate could slow down after the first corrosion stage, as the protective film
is worn away for the time being, new naked surface will be exposed and the
process keeps repeating itself, thus the surface materials continuously become
worn or corroded. On the other hand, if no protective film is formed or the film is
so poor that it is worn away instantly after formation, the wear rate will be a
summative effect of abrasive wear together with chemical corrosion. Fig. 1-11

demonstrates the wear rates of the two different scenarios.

c
5 S
T [
w
(=]
e =
S 8
Y k=)
35
= =
= =
o (=]
£ =
& <
Time Time
(a) (b)

Fig. 1-11. Corrosion-time curve when (a) protective film is formed or (b) no
protective film is formed [Ref. 1]
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1.1.3 Testing methods for different types of wear

Since there are different wear types, various testing methods have been invented
to evaluate the wear resistance of materials under different wearing conditions;
some of the methods are already standardized to ensure the comparability of

different tests.

The commonly utilized apparatus are pin-on-disc rig, dry sand rubber wheel rig,
and slurry test rig and air-jet solid-particle erosion tester. These apparatuses are
schematically shown in Fig 1-12. The first tribometer, the pin-on-disc tester is
convenient to operate, and the wear tests reported in this thesis are all performed
on this tester. During the test, a ceramic ball or a steel ball is used as the pin end
and the material being tested as the disc; they work together as a wear pair. As
annotated in Fig 1-12 (a), F is the normal load applied on the pin, r is the radius of
pin or ball, R is the radius of the wear track and o is the rotation velocity of the
disc. For wear tests reported in this thesis, all testing conditions were the same,
among which normal load was 10 N, wear track radius was 1 mm, the pinning
ball was a Si3N,4 ball with its diameter equal to 6 mm, linear speed of rotation was
0.5 cm/s and the total laps of rotation was 10,000. After the pin-on-disc test, the
width of the wear track was measured and the volume loss of material was

calculated accordingly.

The dry sand rubber wheel rig is usually used for low-stress abrasive wear tests.

During the test, specimen is pushed against the rubber wheel vertically by loading

14



(2 T

'
r
test
specimen Z"

Pw

(a) Pin-on-disc rig [Ref. 10] (b) Dry sand rubber wheel rig [Ref. 11]

sand

heater

heater

C/ = i
= ¢

S
motor
r /
[
Test I
Specimen .
Shury l/K }\‘

R

4

/

compressed air

furnace

(c) Slurry test rig (d) High-T air-jet erosion tester

Fig. 1-12. Schemes of different tribometers
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at the end of the horizontal arm of the crank as depicted in Fig 1-12 (b), and hard
particles (usually sand of different sizes, hardness and shapes) are fed into the gap
between the specimen and the rubber wheel. The rotation velocity and rotation
direction of the rubber wheel are also variables so that the abrasive wear tests can

be conducted under different but controlled conditions.

The slurry test rig is designed for erosion wear or erosion/corrosion wear. A total
number of four samples can be fastened on one holder which is connected to a
motor spinning at different speeds. The concentration of particles, particle sizes,
particle shapes, particle hardness in slurry and the pH value of the slurry can be
adjusted. After determining the configurations, the specimens are immersed into

the slurry and eroded when spinning.

The air-jet solid-particle erosion tester allows a sample attacked by sand particles
travelling at high speeds, which may reach 100m/s. This tester helps to evaluate
the resistance of materials to wear involving impact force and to obtain
information related to fracture toughness. The tester can run tests at elevated

temperature up to 1000°C.

For the latter three test protocols, the weight loss is often recorded first and
volume loss is converted from weight loss when the materials being compared are

not of the same density.

16



1.2 Properties of materials related to wear and pseudo-elasticity

In this thesis, there are mainly four kinds of materials involved, which are
tungsten carbide (WC), cobalt (Co), titanium carbide (TiC) and titanium nickel

(TiNi) alloy.
1.2.1 Tungsten carbide-cobalt (WC-Co) composite materials

In many cases, wear-resistant materials consist of hard carbides and a metal
matrix phase. WC-Co composite is one of remarkable representatives. The
application of WC-Co composite materials was initiated in the early 20" century;
it consists of hard WC particles and a ductile Co matrix. This composite exhibits
high wear resistance in many situations [12]. Apart from this, WC-Co composite
also possesses a low production cost compared to other tribological materials.
Over decades of development, this material is widely used in cutting tools,
drilling, mining equipment and valves in erosive environment [13]. Fig. 1-13

vividly demonstrates the usage of cemented WC-Co composite.

The high wear resistance results from the WC particles bearing the wearing force,
while the ductile Co matrix which is compatible with tungsten carbide provides
considerable toughness, and toughness is highly desired when the material is
subjected to wear involving impact. The prevalence of WC-Co composite
material can be attributed to the following reasons. Firstly, during conventional
manufacturing of the composite, sintering or arc-melting for instance, there might

be inter-alloying between cobalt and carbide [15], which provides strong bonding
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Fig. 1-13. The application range of cemented WC-Co composite [Ref. 14]

of the interfaces within the composite; secondly, during cooling of the
manufacturing process, cobalt contracts more than tungsten carbide, which leads
to compressive stress in WC grains. The compressive stress will reduce the
possibility of brittle fracture for WC grains and lower the chance of deformation
of Co matrix [16]; thirdly, the fcc-hcp transition of cobalt can occur during

deformation, which further renders ductility to the binder [16-17].
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Although WC-Co composite is popular in tribological application, its usage is still
limited, e.g., by its brittleness [18] when the volume fraction of WC is high or
low wear resistance of the metal matrix when the volume fraction of Co matrix is
increased. M.G. Gee et al [19] showed that the main failure mechanism of
cemented WC-Co under wear circumstances is due to removal of binder metal Co
and accumulation of plastic deformation in grains of WC. Therefore, a lot of
effort has been made to modify the properties of WC-Co. A dual WC-Co
composite was developed to increase the fracture toughness [20], WC-Co
composite with finer grains and nano-structured WC-Co composite have drawn
considerable attention in studies related to the wear performance or the
mechanical properties of the material [21-23], microwave sintering was compared
with conventional sintering method [24] and etc., all of these endeavor has one
purpose in common, which is improving the fracture toughness of WC-Co
composites while maintaining the wear resistance of the metal matrix at an

acceptable level.

1.2.2 Titanium carbide (TiC)

Similar to tungsten carbide, titanium carbide is often used as a reinforcing phase
for wear-resistant materials in forms of composites or cements. This carbide is
even harder than tungsten carbide. Besides, TiC-based composites are lighter and
generally possess higher oxidation resistance and lower friction coefficient when

compared with WC-base composites [25]. Apart from these, due to its chemical
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inertness [26], TiC-based cermets or coatings have applications in extreme
environment such as space where ball bearing and fretting joints are involved [27].
However, TiC-based cermets are more costly than WC-Co composites, so it is not

utilized as widely as WC-Co composites.

TiC-based cermets follow the general trend of conventional tribological materials
that the wear rate decreases as the hardness increases, as illustrated in Fig. 1-14 in
which T; represents a TiC-16wt%Ni-4wt%Mo, T, represents TiC-32wt%Ni-

8wt%Mo, and T3 represents TiC-40wt%Ni-1wt%Mo.

850 950 1060 1180 1250 1350 1450
Hardness, HY

Fig. 1-14. Erosive wear rate of the TiC cermets versus their hardness [Ref. 26]

In another study concerning Fe-TiC composites under dry sliding, it is found that
the wear rate and friction coefficient decrease with the increase in TiC content
[28]. Although WC or TiC reinforced composites prove to be exceptional
representative of tribological materials, they share one disadvantage in common

that it is difficult to improve wear resistance and toughness at the same time.
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1.2.3 Titanium nickel (TiNi) alloy

In order to increase the fracture toughness of WC-Co composite but at a less cost
of wear resistance and hardness, pseudo-elastic TiNi alloy is introduced into the
system. Research in the past three decades proved that pseudo-elastic TiNi
possesses high wear-resistance when the composition of alloy is near equi-atomic
[29]. According to Shida and Sugimoto [30], the TiNi alloy demonstrated
remarkable resistance when the composition of the alloy was in the range of Ti-
55wt%Ni to Ti-56.5wt%Ni, in which the TiNi alloy takes on super-elasticity or
namely, pseudo-elasticity. The phenomenon of pseudo-elasticity is attributed to

reversible phase transformations in TiNi alloy [31, 32], as illustrated in Fig.1-15.

In a sliding wear test conducted by C. Zhang and Z.N. Farhat [33], TiNi alloy
with the composition of Ti-53~56wt%Ni was compared with Ti and Ni metals, as
shown in Fig. 1-16. The condition of the test included aspeed of 50 m/min and a
load of 40N. The wear rate of TiNi alloy was considerably lower than that of Ti or
Ni metal. Since Ni-based composite is conventional in tribology, it is reasonable
to expect that TiNi alloy can be a better matrix material for tribo-composites than

Ni.
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Fig. 1-15. Reversible phase transformations induced by applied tensile stress: (a)
a selected field in stress-free condition and (b) corresponding diffraction pattern;
(c) M and R phases were induced by stress, and (d) corresponding diffraction
pattern; (¢) M and R phases transformed back to B2 when stress was removed

[Ref. 32].
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Fig. 1-16. Wear rate versus sliding distance of TiNi alloy, Ti and Ni metals [Ref.

33]
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When compared to 2Cr13 steel, the alloy with a composition of Ti-50.3at% Ni
again demonstrated higher wear resistance, as depicted in Fig. 1-17 [34].
Moreover, it should be emphasized that the hardness of this TiNi alloy (ranges
from 200 to 500 Hv) is lower than that of 2Cr13 steel (610 Hv). This phenomenon
is unusual in comparison with conventional tribo-materials, because it is
commonly assumed that the wear resistance of a material will rise with higher
hardness. So the TiNi alloy may suggest an alternative approach to boost the
ductility and toughness of carbides reinforced materials without compromising

the wear resistance.
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Fig. 1-17. Volume wear loss of Ti-50.3at% Ni alloy and 2Cr13 steel [Ref. 34]
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1.3 Objective of this study

As mentioned above, this study focuses on the modification of commercial WC-
Co composite which is extensively used for tribological applications. In most
cases, compromise of hardness has to be made when toughness of the material is
promoted by various approaches. In this study, a pseudo-elasticity TiNi alloy
phase is added to the relatively ductile but less wear-resistant Co matrix for
enhanced wear resistance of WC-Co composite while maintaining or improving

the overall toughness.

Furthermore, direct use of TiNi alloy as a matrix for WC has also been
investigated. WC-Co, WC-TIiNi and TiC-TiNi composites were prepared, their
wear resistances were evaluated and compared. For WC-TiNi, since Co is
replaced by TiNi, one may find out whether TiNi alloy is an appropriate candidate
matrix for WC in terms of its compatibility with WC; TiC-TiNi composite was
expected to possess better interface bonding between hard particles and matrix

when compared with the WC-TiNi composite.

1.4 Brief on following chapters

Chapter 2 describes the experimental techniques used in this study for all the

processes from sample preparation to microstructure characterization.

Chapter 3 is the full text of a published paper with the tile of “Enhancing the wear

resistance of sintered WC-Co composite by adding pseudo-elastic TiNi
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constituent”. This paper reports a study regarding TiNi alloy’s influence on the
wear resistance of WC-Co composites. To ensure good sinterability, high cobalt
content (60wt %) in the composite is used despite the fact that it is not common in
commercial applications. It was demonstrated that markedly enhanced wear
resistance was achieved when a proper amount of TiNi powder was added to the
WC-Co composite. The sintered WC-Co-TiNi specimens were analyzed using the
X-ray diffraction technique (XRD) and scanning electron microscopy (SEM). It
was observed that a certain degree of decomposition of the added TiNi occurred
during the sintering process. In order to clarify the mechanism responsible for the
improvement to the wear resistance, local mechanical properties of different
domains, including hardness, Young’s modulus and the ratio (n) of elastic
deformation energy to the total deformation energy were evaluated using a micro-
indenter. Based on the microstructure characteristics and micro-mechanical
properties of different domains, efforts are made to understand the role that the
added TiNi powder played in enhancing the wear resistance of the WC-Co

composite.

Chapter 4 reports a preliminary study represented in a potential paper entitled
“Comparison of the wear resistances of WC-Co, WC-TiNi and TiC-TiNi
composites”. In order to determine whether TiNi alloy matrix composites possess
comparable tribological property to WC-Co composite, three different composites,
WC-Co, WC-TiNi and TiC-TiNi with the same volume fraction (60%) of metal
matrix were sintered using a hot isostatic pressing (HIP) process and their wear

tracks were tested with pin-on-disk technique for preliminary comparison; results
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showed that TiC-TiNi composite presented the narrowest wear track
(corresponding to the highest wear resistance) while WC-Co composite had the
widest one. Meanwhile, according to the fact that commercially-used tribological
materials commonly attempt to use a decreased fraction of metal matrix, these
three composites with lower volume fractions (43% and 20%) of metal matrix
were also studied in the same way, among which WC-Co composites revealed the

narrowest wear tracks.

Chapter 5 includes the summary of this thesis, which outlines the findings and the
problems in this study, also the discussion of possible work to be done in the

future.
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Chapter 2 - Experimental techniques

2.1 Sample preparation

Powder metallurgy method is the main technique applied in preparing the samples.
Powders of carbides (tungsten carbide or titanium carbide), cobalt, and titanium
nickel were weighed according to designated compositions for different
experiments, and then mixed using the dry ball mill method for 2 hours, followed
by cold pressing into green pellets with a hydraulic press. The compacted green
pellets had a diameter of 8 mm with their height around 4 mm. Thereafter, the
green specimens are moved to alumina crucibles and sintered in the chamber of a
hot isostatic pressing (HIP) machine (HP630, AIP, USA) in an argon atmosphere.
The sintering processes were carried out under the following condition that was
commonly used in this study: temperature = 1500°C and pressure = 4000 psi with

a holding duration of 3 hours.

This sintering temperature was selected according to the pseudo-binary phase
diagram constructed by Gruter [1], as shown in Fig. 2-1. In the figure, B phase
refers to Co and 1 stands for CogWgC or Co3WS5C. Since liquid phase is desirable
for removing open pores and pressurizing closed pores of the green samples, the

final sintering temperature was chosen to be 1500 °C.

Fig. 2-2 shows the HIP machine and the appearance of control panel which

configures everything of the HIP system in the software.
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2.2 Wear testing

The sintered samples were ground on a series of SiC papers with gradually
increasing grit sizes and polished with diamond paste of one micro diameter for a
flat and smooth surface. The polished samples were then loaded on a tribometer
(CSEM instruments) for wear tests (see Fig. 2-3). A SizNy4 ball (diameter = 6 mm)
was pushed against the sample under a vertical load of 10N and the radius of the
wear track was adjusted to be 1 mm. After a total of 10000 rotation laps with a
linear speed of 0.5cm/s, the sample was observed under a Leica microscope (Type:
090-135003) as shown in Fig. 2-4 and the width of the wear track was measured
with Image Pro Plus 6.1; or a Zeiss Axio CSM 700 confocal microscope (see Fig.
2-5) was employed for more precise measurements. With the idea of point-by-
point illumination, elimination of unwanted fluorescence by constraining the light
source and rejection of out-of-focus light by a screen with pinhole, this
microscope was capable of providing sharper images with less background haze
than the conventional microscope, and it could also detect the height information
on the vertical orientation (the direction that is perpendicular to the surface) of the
sample since the working distance was adjusted during observation to ensure
every region of the specimen is in focus [2]. The profiles of the wear tracks were

depicted with and the volume losses were integrated with Origin 8.5.
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Fig. 2-4. Leica microscope for observing wear tracks
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Fig. 2-5. Zeiss confocal microscope

2.3 Characterization of samples

Besides the wear tests, the macro- and micro-hardness tests of samples were
conducted either on Mitutoyo AVK-C1 hardness tester (Fig. 2-6) or on a micro-
indentation hardness tester from Fisher (Fig. 2-8). Vickers hardness was obtained
from the Mitutoyo AVK-C1 hardness tester by measuring the length of the two

diagonals of the resultant indentation.

Equation 2-1 gives an approximate approach to calculate the Vickers hardness.
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Hv=1.854 « F/d? (2-1)
where F is load in kgf, d is arithmetic mean of the two diagonals, d; and d, in mm,

as di and d, are shown in Fig. 2-7 [3].

Fig. 2-7. Appearance of Vickers indentation [Ref. 2]
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From micro-indentation, not only the hardness of certain phase is given, the ratio
(n value) of elastic deformation energy (We) to the total deformation energy (Wie)
is given provided as well. A typical curve of load versus indentation depth in the
indentation test is illustrated in Fig. 2-9a, in which W, is the area under the
unloading part of the curve (see Fig. 2-9b) and Wy is the area under the loading

part of the curve (see Fig. 2-9c).

Fig. 2-8. A micro-indentation system (Fischerscope H100C)

For analysis of the reaction during sintering, the X-ray diffraction (XRD)
technique was applied to identify the phases in samples. The morphology and the
microstructure of samples were observed or analysed with scanning electron

microscopy (SEM) and the energy dispersive spectroscopy (EDS).

37



A A
Fouax Foax
E E
& &
b min b e b min B e
Indent. depth h Indent. depth h
() (b)
A
Fnax
=
2
&
b min B e
Indent. depth h
(©)

Fig. 2-9. Indentation curve and demonstration of 1 value calculation
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Chapter 3 - The benefit of TiNi ally to the wear resistance of WC-Co
composite

3.1 Introduction

The use of commercial WC-Co as a wear-resistant material can be dated back to
1920's [1]. WC-reinforcing Co composites are widely used in forms of bulk,
plates, hardfacing overlay and coatings in various industrial sectors [2-6] for, e.g.,
cutting, drilling, and moulding, etc., where the wear resistance is demanded. The
hard WC plays a main role to withstand the wearing force while the ductile
metallic matrix helps to absorb impact energy and accommodate large
deformation as well as acts as a binder to retain the hard carbides. Co has
relatively high compatibility with WC, leading to strong interfacial bonding with
the carbide. Such a combination of hard reinforcements and a ductile matrix
provides balanced hardness and toughness. However, in many cases, the ductile
matrix is preferentially attacked by wear, leading to pull-off of the hard carbides.
Reducing the volume fraction of the ductile matrix may not always be an effective
approach, since this reduces the toughness of the composite, making it less
durable particularly during wear processes especially when impact force is
involved. Selecting different metallic materials for the matrix is a logical
approach. However, if a harder matrix is used, the composite will also lose its
toughness and thus the capabilities of absorbing impact energy and
accommodating deformation. Besides, since the bonding between of the carbide
and the matrix must be strong, choices of appropriate matrix material are limited.
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The fracture toughness is a crucial parameter, which has attracted long-term
attention [7]. Efforts have been made to improve WC-Co composites by, e.g.,
adding Mo and Nb particles [8]. Using nano-structured WC-Co is another
approach to obtain improved balance between hardness and toughness [9].
Adding NbC to WC-Co cements also showed some benefits [10]. There are still
other approaches, e.g., a proposed dual WC-Co composite with WC-Co granules
embedded in Co matrix, boosted the fracture toughness [11]. However, since
hardness and toughness cannot be increased simultaneously with conventional
materials technologies, it is hard to expect that the wear resistance can be
considerably increased by modifying the hardness of the matrix or changing the

volume fraction of the matrix.

In this study, we explore an alternative approach to improve WC/Co composites
by incorporating a pseudoelastic or rubber-like metallic phase into the Co matrix.
A typical pseudoelastic material is the near equi-atomic TiNi shape memory alloy
with a thermo-elastic phase transformation. This pseudoelastic (PE) alloy is
flexible but possesses excellent wear resistance due to the fact that the pseudo-
elasticity helps to accommodate large-scale strain reversibly and dissipate impact
energy effectively, resulting in excellent wear resistance in different wear modes
[12,13]. TiNi alloy demonstrates remarkable resistance when the composition of
the alloy is in the range from Ti-55wt%Ni to Ti-56.5wt%Ni [14, 15], in which the
TiNi alloy behaves like a metal rubber, known as the pseudo-elasticity as
mentioned earlier, which results from a thermo-elastic phase transformation of

TiNi alloy [12, 13]. Fig.3-1 illustrates a representative stress — strain curve of a
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pseudoelastic TiNi alloy.
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Fig. 3-1. A representative tensile stress-strain curve showing the pseudo-elasticity

of a nominal Ti-51 at% Ni alloy at room temperature

As shown, at a certain stress level, the alloy is “yielded”, which is caused by the
initiation of a phase transformation from a parent phase (B2) to a martensitic
phase [12]. This phase transformation is reversible and can be induced by stress.
The large strain can be recovered when the applied stress is removed. It should be
mentioned that the stress-induced phase transformation exists when temperature is
above the phase transformation temperature [12, 13, 16]. When temperature is
below the phase transformation temperature, the alloy is in a martensitic state.
Stress can induce re-arrangement of martensitic variants, which may lead to the
pseudoelastic behaviour as well. The pseudo-elasticity makes the rubber-like alloy

able to accommodate deformation resulting from the wearing force with
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minimized damage. Besides, the specific volume of martensite is about 4% larger
than that of the B2 phase [17, 18]; this may result in compression in the alloy that

is resistant to crack propagation.

The pseudoelastic alloy can be used as matrix for composites for enhanced wear
resistance. This has been confirmed by previous studies on TiC/TiNi composites
[13]. If the pseudoelastic alloy is used as a second phase in the Co matrix, we may
expect improved wear resistance with retained strong interfacial bonding between
the metallic matrix and WC reinforcements. Confirming this hypothesis through

investigating TiNi-added WC/Co composites is the main objective of this study.

In this preliminary study, WC-60%Co composite was used as a sample composite
for modification with TiNi. Selection of the high fraction of Co was to ensure that
there was enough metallic matrix, which facilitated the investigation of the effect
of added TiNi on the improvement to the matrix and consequently the overall

wear resistance.

3.2 Experimental Details

3.2.1. Sample preparation

Mixed powder of WC and Co was provided by Alfa Aesar (WC:Co = 94:6 wt%,
99%, metal basis, -325 mesh). Co powder was also purchased from the same
supplier in order to change the fraction of Co matrix in the planned WC-Co-TiNi
composites (99.8%, metal basis, -100+325 mesh, spherical). Pseudoelastic TiNi
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alloy powder was provided by SAES smart materials (-80+100 mesh) with the
composition in the range from Ti-55 wt%Ni to Ti-56.5 wt%Ni. The martensitic
transformation temperature (Ms) depends on the ratio of Ti to Ni, and effective
pseudo-elasticity may exist at temperature up to about 30 degrees above Ms [16].
For the present composition range, the maximum Ms is about 50°C, implying that
the TiNi powder may possess pseudo-elasticity or partial pseudo-elasticity from
about 80°C down to a temperature below -100°C (depending on the composition

of individual TiNi particles).

Powders of different constituents were weighed and then mixed using a dry ball
milling process. Samples having different compositions, listed in Table 3-1, were
made. In this study, the weight ratio of WC to Co was at 40:60, and the weight
percentage of TiNi alloy was varied in order to determine the influence of TiNi

alloy on the wear resistance of the WC-Co composites.

Table 3-1. Fractions of mixed powders for different samples

wit%

Sample No. TiNi WC-60 wt%Co

1 0% 100%
2 5% 95%
3 10% 90%
4 15% 85%
5 20% 80%
6 25% 75%
7 30% 70%
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Samples with mixed powders were pressed using a MP15 laboratory pellet press
(Across International Company) under a pressure of 8 MPa for 5 minutes; each
green sample was weighed approximately 1.2 grams with a thickness of 3mm and
a diameter of 8mm. The green samples were then sintered using a hot isostatic
pressing (HIP) machine (HP630, AIP, USA). The sintering scheme is set as
follows: evacuate the furnace chamber to 0.250 torr and fill it with Ar to 20 psi
for 2-3 times to ensure that a protective atmosphere was built; heat the furnace to
1500°C at a heating rate of 12°C/min while the pressure increases along with the
rise of temperature; pressurize the furnace chamber to 4000 psi within 10 minutes;
sinter the sample under a pressure of 4000 psi at 1500°C in Ar for three hours.
Fig.3-2 illustrates the sintering condition. This sintering process is based on a
number of experimental trials; it may not be the optimal condition but should be

effective for the present comparative study.
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Fig. 3-2. Temperature and pressure vs. time for fabricating the WC-Co-TiNi

composites
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3.2.2. Characterization and Testing

Sintered samples were polished with SiC papers of different grits and finally
polished with one-micron diamond paste. After etching, the polished samples
were tested using a tribometer (CSEM instruments) at room temperature under a
load of 10N at a speed of 0.5 cm/s for 10000 laps. The radius of the wear track
was 1 mm and a SigN4 ball (diameter = 6 mm) was used to abrade a sample
surface. The wear track was examined under a Leica microscope (Type: 090-
135003) and the width of the wear track was measured with Image Pro Plus 6.1.

Fig. 3-3 shows a typical wear track on a sample of (WC-60C0)-10TiNi.

Fig. 3-3. A representative of wear track on a sample (WC-60Co0)-10TiNi

The width of each wear track was determined by averaging values measured at
eight different locations. If there is no significant wear on the ball as illustrated in

Fig. 3-4 (a), the volume loss of a sample may be calculated as [19]
Volume loss = 2aR [r?-sin(d/2r)— (d/4) (4r*—d?)"4] (3-1)
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where R = wear track radius; r = radius of pin ball, and d = wear track width.

The Vickers hardness of WC can get to 2200 when the after-sintering density is
higher than 15.5 g/cm?®[20], and that of SisN, ranges from 1500 to 2000 according
to the information provided by Boca bearing company. For the composite of WC-
Co, its hardness was expected to reduce due to the existence of Co as binder.
Therefore the hardness of tested specimen and the pin ball may be comparable,
and the pin ball i.e. a SizN4 ball installed at the end of a rod to wear a target
sample was also worn during the wear test as indicated in Fig. 3-4 (b). The larger
the worn area of the pin ball, the more wear resistant is the target sample. Thus,
the worn area of the pin ball may also be used as an approximate measure of the

wear resistance of the target sample.

(@ (b)

pin ball pin ball
D D
11
disk sample disk sample
d

Fig. 3-4. Schematic of the cross-section area of a wear track (lined area), where D
is the width of the wear track on a target specimen; d is the diameter of worn area

of the pin ball (SizN,); the grey area in (b) is the worn part on the ball

Micro-indentation tests were performed on different domains in the samples using
a micro-indenter made by Fischer Technologies. In addition to hardness, n value
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was also measured, which is the ratio of elastic deformation energy (the area
under the unloading curve) to the total deformation energy (the area under the
loading curve) [21]. This value is a measure of the elastic or pseudoelastic

behavior of a material.

The phase state and microstructure of the sintered material were examined using
the X-ray diffraction technique (XRD), scanning electron microscopy (SEM) and

energy dispersive spectroscopy (EDS).

3.3. Results and discussion

3.3.1. Wear resistance and local mechanical behavior

The widths of wear tracks on different samples worn under a load of 10N at a
linear speed of 0.5cm/s for 10000 laps were measured. Corresponding volume
losses were estimated and are illustrated in Fig. 3-5. As shown, adding TiNi phase
improved the wear resistance of the WC-60Co composite. The most effective
amount of TiNi is 10 wt%. The wear track on WC-60Co is 23% wider than the
wear track on the (WC-60C0)-10TiNi. The positive effect of the TiNi phase on
the wear resistance decreased as the amount of added TiNi continuously increased

as shown in Fig. 3-5.

The diameter of worn area of the pin ball was also measured for each wear test.
Fig.6 illustrates the diameter versus the amount of added TiNi. As demonstrated,

the diameter of the worn area on the pin ball increased initially and then decreased
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as the amount of added TiNi was increased. The larger the worn area on the pin
ball, the higher is the resistance of the target sample (WC-Co) to wear. The
changes in the diameter of worn area on the pin ball are consistent with the

changes in the width of wear track illustrated in Fig. 3-6.
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Fig. 3-5. The width of wear track and calculated volume loss of different samples

worn under a load of 10N at a speed of 0.5cm/s for 10000 laps
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Based on the wear track width (Fig. 3-5) and the size of worn area on the pin ball
(Fig. 3-6), it appears that WC-60Co with added TiNi alloy in the range of 10 wt%

resulted in the highest wear resistance.

In order to understand the improvement to the wear resistance by the addition of
TiNi phase, local mechanical behavior of different domains in the samples was
investigated using a micro-indenter. As shown in Fig. 3-7, micro-indentation was
performed at different locations (marked as iy, i, and etc.) on a (WC-60Co)-
10TiNi sample. Measured hardness, maximum indentation depth (hmax) under a

fixed load, Young’s modulus, and the ratios (n values) of elastic deformation

energy (We) to the total deformation energy (W) are given in Table 3-2.

Fig. 3-7. Indentation tests on different domains. 1 value at spot i3 is 49.53%
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Table 3-2. Results of the micro-indentation on different domains tested under a

maximum load of 500 mN

We/Wtot (n, %) HV hmax (].Lm) E (G Pa.)

I 49.53 878.7 1.56 182.6
2 34.30 366.1 2.39 140.9
i3 34.46 421.6 2.17 157.1
4 15.69 157.9 3.33 91.7

As shown in Table 3-2, n value of a dark zone marked by i; in the (WC-60Co)-
10TiNi sample reached 49.53%. We also measured the n value of the TiNi matrix
in a TiC-60 wt%TiNi composite and determined that the TiNi matrix had its n
value at the same level. Since there is no decomposition of TiNi in the TiC-TiNi
composite, this n value is an indication that the pseudoelastic TiNi phase was
retained in the sintered WC-Co-TiNi composite. The dark zone marked with i3
should be a cluster of TiNi phase. The zone marked with iy is the Co matrix,
which is softer than the TiNi domain and its n value is much lower. Clearly, the
TiNi phase is harder with the capability to accommodate deformation more
elastically or reversibly according to its higher n value. These should lead to a
considerable increase in the resistance to wear. The areas marked with i, and i3
are zones between Co and the TiNi-containing zones where TiNi may react with
Co; their mechanical properties have values between those of the TiNi and Co, as

shown in Table 3-2.
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3.3.2. Microstructures and compositions of different samples

When TiNi was added to the Co-matrix composite, TiNi and Co could react and
this may consequently influence the performance of the composite. Thus, it is of
importance to have the information on local microstructure and composition of
the TiNi-added WC-Co composites. Microstructure and composition of (WC-
60Co0)-TiNi samples were characterized and determined. Fig. 3-8 illustrates
microstructures of WC-60Co with different amounts of added TiNi. As shown,
the WC-60Co had a eutectic microstructure. Adding TiNi caused changes in the
morphology. It is worthy of emphasizing that some pores were observed in the
samples. The sample of (WC-60Co0)-10TiNi had fewer pores. The porosity and
pore size increased with the amount of added TiNi. Such changes could be
responsible for the deterioration of wear resistance as the TiNi amount was larger
than 10 wt%, bearing in mind that pores may act as stress raisers and the resultant

stress concentration facilitates crack nucleation and growth.

SEM and EDX were employed to further characterize the microstructure with
higher magnifications. Fig. 3-9 presents a closer view of the (WC-60C0)-10TiNi.
Local composition of a dark domain marked by 2, which was between a cluster of
TiNi phase and the Co matrix, was analyzed with EDX and results are given in
Table 3-3. As shown, this dark domain contained different elements and should be
a mixture of different phases. n value of this region was around 34%. Spots 1 and

4 were richer in Ti and showed higher n value and higher strength; they could
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contain more TiNi alloy phase. Grey or dark grey areas marked by 3 and 5 were

the Co matrix containing very low concentration of dissolved Ti.

Pore Pore

Fig. 3-8 Optical microscopic pictures of samples: (a) WC-60Co, (b) (WC-60Co)-
5TiNi, (c) (WC-60C0)-10TiNi, (d) (WC-60C0)-15TiNi, () (WC-60C0)-20TiNi,

and (f) (WC-60Co)-25TiNi. The dark areas are pores
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WC-80Co—10TiNi—1500C (BSE)

Fig. 3-9. A backscattered electron image of a (WC-60C0)-10TiNi sample

Table 3-3. Composition detected at spot 2 in Fig. 3-9

Elm ZAF Norm wt% Prec. Atomic % Line

Ti 1.0233 4.4 0.21 6.18 K line
Co 0.9784 68.28 1.11 77.93 K line
Ni 0.9279 7.57 0.39 8.68 K line
w 1.6705 19.75 0.84 7.22 M line

The sample was also analyzed using XRD. The following phases, titanium
carbides (in forms of TiC and TigCs), CosW5C, titanium nickel (in forms of TiNi
and Tiy 33Niz67), CosTi, tungsten carbide (in form of WC,.,) and titanium tungsten

carbide (in form of (W, Ti)C,.x), were detected in the XRD pattern of the sample
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as illustrated in Fig. 3-10. According to the XRD pattern, decomposition of TiNi

and WC more or less occurred, and the released elements reacted with Co to a

certain degree. However, TiNi phase was retained in the composites, which

should be within those dark domains.
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Fig. 3-11. A backscattered electron image of a (WC-60Co0)-30TiNi sample
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It has been shown earlier, adding TiNi alloy powder more than 10 wt% appeared
to promote the formation of pores. In order to obtain more relevant information, a
(WC-60C0)-30TiNi sample was examined using SEM and EDX with focus on the
adjacent area of pores. As illustrated in Fig. 3-11, the grey areas marked by 2 and
3 contain a high Co content (about 67 at%) and a low Ti content (about 5 at%);
while at spot 1, the Ti content is much higher (about 80 at%) along with about

16at%W and 2.4at%Co.

The above local compositional analysis may imply that the formation of pores
could be triggered by the reactions among dissolved Ti, W and Co. How this
happened and whether the formed compounds such as (W,Ti)C,x and CozTi as
well as how the local phase decomposition affected the formation of pores needs

further investigation.

3.4. Conclusions

Pseudoelastic TiNi powder was added to WC-60Co in an attempt to enhance the
wear resistance of this composite. It was demonstrated that a small amount of
TiNi powder (around 10wt%) resulted in markedly increased wear resistance. The
microstructure characterization using SEM, EDX and XRD showed that
pseudoelastic TiNi phase existed in the matrix although some decomposition
occurred during sintering. The added pseudoelastic TiNi phase helped to reinforce

the Co matrix and could also render it tougher. When the added TiNi exceeded 10
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wit%, however, the positive effect of TiNi was weakened with the formation of

pores, which could be responsible for the deterioration of wear resistance.
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Chapter 4 - Wear performances of WC-TiNi and TiC-TiNi in comparison
with that of WC-Co

4.1. Introduction

The study reported in chapter 3 demonstrates that the wear performance of WC-
Co composites can be improved by adding pseudo-elastic TiNi alloy powder to
increase the wear resistance of the Co matrix while keeping the matrix flexible.
However, when the amount of added TiNi powder exceeded the mass amount of
10%, the beneficial effect of TiNi was diminished. Since for commercially used
WC-Co composites the mass percentage of Co usually ranges from 3% to 30% [1-
2], another batch of samples with Co content of 30wt% were prepared in the same
routine as described in chapter 3 to approach the real scenario. From the test
results shown in Fig. 4-1, it can be drawn again that a small amount of TiNi alloy
can be advantageous to the wear resistance of WC-Co composite. However, it was
also observed that in this case, the benefit of TiNi was negligible due to elevated

formation of pores.

Since TiNi alloy possesses high ductility, good wear resistance due to its pseudo-
elasticity [3-15], and great flexibility which makes it more effective to absorb
impact energy [15-17], an alternative approach was tried by replacing the Co
matrix of WC-Co with TiNi completely in this study. However, the compatibility
between WC and TiNi is a possible issue but little relevant information is

available. Thus, it is worth investigating WC-TiNi composites as a potential wear-
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Fig. 4-1. The width of wear track and calculated volume loss of different samples

worn under a load of 10N at a speed of 0.5cm/s for 10000 laps

resistant material. Besides, for the purpose of avoiding possible problems with
weak interfacial bonding and comparing with WC-TiNi composite, TiC was used
as the reinforcing phase which could be compatible with TiNi to fabricate TiC-
TiNi composite. Previous studies have shown that TiNi alloy reinforced by TiC
particles exhibits improved wear resistance [18-21]. Therefore, there is no main
concern about the bonding at TiC-TiNi interface. In this work, WC-TiNi and TiC-
TiNi composites were fabricated and their wear resistances were evaluated and
compared to that of WC-Co. The objective of this study is to determine whether it

is possible to replace Co with pseudo-elastic TiNi alloy and whether WC-TiNi or
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TiC-TiNi composite could be potential substitutes for the well-known WC-Co

composite. Efforts were also made to clarify relevant mechanisms.

4.2. Experimental Details

WC powder (99.5%) and TiC powder (99%) were purchased from Strem
Chemicals; Co powder (99.8%, metal basis, -100+325 mesh, spherical) was
provided by Alfa Aesar; pseudoelastic TiNi alloy powder was provided by SAES
smart materials (-80+100 mesh) with the composition in the range from Ti-

55wt%Ni to Ti-56.5wt%Ni.

The first group of specimens with the composition of WC-60vol%Co, WC-
60vol%TiNi and TiC-60vol%TiNi were prepared and sintered to compare their

wear resistance.

Powders were weighed according to Table 4-1, mixed using the dry ball milling
method, cold pressed to green specimens and then sintered using a hot isostatic
pressing (HIP) furnace (HP630, AIP, USA) in argon atmosphere. The sintering
process proceeded following the scheme shown in Fig. 4-2. The sintering
temperature was set the same as in chapter 3 for the following reasons: 1) it is
advisable that the sintering temperature be slightly higher than the melting
temperature of TiNi alloy which is 1310°C, so that there would be an appropriate
amount of liquid phase during sintering to reduce the pores of the pellet; 2) the
temperature was applied by H.Z. Ye [21], and it was proved that 1500°C is a
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proper temperature to retain the shape of the ceramic-reinforced TiNi alloy matrix

composites without generating too much liquid phase.

Specimens were tested on a pin-on-disk tribometer for 10000 laps at a linear
speed of 0.5cm/s and under a load of 10N to form a wear track, as a representative
wear track is shown in Fig. 4-3. The profiles of the wear tracks (Fig. 4-4) were
determined with a Zeiss Axio CSM 700 confocal microscope and the volume
losses were integrated accordingly in order to evaluate their sliding wear behavior.

Table 4-1. Fractions of powders for different specimens

Volume percentage

Sample Co TiNi WC TiC
No.
1 60% 0% 40% 0%
2 0% 60% 40% 0%
3 0% 60% 0% 40%
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Fig. 4-2. Temperature and pressure versus time for sintering
62



Fig. 4-3. A representative of wear track on specimen of WC-60vol%TiNi
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In many commercial applications, tribo-composites such as WC-Co usually have
the fractions of the metal matrix lower than 60%vol and weight percentage is
commonly used, such as WC-30wt%Co. Since it is more advisable to compare the
wear resistance of different specimens with volume fraction, WC-30wt%Co
composite was converted to WC-43vol%Co, besides, specimens with composition

of WC-43vol%TiNi and TiC-43vol%TiNi were prepared accordingly.

4.3. Results and discussion

4.3.1. Wear behavior of WC-60vol%Co, WC-60vol%TiNi and TiC-60vol%TiNi

After tested with the pin-on-disc wear tester, profile of wear tracks on WC-
60vol%Co, WC-60vol%TiNi and TiC-60vol%TiNi were obtained and the volume
losses of the three samples were then calculated. Results of the calculations are

presented in Fig. 4-5.

As shown, both TiC-60vol%TiNi and WC-60vol%TiNi demonstrated higher wear
resistance than WC-60vol%Co, and TiC-60vol%TiNi exhibited the highest wear
resistance. When the pseudo-elastic TiNi alloy is used as the metal matrix, it
provides higher capability to accommodate large-scale deformation for high-stress
abrasion and to absorb impact energy from impact wear with less damage,
compared to conventional metal matrix. Since TiNi alloy itself has high wear
resistance [15], such composites are resistant to wear under various wearing
conditions. So the superiority of the TiNi-matrix composites can be expected.
Between TiC-60vol%TiNi and WC-60vol%TiNi, the former contains harder
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ceramic phase and particularly has better interfacial bonding between the

reinforcing phase and the matrix, thus showing a higher wear resistance.
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Fig. 4-5. Volume losses of WC-60vol%Co, WC-60vol%TiNi and TiC-

60vol%TiNi

As mentioned earlier, the volume fraction of the metallic matrix is usually lower,
e.g., WC-30wt%Co (or WC-43vol%Co). So, specimens of WC-43vol%Co, WC-
43vol%TiNi and TiC-43vol%TiNi were also made and tested to evaluate their

wear resistances under the same testing condition. Results of the wear tests are

presented in Fig. 4-6.
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When the volume fraction of metal matrix in the composites was decreased, the
sequence of wear resistance altered remarkably. The specimen of WC-43vol%Co
rendered the best wear resistance, followed by the specimen of TiC-43vol%TiNi,
while the specimen of WC-43vol%TiNi showed the widest wear track and the
largest volume loss. A possible explanation is that the hard carbides particles
tended to be pulled off more easily when the fraction of metal matrix became
lower; for the specimen of WC-43vol%TiNi, the interfacial bonding or the
compatibility between carbide and metal matrix phase was not as strong or high
as those of other two specimens and detrimental reactions could have occurred,
leading to the formation of pores in the sintered pellet (this has been shown in
later part of this chapter) and it turned to be the poorest wear-resistant specimen

among the three.
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The same trend was observed when the volume fraction of the metal matrix was
further decreased to 20 volumetric percentages, as shown in Fig. 4-7. By checking
the microstructure of the composites, higher porosity was found in both
specimens of WC-20vol%TiNi and TiC-20vol%TiN (as demonstrated and
discussed in section of 4.3.2 - Microstructures and compositions of various
samples) when compared to specimens of WC-43vol%Co and TiC-43vol%TiNi,

respectively.
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Fig. 4-7. Volume losses of WC-20vol%Co, WC-20vol%TiNi and TiC-

20vol%TiNi

For better comparison, the wear losses of all tested samples are presented in Fig.
4-8. One may see that the wear resistance of WC-Co composites increased when
the volume fraction of Co was decreased; whereas the wear resistance of WC-
TiNi and TiC-TiNi composites decreased when the volume fractions of TiNi were

reduced.
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Fig. 4-8. Volume losses of WC-20, 43, 60vol%Co, WC-20, 43, 60vol%TiNi and

TiC-20, 43, 60vol%TiNi

In order to understand the trend of changes in the wear resistance of the samples
with respect to the volume fraction of the metal matrix, macro-hardness of the
samples was measured using a Mitutoyo AVK-C1 hardness tester. Results of the
harness measurement are presented in Figure 4-9. As expected, the macro-
hardness of WC-Co composite increased with the decrease in the Co volume
fraction, which explains the improvement in the wear resistance of WC-Co when
the volume fraction of the reinforcing phase WC is higher since the wear
resistance is proportional to hardness. The hardness of TiC-TiNi composites
showed a similar trend of variation as the volume fraction of TiNi was decreased.
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However, this rule did not apply to the WC-TiNi composite due to the fact that
pores formed when the fraction of TiNi was lowered (see the section of 4.3.2 -
Microstructures and compositions of various samples). It was observed that WC-
43vol%TiNi and WC-20vol%TiNi had high levels of porosity (will be shown
later), which considerably reduced the load bearing capability and thus led to

lower hardness. The wear resistance of these porous samples was correspondingly

decreased.
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Fig. 4-9. Macro-hardness of WC-20, 43, 60vol%Co, WC-20, 43, 60vol%TiNi and

TiC-20, 43, 60vol%TiNi

When the samples were comparatively free of pores or had more pseudo-elastic
phase, such as TiC-60vol%TiNi, WC-60vol%TiNi and WC-60vol%Co, the wear

resistance largely depended on the hardness or content of the pseudo-elastic phase.

69



From Figure 4-9, it can be seen that the hardness of TiC-60vol%TiNi is higher
than that of WC-60vol%TiNi which is in accordance with the fact that TiC
particles are harder than WC particles and possibly have stronger interfacial

bonding with the TiNi matrix.

Fig. 4-10. A representative picture of counting different phases (TiC-

60vol%TiNi)

In order to better understand the observed phenomena, the actual fractions of the
reinforcing phase and the matrix in the samples were determined based on image
analysis. Fig.4-10 presents an image of TiC particle distribution in TiC-
60vol%TiNi, taken with SEM. In order to determine the fraction of TiC, the areas

of different phases were processed with Image Pro based on the gray scales. In the
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picture, dark areas are hard particles such as TiC, and the rest gray areas are taken
as the matrix phase. Pores can also be identified (see the section of 4.3.2 -
Microstructures and compositions of various samples). All samples were

examined in the same way.

Table 4-2. Areal percentage of different phases in WC-60vol%Co, WC-

60vol%TiNi and TiC-60vol%TiNi

Porosity Hard phase Matrix

WC-60vol%Co N/A 44.62 55.38
WC-60vol%TiNi 5.9 52.96 41.14
TiC-60vol%TiNi N/A 56.84 43.16

As shown in Table 4-2, the actual percentages of hard phases deviated from the
nominal ones either due to the losses of powders in mixing procedure or the
reaction in sintering process. Despite the deviation, there was consensus in the
increase of the areal percentage of hard phase and that of macro-hardness of these

samples.

Micro-indentation was carried out on WC-60vol%TiNi and TiC-60vol%TiNi
samples to confirm the existence of pseudo-elasticity (PE) of the matrix using n
value (ratio of elastic deformation energy (W) to the total deformation energy

(Wiot)) as a characteristic parameter. Table 4-3 shows that n values of the two

71



samples are higher than 40%, indicating that the TiNi matrix is pseudo-elastic but

some loss of pseudo-elasticity was observed in the WC-60vol%TiNi sample.

Table 4-3. Results of the micro-indentation on WC-60vol%TiNi and TiC-

60vol%TiNi under a maximum load of 500 mN

We/Wiot (T], %) Hv Nmax (Hm)
WC-60vol%TiNi 42.45 826.75 1.25
TiC-60vol%TiNi 46.14 1211.65 1.51

4.3.2. Microstructures and compositions of various samples

Since WC-Co is a commercial tribological composite, it has good compatibility
between WC and Co and there are seldom pores in the composite after sintering,
thus the composite is generally compact despite the volume fraction of the metal
matrix. When the volume fraction of Co matrix decreased, the specimen became
harder due to increased volume fraction of the ceramic phase and hence

demonstrated higher wear resistance.

Wear tracks of specimens of WC-60vol%Co and WC-43vol%Co were observed
with SEM and images of the wear tracks are illustrated in Fig. 4-11 and Fig. 4-12.
One may see that the worn surface of the WC-Co samples was relatively

homogeneous without cracking or obvious pull-off of WC particles. These may
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imply that the interfacial bonding between WC and Co is strong and toughness of

the composites is reasonably good.

AR PR "y gome

WC_43vol_Co_BSE_Image1(x1500)

Fig. 4-12. A SEM image of wear track on WC-43vol%Co (X1500)
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Compositions of the two main phases in these samples were determined using
EDS and results are given in Table 4-4. As shown, the examined spots 1 (Co) and
2 (WC) keep high concentrations of Co and W respectively, which may be an
indication that WC and Co only interact around the interface and there is not
much interference to structural integrity of individual phases and thus their

properties and roles were well retained in the composite.

Table 4-4. Composition detected in WC-43vol%Co sample in Fig. 4-12

Atomic %
Element Spot 1 Spot 2
Co 91.13 5.06
wW 8.87 94.93

For WC-60vol%TiNi, the wear resistance was improved with the pseudo-elastic
TiNi matrix. However, the wear resistance decreased when the volume fraction of
TiNi matrix was reduced, because a small amount of TiNi does not provide
sufficient pseudo-elasticity to compensate for the disadvantage of weak interfacial

bonding between WC and TiNi.

Phase analysis was carried out for TiC-20vol%TiNi, WC-20vol%TiNi, TiC-
60vol%TiNi and WC-60vol%TiNi using X-ray diffraction technique. XRD
patterns of the sample are illustrated in from Fig. 4-13 to Fig. 4-16. It was

demonstrated that the TiNi alloy phase was still present in the composites with
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60vol%TiNi after sintering (though decomposition existed) but no TiNi alloy
phase remained in the composites when its volumetric fraction was 20%,
indicating that the TiNi alloy phase had decomposed during sintering or reacted
with the reinforcing phase, thus losing the pseudo-elasticity. This negatively

affected the wear resistance of the composites.
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Fig. 4-13. A XRD pattern of TiC-20vol%TiNi
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Fig. 4-14. A XRD pattern of WC-20vol%TiNi
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Fig. 4-16. A XRD pattern of WC-60vol%TiNi

In order to understand the poor performance of WC-TiNi with low volume
fraction of TiNi, micro-structures of WC-43vol%TiNi and WC-20vol%TiNi
samples were examined with SEM. Fig. 4-17 shows the micro-structure of a WC-

43vol%Co specimen. As shown, pores formed in the specimen and the
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microstructure was inhomogeneous or disordered. Local composition was
analyzed using EDX and compositions of different domains are listed in Table 4-

5.

Fig. 4-17 A back scattered electron image of WC-43vol%TiNi after wear test

(X100)

Table 4-5. Compositions of different spots in the WC-43vol%TiNi sample shown

in Fig. 4-17
Atomic %
Element 1 2 3 4 5 6
Ti 3.34 6.59 66.59 61.73  55.54
Ni 2.14 4.85 3.15 36.96 3.28 7.95
w 81.06 7357 3025 63.04 3499 36.50

Si 5.47 8.83 - --- - —

The spots 1 and 2 in the dark areas (oppositely bright areas in secondary electron

image) are rich in composition of W, and located within hard phase of WC. The
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small amount of Si in these areas came from the SizN4 pinning ball, because this
observation was done after the wear test. Spots 3, 5 and 6, which are close to the
pores (shown by arrows), are all rich in composition of Ti and W while the light
area is composed of Ni, W and C, possibly Ni,W,C which is revealed in XRD test

in Fig. 4-14 and Fig. 4-16.

As to porosity, the specimens of WC-20vol%TiNi and TiC-20vol%TiNi were
analyzed to further look into this issue. Since the observations were conducted
after the wear tests, there might be traces of Si element present in EDX analysis.
The areas with pores in WC-20vol%TiNi and TiC-20vol%TiNi, separately shown
in Fig. 4-18 and Fig. 4-19, were analyzed using EDX technique. Results of the

compositional analysis are given in Table 4-6 and Table 4-7, respectively.

An area which is away from the wear track on the sample of WC-20vol%TiNi
was observed. As shown in Fig. 4-18, there are pores in the dark domains
(indicated with arrow) According to H. Tanaka [22] and X.H. Wang [23], the
equations for standard Gibbs free energy of formation of WC and TiC are

AG® = -38000 - 8.4T J mol™* (4-1)
and AG® = -186731+13.2T J mol™ (4-2)
respectively. Obviously, at the temperature of 1500°C, i.e. 1773.15K, AG® (-
181056.92 J mol™) of TiC is more negative than AG® (-52894.46 J mol™) of WC,
so Ti tends to react with WC to form TiC rather than remaining in TiNi alloy.
Although the formed TiC has a lower density than WC, it dissolves 73% by wt. of

WC at the temperature of 1400°C [24], which might be the main reason why
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cracks or pore were generated around Ti and W rich regions as spots 1, 2 and 5
indicated (see Table 4-6). These made the composite brittle with the formation of

high-density cracks during wear.

Fig. 4-18. Back scattered electron image of WC-20vol%TiNi (X100)

Table 4-6. Composition detected in WC-20vol%TiNi sample in Fig. 4-18

Atomic %
Element 1 2 3 4 5 6
Ti 60.08 16.17 4,94 8.19 16.91 3.31
Ni 21.21 4.29 17.65 21.07 33.78

W 39.93 62.57 90.77 74.14 62.03 62.91

Fig. 4-19 illustrates the microstructure of a TiC-20vol%TiNi composite after the
wear test, and the image includes some part of the wear track as there is Si
detected on spot 3. In the composite, reactions also occurred between TiC and

TiNi. As shown, for areas of TiC/TigCs as marked with arrows, pores tend to form
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around them. Apart from the porosity, the rest of the material is only composed of
two phases, NisTi and TiC/TigCs, and NisTi possesses a higher density when
compared to titanium carbides or titanium nickel [25]. Combining with the result
in Fig. 4-15, there was no TiNi alloy left in the composite. The formation of the
pores could be ascribed to the shrinkage around NisTi during sintering and the

brittleness of the hard phases.

SEM and EDX tests were also applied to determine if there were remaining TiNi
alloy phase (see Table 4-7). It appears that near equi-atomic TiNi alloy barely

remained due to decomposition and interaction with TiC.

Table 4-7. Composition detected in TiC-20vol%TiNi sample in Fig. 4-19

Atomic %

Element 1 2 3
Ti 100 69.24 67.12
Ni 0 30.75 6.10
Si 26.78

Fig. 4-19. Back scattered electron image of TiC-20vol%TiNi (X200)
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The above results show that the TiNi alloy phase had decomposed in the
composites with low volume fractions of TiNi, leading to deteriorated wear
resistance. Since composites with high volume fraction of TiNi demonstrated
improved wear resistance, microstructures of the WC-60vol%TiNi and TiC-

60vol%TiNi composites were examined with SEM and EDX.

Figure 4-20 illustrates a back scattered electron image of TiC-60vol%TiNi and
local compositions were measured and given in Table 4-8. As shown, no pores
existed in the composite. The composition of spot 3 is Ti-53.72at%Ni, which is
close to that of pseudoelastic TiNi alloy, implying the grey areas may mainly
consist of TiNi alloy, and further explaining why this composite performed well

during wear testing.

Fig. 4-20. Back scattered electron image of TiC-60vol%TiNi (X500)
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Table 4-8. Composition detected in TiC-60vol%TiNi sample in Fig. 4-20

Atomic %
Element 2 3
Ti 25.81 46.28
Ni 74.19 53.72

For the sample of WC-60vol%TiNi, its microstructure is demonstrated with a
back scattered electron image as Fig. 4-21. Different from that of WC-TIiNi
composites with lower volume fraction of TiNi, no pores were observed in this
composite. In addition, spot 2 has the composition of Ti-54.85at%Ni, which is
close to that of the pseudoelastic TiNi alloy again (see Table 4-9). These may
explain why WC-60vol%TiNi exhibited higher wear resistance than WC-

60vol%Co as shown in Fig.4-8.

N C-60-TiNi_x1100-BSE_Overall_2

Fig. 4-21. A back scattered electron image of WC-60vol%TiNi (X1100)
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Table 4-9. Compositions of two spots in the matrix of WC-60vol%TiNi sample

shown in Fig. 4-21

Atomic %

Element 1 2
Ti 24.89 45.15
Ni 74.69 54.85
W 0.37

However, it is unclear why pores formed in WC-TiNi composites with low
volume fractions of TiNi but no obvious formation of pores in WC-60vol%TiNi.
The formation of pores could be affected by many factors, such as the chemical
compatibility between WC and TiNi, the lattice mismatch stress at WC-TiNi
interface, the spacing between WC particles which influences the overall lattice
mismatch stress, thermal stress due to the difference in thermal expansion
coefficient between WC and TiNi and atomic diffusion, etc. Further studies are
needed in order to understand why pores only formed in WC-TiNi with low

volume fraction of TiNi matrix.

4.4. Conclusions

The near equi-atomic TiNi alloy with pseudo-elasticity and high resistance to
wear was used as the matrix to form composites with carbides. Microstructure and

wear resistance of WC-TiNi and TiC-TiNi composites with 60vol%TiNi,
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43vol%TiNi and 20vol%TiNi were respectively characterized and evaluated. The

following conclusions are drawn:

1) The wear resistance of WC-Co composite is inferior to those of WC-TiNi and
TiC-TiNi composites when the volume fraction of the metal matrix is relatively
high, such as 60vol%. However, the situation is reversed when the volume

fraction of the metal matrix is lower.

2) The wear resistance of WC-Co composites increased when the volume fraction
of Co was reduced; whereas the wear resistance of WC-TiNi and TiC-TiNi
composites decreased when the fractions of TiNi were reduced. This could be
ascribed to the fact that TiNi alloy may not be well retained due to its lower

compatibility with the reinforcing phase when its fraction is small.

3) The microstructure of the composites with low volume fractions of TiNi matrix
showed the presence of pores or even cracks formed in specimens of WC-
43vol%TiNi, WC-20vol%TiNi and TiC-20vol%TiNi, which negatively affected
the wear resistance of the composites. No pores formed in WC-Co regardless of
the volume fraction of Co matrix, leading to higher wear resistance than

composites with low volumetric TiNi matrix.
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Chapter 5 - Summary and possible future studies

5.1 Summary of the thesis studies

1) A near equi-atomic pseudo-elastic TiNi alloy was introduced as a second phase
to the Co-matrix of WC-Co composite, a well-known type of tribo-composite, in
order to improve the wear resistance of the matrix while keeping its functions for
binding the reinforcing phase and providing desired toughness. It was
demonstrated that the pseudo-elastic TiNi phase was present in the matrix
although some decomposition occurred during sintering. The added pseudo-
elastic TiNi phase helped to reinforce the Co matrix and could also render it
tougher. A small amount of TiNi considerably improved the wear resistance of

WC-Co composite (reached optimal performance around 10wt%TiNi).

2) When the added TiNi alloy exceeded the amount of 10 wt%, the positive effect
of TiNi alloy was weakened due to the formation of pores, which could be

responsible for the deterioration of wear resistance.

3) The pseudo-elastic TiNi alloy was directly used as the matrix to make WC-
TiNi and TiC-TiNi composites. It was demonstrated that the wear resistance of
WC-Co composite was inferior to those of WC-TiNi and TiC-TiNi composites

when the volume fraction of the metal matrix was high, e.g., 60vol%.

4) The wear resistance of WC-Co composites increased when the volume fraction

of Co was reduced; whereas the wear resistance of WC-TiNi and TiC-TiNi
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composites decreased when the fractions of TiNi were reduced. WC-Co
performed better than WC-TiNi and TiC-TiNi when the volume fraction of TiNi
matrix was low. This could be ascribed to the fact that TiNi alloy may not be well
retained as the matrix phase due to its lower compatibility and the formation of

pores appears to be a main problem.

5) The microstructure of the composites with low volume fractions of TiNi matrix
showed the presence of pores or even cracks formed in specimens of WC-
43vol%TiNi, WC-20vol%TiNi and TiC-20vol%TiNi, which negatively affected
the wear resistance of the composites. No pores formed in WC-Co regardless of
the volume fraction of Co matrix, leading to higher wear resistance than

composites with TiNi matrix.

5.2 Discussion about future work

The beneficial effect of the pseudoelastic TiNi alloy can be anticipated. However,
the formation of pores has turned to be a major problem in sintering when the
amount of TiNi added to the Co matrix of WC-Co is higher than 10wt% or when
the volume fraction of TiNi matrix of WC-TiNi was low. Pores also formed in

TiC-TiNi with low volume fractions of TiNi matrix

It is of importance to study the mechanism responsible for the formation of pores
in these cases and identify governing factors in order to prevent the process. The

following studies could be helpful:
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1) Investigate the interface between carbides and metal matrix in detail, determine
reactions among WC, Co and TiNi and formed compounds, which could be

complicated because of the involvement of four elements.

2) The canning technique could help to mitigate the problem of pore formation
during sintering. Since there are cavities in the green pellets after compacting, the
gas in the HIP chamber may get into samples especially when high pressure is
applied. Although the canning technique could not prevent pores from forming in
chemical reactions, it could reduce the pores mainly in a physical way and lead to

sintering with better densification.

3) Sintering condition is another subject to investigate, since the microstructures
and corresponding properties of samples can vary with different sintering
temperature and sintering pressure. In this thesis study, 1500°C and 4000 psi are
used in the HIP sintering process. However, this sintering condition may not be
suitable for all samples. Optimization of the sintering condition could improve the

performance of the sintered composites.

4) In reality, the wear situation is more complicated than the experimental
condition and the types of wear can be hybrid other than solely sliding wear.
Therefore, more tests would be conducted tailored to the capability of the
laboratory. Different acidic or alkaline environment can be introduced into the
sliding wear test; other types of tests, say slurry erosion test or sand blasting test
can also be performed on the WC-Co-TiNi composites in order to provide a more

comprehensive evaluation of their wear resistance.
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