HOT ISOSTATIC PRESSING OF TITANIUM METAL MATRIX
COMPOSITES FOR TRIBOLOGICAL APPLICATIONS

By
Malallah Mohamed Malallah Al Lawati

A thesis submitted to University of Birmingham in partial fulfilment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY

School of Metallurgy and Materials
College of Engineering and Physical Sciences
University of Birmingham

2022



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

An investigation into developing titanium metal matrix composites (TMCs) for tribological applications
while still possessing good mechanical properties has been performed using powder metallurgy (P/M)
and hot isostatic pressing (HIP) process. TMCs were successfully synthesized using a wide range of
process parameters such as : investigating the influence of HIP temperature and dwell time. In
addition to that, the influence of reinforcement volume fraction, size, type, blending route and in situ
reactions were studied in terms of the microstructural homogeneity, mechanical and tribological
properties. The as-HIPped samples were analysed using scanning electron microscopy (SEM), optical
microscopy (OM), x-ray diffraction (XRD) and Raman spectroscopy for the samples containing
graphene. A wide range of reinforcements were investigated, such as silicon carbide (SiC), titanium
diboride (TiB,), boron (B), graphene nanoplatelets (GNP) and titanium carbide (TiC). In addition to that,
the influence of reinforcement size from micron size (5 um) to nano-size (20 nm) on the mechanical
and tribological properties were investigated thoroughly. Furthermore, the influence of reinforcement
volume fraction ranging from 5 volume percent (vol.%) to 10 vol.% on the microstructural
homogeneity, mechanical and tribological properties was studied. Reinforcements such as B and GNP
were used in situ formation work in order to synthesize phases such as TiC and TiB during the HIP
process and process parameters such as the HIP temperature was investigated in terms of in situ phase
formation and completion. Finally, functionally graded material (FGM) using SiC as a reinforcement
and Ti-6Al-4V (Ti64) matrix was successfully synthesized using the HIP process and the tribological and

mechanical properties were investigated.

The work will aim to solve issues of high brittleness due to the high reinforcement volume fractions,
microstructural homogeneity due to powder clustering , while trying to enhance interfacial bonding
and solve issues concerning TMCs blending due to the high reactivity of Ti with oxygen. Moreover,
issues such as incomplete in situ phase formation will be investigated by HIPping at different
temperatures and to reduce the size of the brittle diffusion zone due to iron (Fe) diffusion at high
temperatures. The main novelty of the work will look into improving microstructural homogeneity by
controlling the blending route using mechanical alloying (MA) via wet ball milling, reducing the brittle
intermetallic diffusion zone by studying various HIPping temperatures and using different elemental
reinforcements with high specific strengths in order to reduce agglomeration and inhomogeneity as a

result of high volume fractions.

The rationale for conducting the research is that ti64 has a high specific strength to weight ratio and
could provide weight savings in a wide range of engineering applications including the marine and oil

and gas industry. Furthermore, Ti64 has good corrosion resistance but low tribological properties such
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as coefficient of friction and sliding wear properties which is an issue at harsh environmental
conditions. Therefore, reinforcing the Ti64 matrix with various chemically stable reinforcements that
are stiffer than the matrix such as SiC were suggested to increase the strength and wear resistance of
the composites. Furthermore, in-situ phase formation was chosen using reinforcements such as boron
(B) and graphene nanoplatelets (GNP) to obtain clean in situ strengthening stiffer phases to enhance

the tribological properties of the composites.

TMCs were developed for high wear resistance applications that also possess good mechanical
properties using a Ti64 matrix reinforced with different additions and volume fractions of B (1 vol.%)
and GNP (1-2 vol.%). The study looked into in situ formation of hard phases and how the HIP
temperature can influence that including the consolidation behaviour. Different HIP conditions were
investigated such as HIPping below the B-transus temperature at (920°C), 1040°C and super B-transus
temperature (1160°C). 1040°C was selected as an optimal HIP temperature based on calculations that
estimate the R-transus temperature by taking into account the diffusion of oxygen (O) and carbon (C).
The main findings of the work is that HIPping at 1160°C ensured full consolidation, but resulted in
grain growth, while HIPping at 920°C there was lack of consolidation and no in situ reaction. At 1040°C
there was retention of TiC phase with some unreacted graphene, which improved tribological

performance.

Furthermore, TMCs using SiC as a reinforcement and Ti64 as the metal matrix were developed for high
wear resistant applications. The study looked into the influence of reinforcement volume fraction (5-
10 vol.%) and reinforcement size (5 um , 20 nm) on the mechanical and tribological properties. In
addition to that, blending routes were investigated such as MA by ball milling and roll blending and
how it affects powder homogeneity, hence the properties. The main findings of the work is that
increasing the reinforcement vol.% to 5 vol.%, changes the wear mechanism from abrasive wear to
mainly delamination wear, which in turn reduces the wear rate of the composite and improves the
wear resistance. This could be mainly attributed to the hard in situ formed TiC and titanium silicide

(TisSi3) phases.

Ti64 based FGMs were prepared using P/M HIP using SiC as a reinforcement. Three layers of an FGM
was produced, with the bottom layer being monolithic Ti64, the second layer reinforced with 5 vol.%
SiC and the third layer with 10 vol.% SiC. A super-transus HIP temperature of 1160°C was selected for
the work to ensure full consolidation, in situ reaction at the expense of grain growth. The different
layers of the FGM showed good bonding and no cracking was observed along the gradient layers as
seen by the micro-hardness indentations. The synthesized FGM showed promising compressive

properties such as high compressive yield strength and very good ductility values even at the higher



vol.% regions. On the other hand, there was a very clear trend of a reduction in ductility and an

increase in compressive yield strength as the reinforcement volume fraction was increased.

Ti64 reinforced with varying volume fractions (5 vol.%, 10 vol.%) of TiB, was prepared by P/M HIP. The
influence of the HIP temperature (1160°C) on the microstructural evolution, mechanical and
tribological properties were investigated. Furthermore, as-received MA titanium-silicon carbide (Ti-
SiC) nanocomposite and titanium-titanium carbide (Ti-TiC) nanocomposite were successfully prepared
by HIP at various temperature such as (950°C,1040°C) and how that influenced the mechanical and
tribological behaviour. Some of the key findings of the study were that the increase of micro-hardness
observed with the with the 10 vol.% TiB; is mainly be attributed to the load transfer mechanism and
grain refinement. The large standard deviation could be attributed to the inhomogeneity, which is

inherent to the blending technique used and the relatively large reinforcement size of 5 um.

Some of the promising applications of TMCs can be used in the oil and gas industry such as pipelines
as titanium is highly corrosion resistant, and the reinforcement in situ formed hard phases will provide
good wear resistance properties. other areas could include engine valves and connecting rods due to
the weight savings of titanium and good tribological properties provided by using graphene for

example as a reinforcement that would provide lubrication.

Keywords: Powder metallurgy, Hot isostatic pressing, Titanium metal matrix composites, In situ

phase formation
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Chapter 1 Introduction

1.1 Chapter Overview

This chapter will provide a detailed insight into the significance of titanium metal matrix composites
(TMCs) in various industrial applications ranging from the aerospace to the medical field. Furthermore,
powder metallurgy (P/M) hot isostatic pressing concept, benefits and drawbacks will be highlighted in
this chapter. In addition to that, P/M HIP will be compared to other manufacturing techniques used
to synthesize TMCs and how it can solutions to fabrication issues arising from TMC manufacturing.

Finally, the main objectives of the research will be mentioned and the thesis breakdown.

1.2 Brief background of TMCs and their applications

TMCs have been developed for many different industries, ranging from the aerospace industry all the
way to the marine industry [1]. TMCs have been introduced in the past 30 years for aerospace
applications to overcome issues such as low heat resistance , wear resistance and Young’s modulus in
comparison with steel and nickel-based superalloys [2]. In terms of what makes TMCs potential
candidates for medical applications, is that they mainly have excellent biocompatibility while still
possessing high specific strength and being light in weight [3]. There have been reports of using TMCs
in high temperature compressor applications due to the TMC being able to withstand temperatures
exceeding 760°C while offering a reduction in weight approaching 50% in comparison to nickel-based
superalloys [4]. It is vital to note that since TMC fabrication routes are complex and have many
different issues, the National Aeronautics and Space Administration (NASA) have invested heavily in
researching TMCs and make them more commercially used. NASA worked with many American
companies in developing TMCs for gas turbine engines [5]. It is also worth mentioning that TMCs were
replacing parts made from nickel-superalloys. For example, NASA have reported using 40% of the
material in the F-22 fighter jet from TMCs. Furthermore, it is expected that newer generation fighters
will compromise of even more TMCs as the development of those composites are further enhanced.
It is worth mentioning that Rolls Royce Plc have developed a TMC for their advanced fan engines. The

fans are comprised of titanium-carbon based TMC for the fan blades which have helped decrease the
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weight of aircrafts by 680kg [6]. This would help the aircraft carry more passengers with no extra cost
according to Rolls Royce. Other reports of TMCs being used are by the Royal Netherlands Air Force for
their F16 fighter jets which use a TMC reinforced with SiC for their landing gear which again offers 40%
decrease in weight in comparison to the previous alloys used [7]. Furthermore, there are reports of
TMCs being used as an ideal material in the oil and gas industries for pipes as titanium (Ti) is highly
corrosion resistant and the hard ceramic reinforcements will provide excellent wear resistance
properties [8]. Finally, Toyota Motors have recently developed a TMC to be used in their new

generation cars for the engine valves and connecting rods [9].

1.3 P/M HIP

P/M HIP is a manufacturing method used to either densify powders to their 100% theoretical density
or as a heat treatment process for sintered parts and additively manufactured parts using a high
pressure (100-200 MPa) and high temperatures in the range of (900-1250°C) for nickel superalloys
and steels. The main benefit of HIP is that it applies isostatic pressure in all directions, hence resulting
in optimal isotropic mechanical properties and therefore providing another method of fabricating
materials other than casting and forging for example. HIP have proven to be a solid candidate as a
post processing technique especially in the field of additive manufacturing and other P/M
manufacturing methods such as metal injection moulding and sintering. Furthermore, HIP can be used
to manufacture near net shape (NNS) components weighing up to 30 tonnes for parts to be utilized in
the oil and gas and marine industries. Some HIP systems even allow for parts up to a diameter of 1
metre to be manufactured. On the other hands, HIP can be used to make small parts that are 100
grams or less and have been reported to be used to produce dental brackets. With time, HIP have
proven to be cost-effective and reliable manufacturing technique that can be utilized to synthesize
many different metals, ceramics and post process additively manufactured components. It should also
be noted that P/M offers many benefits over other manufacturing techniques which make it a very

attractive and viable option for synthesizing advanced metallurgy manufacturing [10,11].
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Table 1.1: Industrial applications of HIP technology [10,11]

Categories where P/M HIP is beneficial Advantages of P/M HIP

Design flexibility and freedom . Near net shape (NNS)

. Ease of synthesizing composites

. Fabricating large components with minimum welds
required

. Fabricate complex internal cavities which are very

difficult to machine

Properties of HIPped samples . Fine , homogenous microstructure due to isostatic
pressure and temperature

. Homogenous mechanical and tribological properties

Cost reduction . NNS route allows for reduction in machining
. Simplifying design were less parts are required for a

purpose

Environmental aspect . NNS allows for less scrap metal
. No powder waste like additive manufacturing
. Higher material yield in comparison with conventional

metallurgy

Table 1.2: Applications of HIP and the typical materials used [11,12]

Application Aim Materials used
Powder consolidation using canisters as | Reach full theoretical density and reduce | Advanced ceramics, MMCs, magnetic
encapsulations possibility of excessive grain growth and | materials

segregation

Diffusion bond dissimilar or similar
materials that is a challenge with other
techniques

Reach full theoretical density

Steel and Ni alloys , metal and ceramics
bonding

Diffusion bonding

Porosity removal , densification and MMCs, Ni superalloys.

consolidation
In situ reactive HIPping

Produce new phases from reactants at a
highly negative Gibb’s free energy during
exothermic reaction at heating stage of HIP

MMCs, intermetallics like TiB;, Graphene, B

Densification of casted parts

Remove porosities

Ti and its alloys, Al and its alloys

Densification of sintered parts

Reach full theoretical density

Advanced ceramics like Al,O3

Densification of additively manufactured
parts

Porosity removal

Ti and its alloys

Heat treatment additive

manufacturing

post

Control grain size and microstructure and
limit segregation

Ni superalloys, Ti and its alloys

Table 1.1 shows a summary of industrial areas where P/M HIP could be deemed as a solution for
various issues faced by manufacturers. Furthermore, Table 1.2 Shows applications whereby P/M HIP
could be employed, what the aim is of the technology and the typical materials used in each. Table
1.2 also shows the typical industries that benefit from using P/M HIP technology and the typical

applications they are used to manufacture. In terms of the HIP global market, it is estimated that 25%

25



of the HIP used is on P/M based manufacturing. In addition to that, it is estimated that 50% of the
global use of HIP is related to the densifying of sintered, casted and additively manufactured
components [10]. It has also been reported that there was a rapid growth of 5000% in P/M HIP
stainless steel components from 1990-2008 period. Furthermore, it was reported that in 2013 another
5000% growth in NNS components fabricated via P/M was expected for tool steel components. As
summarized by Table 1.1, HIP allows for a homogenous microstructure and isotropic mechanical and
tribological behaviour. For example, tool steel that is rich in carbide that is synthesized via P/M HIP
has high fatigue strength and toughness due to limited segregation and the fine homogenous
microstructure obtained through the technology. The main reason is attributed to the smaller carbides
in steel made from P/M HIP in comparison with other manufacturing techniques such as casting or
forging which in turn leads to much lower stress concentration zones, hence increasing the toughness
and crack propagation rate in P/M HIPped parts. In addition to that, what makes P/M HIP an attractive
manufacturing route is that parts prepared via this technology offer a comparable corrosion resistance

to forged components and sometimes even better [11,12].

1.4 Aims of the project and research

The main aim of this work is to synthesize TMCs which have good tribological and mechanical
properties. Most TMCs mentioned in the literature are either highly brittle with very low mechanical
performance or TMCs with good mechanical properties but terrible tribological performance. This
work will also aim to solve issues of high brittleness due to the high reinforcement volume fractions,
microstructural homogeneity due to powder clustering , while trying to enhance interfacial bonding
and solve issues concerning TMCs blending due to the high reactivity of Ti with oxygen. Moreover,
issues such as incomplete in situ phase formation will be investigated by HIPping at different
temperatures and to reduce the size of the brittle diffusion zone due to iron (Fe) diffusion at high
temperatures. The main novelty of the work will look into improving microstructural homogeneity by
controlling the blending route using MA via wet ball milling, reducing the brittle intermetallic diffusion
zone by studying various HIPping temperatures and using different elemental reinforcements with
high specific strengths in order to reduce agglomeration and inhomogeneity as a result of high volume
fractions. Furthermore, the other novelty of the work will include using lower volume fractions of

reinforcement to reduce the brittleness of the TMCs.

The main objectives of this research are as follows:
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e Develop advanced TMCs which possess high wear resistance and good mechanical properties
and evaluate the influence of the reinforcement characteristics such as ( reinforcement type,
volume fraction, size) and process parameters on the microstructure and properties.

. Evaluate material properties such as (Compressive strength, micro-hardness, wear
resistance) and rationalise them based the microstructural characteristics of the as-HIPped
TMCs.

e Create novel TMCs via in situ phase formation using P/M HIP with one or more elemental
reinforcements such as boron and graphene with enhanced tribological and mechanical
performance.

e Develop structure-property relations relating phase content to experimental and theoretical
compressive strength values

e Synthesize TMC FGMs for high wear resistant demanding applications that are crack free

1.5 Outline of Thesis

This research looks into developing advanced TMCs that have a high wear resistance and good
mechanical properties. This is presented in the following chapters: literature review (Chapter 2),
experimental procedure (Chapter 3), P/M hot isostatic pressing of TMCs via in situ elemental additions
of B and GNP (Chapter 4), P/M hot isostatic pressing of TMC reinforced with SiC, enhanced micro-
hardness and tribological performance (Chapter 5), P/M hot isostatic pressing of Ti-6Al-4V/SiC FGM
with enhanced tribological and mechanical properties (Chapter 6), Mechanical and tribological
behaviour of mechanically alloyed nano TMCs synthesized via P/M hot isostatic pressing (Chapter 7),

conclusions and future work (Chapter 8).

In the literature review (Chapter 2), an introduction into TMCs is provided discussing the different
reinforcement categories, common powder blending routes, influence of various reinforcement
characteristics such as volume fraction and size on mechanical and tribological properties. In addition
to that, all the recent work done on TMCs via powder metallurgy route is summarised with the
corresponding processing routes and properties. Furthermore, FGMs are discussed thoroughly in
terms of their applications, production through P/M and the wide range of properties they offer

depending on the design requirements.

The experimental procedure (Chapter 3) will start by highlighting an overview of the chapter and what

it entails, followed by a section discussing the materials used and their processing, hot isostatic
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pressing procedure, microstructural characterization and finally the mechanical and tribological

testing and equipment used.

P/M hot isostatic pressing of TMCs via in situ elemental additions of B and GNP (Chapter 4) will start
with a brief introduction and review of the current TMCs produced, followed by an experimental
section discussing the material preparation route, characterization techniques used and the
properties investigated both mechanical and tribological. In addition to that, the results will be
presented and discussed thoroughly and the chapter will be concluded. The chapter will focus on
microstructural evolution of the TMCs synthesized via in situ reactions, influence of HIPping
temperature on phase formation, structure-property relations relating phase content to micro-
hardness and tribological performance and thoroughly investigating the influence of reinforcement
type such as graphene in improving wear resistance by utilising advanced characterization techniques

such as Raman spectroscopy.

In the P/M hot isostatic pressing of TMC reinforced with SiC, enhanced micro-hardness and tribological
performance (Chapter 5), the work looks to examine the influence of reinforcement characteristics
such as the volume fraction and size on the microstructural evolution, mechanical and tribological
behaviours and rationalise the properties in terms of the dominant strengthening mechanisms. The
chapter includes a section summarising the most recent work done on TMCs by researchers, followed
by the experimental section which describes the characterization routes and properties examined
from mechanical to tribological performance. The chapter also looks into the HIP process parameters
such as the influence of HIPping temperature on the microstructural evolution and formation of
strengthening phases. The results are then presented, discussed and a conclusion is reached and

presented.

In P/M hot isostatic pressing of Ti-6Al-4V/SiC FGM with enhanced tribological and mechanical
properties (Chapter 6) , the study will investigate how to synthesize and FGM via P/M HIP and get a
crack free sample with a strong bond between different layers. Compressive testing and wear testing
will be conducted in order to understand whether the FGM has good bonding and to understand how

the samples fail.

In chapter 7, Mechanical and tribological behaviour of mechanically alloyed nano TMCs and other

reinforcements synthesized via P/M HIP will be presented and investigated.

In chapter 8, the conclusions from each chapter will be summarized and the future work will be
outlined.
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Chapter 2 Literature Review

2.1 TMCs overview

This section will focus on giving a detailed overview of titanium metal matrix composites (TMCs), their
mechanical and tribological performance prepared and manufactured using powder metallurgy (PM)
hot isostatic pressing (HIP) route. Additionally, structural-property models used to predict TMCs
mechanical and tribological behaviour will be examined thoroughly. Moreover, the chapter will
discuss the phase formation of phases using in situ techniques. Furthermore, FGM applications,
preparation route using PM will be discussed. Finally, the research gap will be identified and the aims

and objectives of the project will be highlighted.

2.1.1 Introduction to TMCs

TMCs are a class of materials that offer significant improvements over monolithic titanium (Ti). They
have a higher specific strength, stiffness, wear resistance and heat resistance over a non-reinforced
matrix alloy [1], making them ideal for petrochemical, aerospace, and maritime applications [2]. In the
past decade, there has been an increased interest in researching TMCs for engine components due to
the vast weight savings they offer, high specific strength and enhanced tribological performance.
However, TMCs fabrication are deemed challenging and has many complications that will be discussed

in greater details in later sections.

The basic principle of TMCs falls upon the matrix alloy, being reinforced with hard ceramic particles
that help harden the material, however at the expense of deteriorating the ductility as the volumetric
percentage (vol.%) of the reinforcement increases [3]. The mechanical properties of TMCs differ
significantly from the base monolithic alloy due to in-situ reactions taking place between the
reinforcement and the matrix during the consolidation process, forming new hardened phases that

offer superior tribological performance over the monolithic matrix alloy.
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2.1.2 Common reinforcement categories

Before dwelling into different reinforcement types and categories, it is important to define the
concepts of the reinforcing phases and the matrix material. It is generally well accepted in the
literature that the base material phase with the higher volume fraction is the matrix, while the
reinforcement is considered the phase with the lower volume fraction that is generally mixed with the
matrix material to enhance certain properties [4]. For example, if the reinforcement is a hard ceramic,
it is generally added to the metallic matrix to enhance the hardness of the composite. On the other
hand, a soft reinforcement could be added to a ceramic matrix to improve properties such as the

ductility and impact strength of the composite.

Common TMC reinforcements can either be continuously reinforced TMCs (CRTMCs) using continuous
fibres as the reinforcing phase, or discontinuously reinforced TMCs (DRTMCs) using different powder
morphologies of either whiskers, particles, or even short fibres [5]. CRTMCs were widely sought after
previously due to the superior tribological properties and weight reductions they offered in the
aerospace industry [6]. However, the fibres were expensive to produce, hence why the focus in recent
years has shifted towards DRTMCs. Nevertheless, DRTMCs still have major issues that are slowing
down their implementation and expansion into different industries. The shortcomings range from
particle clustering which affects the mechanical and tribological behaviour [7], reinforcement
agglomeration and extreme brittleness associated with PM HIP processing route. Therefore, it is
important to understand the powder blending routes, sacrificial canister material selection, HIP
processing parameters to tailor a TMC with limited residual stresses, limit extremely brittle diffusion

zone size and produce a homogenous microstructure to improve the properties.

Table 2.1 shows a list of common continuous-fibre and particle reinforcements used in the fabrication
of TMCs. Furthermore, Table 2.2 shows a list of the most common DRTMCs, their powder
characteristics, processing route and their properties. It is well noted in the literature that titanium
carbide (TiC) [8] and titanium diboride (TiB) [9] is the most compatible reinforcement for titanium
alloys due to the small coefficient of thermal expansion (CTE) mismatch between the reinforcement
and matrix, hence limiting residual stress formation. Figure 2.1 shows a representation of different
types of TMCs that fall under the categories of DRTMCs and CRTMCs. It is well noted in the literature
that the cost of DRTMCs is way cheaper than using fibre reinforced CRTMCs. In addition to that,
DRTMCs offer a more uniform isotropic distribution of properties along with a multitude of loading

directions [10].
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Figure 2.1: Discontinuously reinforced MMC (a-b), [10]
Table 2.1: Common continuous and discontinuous reinforcements
Continuous Typical Typical Ref | Discontinuous Typical Typical Ref
reinforcements diameter | reinforcements reinforcements | reinforcements | diameter
Continuous fibre 3-150 um | SiC, B, C [10] | Whiskers TiB, 1-5 um [11]
- - - Particles B4C, 0.5-25 [12]
pum

- - - nanoparticles SiC, ND,GNP <100 nm | [13,14,15]
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Table 1.2: List of common reinforcements, powder characteristics, processing route and properties from literature

Matrix Matrix size Reinforcement Reinforcement Processing Properties Ref
(um) type & % size route
CTE Hardness Strength El %
(MPa)
Ti-6Al-4V 70-150 TiB2 3 wt.% 3-5um MA + HIP 7.2 347.3 HV N/A N/A [11]
Ti-6Al-4V 70-150 TiB2 5 wt.% 3-5pum MA + HIP 7.2 433.9 HV N/A N/A [11]
Ti-6Al-4V 70-150 TiB28 wt.% 3-5pum MA + HIP 7.2 566.3 HV N/A N/A [11]
Ti-6Al-4V 100-130 TiB2 3 wt.% 3.13 um MA + HIP 7.2 N/A 1063 10.1 [16]
Ti-6Al-4V 100-130 TiB2 5 wt.% 3.13 um MA + HIP 7.2 N/A 1284 6.7 [16]
Ti-6Al-4V 100-130 TiB2 8 wt.% 3.13 um MA + HIP 7.2 N/A 992 5.6 [16]
Ti-6Al-4V 44 SiC 5 vol. % <75nm PM 4.63 460 HV 1483 N/A [13]
Ti-6Al-4V 44 SiC 10 vol. % <75nm PM 4.63 369 HV 1189 N/A [13]
Ti-6Al-4V 44 SiC 15 vol. % <75nm PM 4.63 315 HV 1064 N/A [13]
Ti-6Al-4V <25 TiC 5 vol.% <0.5pm SPS 7.15 N/A 995 3 [17]
Ti-6Al-4V <25 TiC 10 vol.% <0.5um SPS 7.15 N/A 1060 3 [17]
Ti-6Al-4V 150-200 GNP 0.25 wt.% <5 layers SPS N/A N/A 940 10.0 [18]
WT=0.5-4nm
D=0.5-3 pm
Ti-6Al-4V 150-200 GNP 0.5 wt.% <5 layers SPS N/A N/A 938 4.3 [18]
WT=0.5-4nm
D=0.5-3 um
Ti-6Al-4V 150-200 GNP 0.75 wt.% <5 layers SPS N/A N/A 892 3.6 [18]
WT=0.5-4nm
D=0.5-3 um
Ti-6Al-4V 150-200 GNP 1 wt.% <5 layers SPS N/A 400 HV N/A N/A [18]
WT=0.5-4nm
D=0.5-3 um
Ti-6Al-4V 150-200 GNP 1.5 wt.% <5 layers SPS N/A N/A N/A N/A [18]
WT=0.5-4nm
D=0.5-3 pm
Ti 10-44 DNP 0.35 wt.% 3.0 um MA + SPS N/A 333 HV 1039 39.23 [19]
compressive
Ti 10-44 DNP 0.35 wt.% 200 nm MA + SPS N/A 310.5 HV 938 N/A [19]
Ti 10-44 DNP 0.35 wt.% 100 nm MA + SPS N/A 318 HV 957 N/A [19]
Ti 10-44 DNP 0.35 wt.% 5nm MA + SPS N/A 327.4 HV 1024 50.6 [19]
compressive
Ti 10-44 DNP 0.1 wt.% 5nm MA + SPS N/A 3.7 GPa 850 55 [14]
compressive
Ti 10-44 DNP 0.25 wt.% 5nm MA + SPS N/A 4.5 GPa 975 50 [14]
compressive
Ti 10-44 DNP 0.35 wt.% 5nm MA + SPS N/A 5.24 GPa 981 47 [14]

compressive
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Ti 10-44 DNP 0.5 wt.% 5nm MA + SPS N/A 5.51 GPa 940 45 [14]
compressive
Ti 10-44 DNP 2 wt.% 5nm MA + SPS N/A N/A N/A N/A [14]
Ti 20 MWCNT 0.5 wt.% OD =10-35nm MA +SPS N/A N/A 1056 N/A [20]
ID = 3-10nm
L= 1-10um
Ti 20 MWCNT 1 wt.% OD =10-35nm MA +SPS N/A N/A 899 N/A [20]
ID = 3-10nm
L =1-10um
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Note: Mechanical alloying (MA), spark plasma sintering (SPS), multi-walled carbon nanotubes
(MWCNT), diamond nanoparticles (DNP).

Table 2.3 shows a summary of the influence of different powder characteristics such as reinforcement
size and volume fraction, the dominant strengthening mechanism and the effect on the tribological
and mechanical properties. The main conclusions deduced from Table 2.3 are that controlling the
reinforcement characteristics can enhance the mechanical and tribological properties of a TMC due

to the influence of varying strengthening mechanisms.

Table 2.2: Influence of powder characteristics on mechanical and tribological properties

Control parameters Varying control Dominant Effect on mechanical Ref
variables strengthening and tribological
mechanism properties
Reinforcement size Sub-micron or Thermal dislocation Better interfacial [21]
nanoparticles strengthening and/or bonding resulting in
orowan strengthening superior tribological
performance
Reinforcement volume Typically, between 5-10 Load transfer Increase in yield [16]
fraction vol.% mechanism strength and micro-
hardness
CTE mismatch Biggest CTE mismatch Thermal dislocation CTE mismatch develops [22]
strengthening a residual strain,
producing geometrically
necessary dislocations
in the matrix around
the reinforcements
Matrix size Smallest size Hall-petch grain Increase in yield [23]
boundary strengthening strength

2.1.3 Phase formation using in-situ processing

There has been a rising interest in fabricating TMCs using in situ processing techniques over the last
decade. The main reason behind the shift from ex-situ additives via ingot metallurgy to PM in situ
processing for TMCs is primarily due to the high affinity of titanium to oxygen [24]. PM techniques
ensure homogenous powder distribution and dispersion within the matrix, hence allowing an
enhanced performance of the TMC [3]. In situ reactions can take place when the matrix reacts with
the reinforcement through solid-state reaction [25]. Some common reporting of additive
reinforcements used to in situ produce hardening phases are SiC [13], TiB, [11], ND [14], GNP [15]. For
instance, TiB, can react with Ti matrix during the HIP process, resulting in TiB whiskers that are

dispersed as the reinforcements phase in the matrix. If the TiB, powder is homogenously dispersed on
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the starting Ti powder, it could result in substantial Young’s modulus increase as the reported Young’s
modulus of TiB is (467 GPa) compared to Ti (110 GPa) [26]. It is important to note that the morphology
of the in situ formed TiB whiskers can influence the mechanical and tribological behaviour of the TMC.
It is well noted that its extremely hard to control the TiB whiskers growth as it happens in an
anisotropic manner at elevated HIP temperatures during a very short dwell time. Furthermore, due to
the high reactivity of titanium with boron it results in a very low aspect ratio of the formed TiB whiskers

at elevated HIP temperatures [27].

Cai et al [11]. have been able to produce an in situ reaction between Ti64 and TiB; during HIP to form
TiB whiskers which are homogenously dispersed along with the matrix through solid-state reaction.
Sivakumar et al [13]. have successfully been able to produce the hard phase of TiC from Ti64 matrix
reacting with SiC reinforcement during the PM process. Carbon has been reinforced with titanium
powder by coating the titanium matrix powder with resol nanospheres which are between 10-30nm
size. The in situ formed TiC phase from the process of pressureless sintering delivered very high
compressive strength properties such as 1.5 GPa yield strength (YS) and 2.54 GPa ultimate strength
(US) [28]. The study claimed that the properties achieved from the in situ formed TMC are better than
other advanced TMCs through the use of a binary Ti-C system. It is also well noted in the literature
that multi-walled carbon nanotubes (MWCNTSs), are deemed to be an excellent candidate for in situ

reactive HIP and sintering processing, synthesizing very fine titanium carbide (TiC) particles.

Other reports used MWCNT as a reinforcement with Ti matrix, resulting in an in situ reaction to
synthesize very fine nano-sized TiC particles that are dispersed throughout the matrix around a-Ti
grain boundaries (GB), hence inhibiting grain growth and the formed phase is thermally stable too. It
was concluded from the report that the a-Ti phase decreased in size with the increasing vol.% of
MWCNT and that the micro-hardness values increased at elevated temperatures of 573K due to the

pinning effect of the in situ formed phase [29].

The in-situ resultant products will determine whether the TMC phase will be discrete, brittle and a
cause for localised cracking or whether they are homogenous. Table 2.4 Shows a list of phases formed
via in situ solid-state reaction during PM HIP and sintering techniques. It is quite clear that carbon-
based reinforcements such as diamond, SWCNT, graphene and graphite have the highest Young’s
modulus > 1 TPa [30] and provide the highest hardness contribution, hence proving to be effective
reinforcements and ideal in-situ reaction candidates to form clean hardening phases. Furthermore,
the use of finer carbon particles will lead to finer dispersion and formation of phases, hence achieving
stronger interfacial bonding, grain refinement and therefore leading to enhanced tribological and

mechanical performance [31].
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Table 2.3: In situ formed phases , their starting reinforcement, processing temperature and properties

Reinforcements CTE In-situ Young Hardness Sintering Ref

mismatch formed modulus (GPa) temperature

with Ti phases (GPa) used in TMC

(X106K2) (°C)

Few-layer Graphene - TiC 1000 - 920 [32]
Diamond 7.9 TiC 1220 60-100 900 [14]
Boron - TiB - - - [33]
SWCNT - TiC 1000-1260 - - [34]
Cubic BN - TiB + TiN - 50 - [35]
Graphite - TiC - - 1250 [36]
B4C 3.82 TiC+TiB 445 30 1000 [37]

The phases formed during the solid-state reactive in situ process, depends on the diffusion rates,
solubility limits of the reactants and global kinetics of the reaction [38]. For example, Sivakumar et al.
have successfully fabricated a Ti-6Al-4V (Ti64) / SiC TMC via PM route. It was reported that SiC has
rapidly decomposed and reacted with Ti during the in situ reaction, synthesizing titanium silicide
(TisSis) and titanium carbide (TiC) phases. They claimed that such a rapid in situ reaction was

thermodynamically possible [13].

Figure 2.2 shows the Ti-Si system phase diagram, and it is quite clear that sintering that B-Ti at 1170°C
reacts with the decomposed SiC, synthesizing the TisSi; phase [39]. Figure 2.3 shows a backscatter
micrograph of the in situ reaction between Ti and SiC. It can be seen that near the SiC region, both
TisSiz and TiC phases coexist in similar fractions in the form of small precipitates. However, getting
closer to the Ti interface, more TisSi; phase is greater and surrounds large TiC particles [40]. Figure 2.3
further explains the reaction path at the interface between Ti and the product interface. Furthermore,
in terms of diffusion kinematics, it is well noted that carbon diffusivity is roughly 10x faster than the
diffusivity of Si in B-Ti phase and that the max solubility of Si in B-Ti is approximately 3.7% [40]. In
addition to that, Ti of the metal phase goes into solution in the TisSis; phase, a counter-diffusion would
take place between the decomposed SiC and Ti in the TisSis matrix. It is well noted by many reports
that carbon solubility in this phase is relatively small, hence C would react with Ti to form small TiC
precipitates. It is also worth mentioning that the coalescence of the TiC precipitates takes place due
to the chemical potential gradient of C and the high diffusivity rate of carbon within the TiC

precipitates [40].
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Figure 2.2: Ti-Si phase diagram [39]
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Figure 2.3: Backscattered micrograph of Ti-SiC reaction at 1200°C [40]

2.1.4 MA ball milling as a blending route for MMCs

The fabrication of homogeneously mixed MMC powders is a major challenge and can detrimentally
affect the mechanical and tribological performance of the composite. Conventional blending routes
such as roll-blending are only affective in homogenously mixing powders if there is a large ratio
difference between the matrix powder and the reinforcement powder, so that the reinforcement
powder can stick to the surface of the matrix powder. Although conventional roll blending can result
in homogenous powder mixing if the reinforcement to matrix powder size and volume fractions are
controlled, the interfacial bonding between the matrix and reinforcement is weak, therefore
negatively impacting the tribological properties of the MMC. Mechanical alloying (MA) via ball milling
has been employed by many researchers successfully to mix MMCs homogenously, resulting in strong

interfacial bonding [41,42,43,44].

38



In this section, MA as a blending route for TMCs specifically will be described and how different
process variables affect the homogeneity of the composite powder. Firstly, MA is defined as a solid-
state powder mixing technique that involves the repeated welding, fracturing, and re-welding of
powdered particles in a high energy milling system [45]. The most widely used MA technique for
blending powders is using a high energy planetary ball mill as reported by many researchers

[46,47,48].

Figure 2.5 depicts a schematic of the planetary ball mill process [49]. In basic terms, a planetary ball
mill works by the containers rotating around their axes generating a centrifugal force acting on the
powders and grinding ball media. Since the supporting discs and containers move in opposing
directions, the generated centrifugal force acts in the same and opposite direction, hence allowing the
grinding ball media to fall down the inside of the container walls, which allows for the powders to be

grinded via the impact generated [50].

i Balls

Figure 2.4: Schematic of planetary ball mill process [49]

In terms of MA materials, it is divided into the following categories: (a) ductile reinforcement- ductile
matrix, (b) ductile matrix-brittle reinforcement, (c) brittle matrix-brittle reinforcement. In terms of
ductile-ductile MA it is when a ductile reinforcement is alloyed with a ductile matrix mechanically.
Ductile matrix alloyed with a brittle reinforcement is the second category that can be MA. In this
category at the early stages of the milling process, the ductile metal matrix powder gets flattened by
the hard ceramic balls that cause continuous collisions. Moreover, the brittle reinforcement particles
become entrapped in the ductile metal matrix particles. As the milling duration continues, the metal

matrix ductile powder work hardens and the spacing between the brittle reinforcement particles and
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the ductile powder reduces significantly. Finally, the brittle particle is homogenously dispersed and

distributed in the ductile metal matrix and becomes MA [51].

MA route has a lot of process variables that could influence the outcome of the blended powders. It
is vital to note the most prominent variables and how they directly influence the outcome which is as

follows:

2.1.4.1 Milling speed (RPM)

The milling speed is an important variable that affects the morphology of the matrix, reinforcement
and homogeneity of the MA MMCs. It is therefore vital to understand how varying the speed from
(<200-250 RPM) [52] to (>300 RPM) [53] affects the characteristics of the milled MMCs. It is well
known that the higher the milling speed is, the higher the produced collision energy is, hence exerting
a higher impact force. There have been countless reports in the literature that have employed lower
milling speeds to MA TMCs [54,55,56]. The reason is that the aim of using lower RPM is not to deform
and smash the inherent shape of the matrix, but rather to adhere the fine reinforcement powders to
the surface of the matrix. Furthermore, it ensures a homogenous reinforcement network distribution,
while limiting the absorption of Oxygen (O) in Ti-based matrices, hence reducing the chance of
embrittling the TMC. Another important reason why controlling the milling speed is a fundamental
aspect of fabricating TMCs, is to limit a temperature spike which could cause the Ti matrix to catch a
spark. On the other hand, the temperature increase due to the high milling speeds could be used when
diffusion is needed when alloying powders is the main objective. It could be thought that increasing
the RPM would result in more energy being transmitted to the powders, however if the RPM is
increased beyond a critical speed, most of the grinding media balls will be restrained on the inner walls
of the containers, hence not applying much impact force on the powders and not enough collision

energy will be employed as a result [57].

Zhang et al., MA titanium nanodiamond composite using ball milling at a lower RPM (250 RPM) ,
keeping the titanium morphology spherical and retaining a well distributed homogenous interfacial

bonding between the nanodiamond and the matrix powder [58].

2.1.4.2 Milling duration
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It should be well noted that duration is one of the most important factors that influences the
characteristics of the milled powder. Time is a vital parameter that is used to attain an equilibrium
state between cold welding and fracturing of the powders. There are multiple factors reported in the
literature that affect the milling duration. This is primarily based on mainly the ball-to-powder ratio
(BPR) and the temperature rise due to the intensity of the milling procedure. Furthermore,
contamination due to the grinding media used could influence the time duration as contamination
would increase as the powders are milled for a longer duration, hence why finding the ideal milling

duration is important [59].

2.1.4.3 BPR

BPR is one of the most fundamental control variables used in the MA process. BPR is the ratio between
how many grams of ball there is to powder in the milling process. For example, a BPR of 4:1 means for
every 4g of grinding media, there is 1g of powder. There has been different BPR used from 1:1 up to
220:1. Most reports that aim to MA work between a BPR of 4:1 up to 10:1. The higher the BPR the
shorter the milling time is the resultant contamination would be higher too [60]. The main reason for
a reduction in milling time with increasing the BPR, is because of the rate of collisions increase as the
weight of the balls increase, hence more energy is being transferred to the powders, therefore
reducing the time it takes for MA to take place successfully. However, as a result of a higher collision
rate, temperature could rise which could be a factor in choosing a lower more suitable BPR [61]. Cai

et al., has successfully MA Ti-6Al-4V/TiB, MMC using a 4:1 BPR [11].

2.1.4.4 Process control agent

When powders are milled using high RPMs and milling parameters, they get cold-welded especially if
the matrix powder is ductile such as titanium, hence they may undergo severe plastic deformation. It
is also important to note that mechanical alloying between the matrix and reinforcement particles
happens only when an equilibrium state is reached between cold welding and fracturing of the
particles. This is why a process control agent is used in many cases to reduce the impact of cold welding
hence making it easier to alloy powders. The process control agents adheres to the surface of the
powders hence limiting the impact of cold welding and therefore minimizing the chances of powder
agglomeration which results in a more homogenous distribution of powders. Furthermore, the agents
reduce the surface energy of powders which helps in limiting the milling duration [57]. The most

widely reported process control agents are stearic acid [62], hexane [63], methanol [64] and ethanol
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[65]. Al-Sherbini et al., has successfully milled graphite into graphene using 2-ethylhexanol as a process
control agent. The main reasoning behind using 2-ethyhexanol in his work, was due to the agent’s high
viscosity of 10.3 centipoise compared to ethanol which has a low viscosity of < 1 centipoise at room
temperature [66]. Choosing a viscous process control agent helps reduce the effects of the number of
collisions, hence the resultant deformation of the powders. Furthermore, a solvent agent such as 2-
ethylhexanol has a high boiling point of around 184 °C [66] which means that milling for a long period
of time using high RPMs could be a viable option if needed. There have been other process control
agents (PCA) used in the literature which are summarised in Table.4 with the corresponding materials

and milling parameters.

2.1.4.5 Milling atmosphere

Selecting the atmosphere where the milling takes place depends solely on the material. Two factors
that influence the selection of milling atmosphere is the level of contamination that the powders could
experience and the temperature rise inside the milling chamber due to constant collisions. Inert gases
such as argon have been used to purge milling containers or using glovebox environments for the
milling process to stop oxidation and reduce the chances of powder contamination. There have been
many reports indicating that milling in air produce oxides which can cause embrittlement to powder
such as titanium based alloys [67]. Moreover, there have been reports showing that milling in different
atmospheres such as nitrogen could be utilized in a way to produce nitrides, therefore the milling

atmosphere can be used and tailored to suit different purposes [68].

Table 2.5 Shows more reports of different TMCs with varying volume fractions and reinforcement

sizes, and the corresponding milling speed used.
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Table 2.4: TMCs milling parameters from the literature

Matrix Matrix Reinforcement Milling Milling Grinding BPR Process Ultrasonication | Ultrasonication Ref
size type & size speed duration media control (YES/NO) duration
(RPM) (hr) agent (min)
Ti-6Al-4V | 100-130 TiB; (3-5um) 200 4 Steel balls | 4:1 - - _ [16]
pum
Ti-6Al-4V | 70-150 um TiB; (3.13 um) 200 4 Steel balls 4:1 - - [11]
Ti-6Al-4V 20 pm SiC (<75nm) 300 8 - 40:1 | C6H6—CH [13]
Ti 10-44 pm DNP (3 um) 250 5 - 10:1 Ethanol Yes 30 [19]
Ti 10-44 pm DNP (200 nm) 250 5 - 10:1 | Ethanol Yes 30 [19]
Ti 10-44 um DNP (100 nm) 250 5 - 10:1 Ethanol Yes 30 [19]
Ti 10-44 pm DNP (5 nm) 250 5 - 10:1 | Ethanol Yes 30 [19]
Ti 0-35 um GNP 350 2.5 - 5:1 Ethanol Yes 20 [69]
Ti 13.75 um DNP (4-6 nm) - 16 Zirconium 10:1 Hexane No - [70]
oxide
Ti 13.75 um DNP (4-6 nm) - 16 Zirconium 10:1 Hexane No - [70]
oxide
Ti 13.75 pm DNP (4-6 nm) - 16 Zirconium 10:1 Hexane No - [70]
oxide
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2.1.5 Importance of Coefficient of thermal expansion in reinforcement selection

Choosing reinforcements based on their coefficient of thermal expansion (CTE) and density
compatibility with the matrix powder will limit the formation of residual stresses at brittle reaction
zones during the cooling process in HIPping. This issue becomes more evident when microstructural
control via rapid cooling is used, hence thermal compatibility is key. Many reports in the literature of
TMCs have indicated that TiB,, TiCand TiN are the best candidate reinforcements for a Ti-based matrix

due to the CTE mismatch being relatively small [71,72].

On the other hand, there have been reports suggesting that a relatively large CTE mismatch between
the reinforcement and matrix in question, could strengthen the composite using thermal dislocation
strengthening mechanism. This simply works on the basis that the CTE mismatch will develop a
residual strain that will in turn produce geometrically necessary dislocations (GNDs) in the matrix
around the reinforcement to accommodate the CTE mismatch and critical strain misfit, hence
increasing yield strength specifically in cases on using nano-reinforcements [73,74]. However, Ho et
al., in his review of thermal residual stress in metal matrix composites indicated that a large CTE
mismatch can induce thermal residual stresses in the MMC, which could negatively impact the
mechanical behaviour of the composite such as the fatigue life, accelerated stress corrosion and cracks
induced from thermal stresses [75]. Kouzeli et al., reported that the thermal mismatch between Al
and Al,Os resulted in a higher dislocation density, hence resulting in a higher yield strength increase
from 73 MPa to 148 MPa [76]. While Dong et al., reported that when the volume fraction of the
reinforcement is increased, the dislocation strengthening effect due to CTE mismatch would result in
an increase in the yield strength [73]. Finally, Kumar et al., looked into the influence of reinforcement
volume fraction on the composite’s CTE. The study reported that the dislocation density increases as
the CTE decreases, and an increase in thermal mismatch, leading to an increase in yield strength.
Furthermore, the CTE of the composite was determined based on the rule of mixture more specifically

using the Kerner model [77].

2.1.6 TMCs as potential candidates for tribological applications

Titanium alloys have never been sought after for tribological applications due to the low micro-
hardness of the material compared to nickel superalloys. However, titanium is selected as a metal

matrix as it offers a high strength to weight ratio and corrosion resistance [78,79], which makes it an
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ideal metal matrix candidate for the marine industry, aerospace industry that require a long service
life in harsh environments and a high wear resistance which could be achieved by reinforcing the metal
matrix with hard ceramic particles [80]. Continuously reinforced titanium matrix composites (CRTMC)
with fibres have not gained a huge interest for research because of the high cost and extremely
anisotropic properties of the composite from the inherent fibre characteristics [81]. However, lately
discontinuously reinforced titanium matrix composites (DRTMC) have gained a wide interest in
tribological applications due to the weight reductions and enhanced wear resistant properties they
provide [7]. It is well noted that reinforcing a ductile titanium-based matrix with hard ceramic
particles/whiskers increases the composites hardness which is a desirable trait in tribological based
applications. This is directly proportional to the volume fraction of the reinforcement. There have
been several studies conducted on DRTMCs specifically looking into the wear resistance and
tribological performance [82,83]. For instance, An et al., was able to synthesize a TiB/Ti64 composite
using an in situ reaction by P/M manufacturing process. The study found that the in situ formed TiB
network boundary was like a barrier and helped in reducing wear features such as abrasion in
comparison with un-reinforced monolithic Ti64. In addition to that, the main conclusion derived from
the study was that the dominant wear mechanism was dependant on the network size as it changed
from micro-cutting to brittle debonding when the network size increased from 60 um to 200um [84].
On the other hand, Chaudhari et al., synthesized a Ti-4Al-2Fe/TiC/TiB FGM using SPS and concluded
that the fine TiC phase and TiB whiskers reduced the wear rate significantly due to the increase in
micro-hardness [85].Cai et al., studied the friction and micro-hardness behaviour of in-situ TiB/Ti-6Al-
4V via hot isostatic pressing. The study concluded that both micro-hardness and wear resistance
increased with the increase in the volume fraction of TiB [11]. In another study, Saba et al., fabricated
a Ti/nano-diamond composite using SPS. The result showed that reducing the reinforcement size
significantly enhanced the wear resistance of the composite, while increasing the micro-hardness and
retaining ductility due to Orowan looping mechanism [19]. The tribological behaviour of MMCs
depends on the matrix and reinforcement characteristics such as the volume fraction of hard particles
embedded in the matrix, the reinforcement particle size, reinforcement morphology, and spatial
distribution [86]. Furthermore, it is well noted in TMC fabrication literature that the interfacial bonding
between the matrix and reinforcement can influence the tribological performance of the composites
substantially, therefore it is one of the more important factors to consider in synthesizing TMCs with
enhanced properties [87].Recently, there have been a wide interest in carbon-based reinforcements
such as CNTs and few-layer graphene because of their ultra-high strength contributions and
lubrication characteristics of graphene. Cao et al. studied the mechanical and tribological properties

of graphene nanoflakes-reinforced TMCs via P/M route [88]. The study concluded that 1.2 vol% of
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GNPs reduced the coefficient of friction (COF) of the composite compared to monolithic Ti alloy from
0.42 to 0.39 due to the self-lubricating properties of graphene. Furthermore, the study claimed that
the wear volume loss was reduced due to the strong interfacial bonding between the nano-
reinforcements and the matrix in addition to other strengthening mechanisms such as orowan, grain

refinement and load transfer strengthening contribution, hence reducing volumetric wear loss [88].

Figure 2.7 shows an illustration of how hard reinforcing particles in the composite protect against
abrasive wear in a ductile matrix. This is due to the hard stiffer reinforcement having better load
bearing capability and protecting the inner ductile matrix from the hard abrasive particles as a result

of particles being pulled out due to delamination wear.

Flow direction

Abrasive particles

Hard reinforcement in
the composite

Ductile matrix of the composite

Figure 2.5: hard reinforcement protecting against abrasive wear [139]

2.1.6 influence of volume fraction on tribological performance of MMCs

One of the most influential control variables that affects the tribological performance of TMCs is the
volume fraction. It is well noted in the literature that increasing the volume fraction of hard reinforcing
particles improves the wear properties of the composite in question. This trend was observed in many
TMCs, such as Ti-6Al-4V/TiB composite [11], Ti/nano-diamond composite [19], and Ti/GNPs composite
[88]. It was noted in all these reports that the hard in-situ formed phases act as a barrier to abrasive
wear as shown in Figure 7 . However, the reports mentioned that as sliding continues, the delaminated
hard particles from the matrix, start three body abrasion on the wear surface, hence increasing the

wear rate.
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There have been some experiments conducted on the influence of volume fraction of the
reinforcement in MMCs. The nanocomposites used are materials that are lower than 100 nm diameter
or form phases that have grain boundaries in the nanoscale. It is well noted in the literature that
titanium metal matrix nanocomposites (TMMNCs) exhibit superior tribological and mechanical
performance over TMMCs that use micron sized reinforcements. MMCs reinforced with nanoparticles
have been reported to be dispersed best using a PM route. However, fabricating TMCs using nano-
reinforcements has been described to be challenging due to the intrinsic characteristics of the
nanoparticles, having a higher surface area relative to their volume, hence they tend to agglomerate
to reduce their surface energy [19]. Several researchers have looked into TMMNCs and reported their
tribological and wear properties. Shang et al., studied the effect of network size on the wear
resistance of titanium/ nanodiamond nanocomposites and deduced that the COF of composites
decrease as the volume fraction of the reinforcement increases however, increasing the volume

fraction more than 5 vol.% tends to increase the COF value far beyond the monolithic material [89].

In another study, Savalani et al. [90], looked into in situ formation of TiC using Ti and CNTs via laser
cladding. The study concluded that as the volume fraction of CNT increased, the wear depth decreased
due to the higher microhardness that the composite exhibits. It is also important to note that many
studies have concluded that increasing the volume fraction beyond 5 vol.% reduces the effectiveness
of the wear resistance. This is speculated to be due to certain inherent defects such as voids and
agglomeration of the nano reinforcements. The defects would weaken the composite, hence affecting
the wear properties negatively [90]. Singh et al., synthesized a silicon nitride (SisN4) titanium matrix
composite using sintering process. The study concluded that as the content of SizsN4 volume fraction
increased, the wear rate decreased due to the solid solution strengthening effect on nitrogen (N) and

silicon (Si) [91].

2.1.7 Influence of reinforcement size on mechanical and tribological properties of
MMCs

It is a well reported that the tribological performance of MMCs heavily depends on the size of the
reinforcement. The wear resistance capability and COF value can vary depending on the size of
reinforcement used, hence why research has been focused on studying the influence of the
reinforcement size on both mechanical and tribological performance [92]. The main factor that has
been reported to ensure good tribological performance is a strong interfacial bonding between the

matrix and reinforcement powder, which depends on the reinforcement particle size. It has been
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reported by many studies [91-94] that reinforced materials have a tendency to show a much lower
wear rate than monolithic unreinforced alloys. This is mainly due to the load bearing capabilities and
hardness of the reinforcement. In addition to that, studies have reported a trend of enhanced wear
resistance as the reinforcement particle size moves from the micron scale to nano-scale [19].
However, it is not clear yet whether there is a critical size that influences the tribological behaviour of
the MMCs. For example, El-Kady et al., looked into the influence of SiC particle size ranging from 40um
to 70nm and the volume fraction from 5 weight percent (wt.%) to 10wt.% on the properties of the Al-
SiC composite. The study concluded that in order to maximise the compressive strength of the
composite, the smallest particle size and highest content of reinforcement would achieve that [93].
Bapu et al., worked on developing a nickel (Ni) titanium carbo nitride (TiCN) metal matrix
nanocomposite. The study concluded that the incorporation of nanoparticles enhanced the wear
resistance of the composite and the authors attributed that to the grain refinement mechanism and

the micro-hardness contribution of the TiCN phase [94].

There have extensive work carried out in both micron and nano-reinforcement areas, however sub-
micron reinforcement particles have not gained a lot of interest in research yet. For instance, Kumar
et al [95]., was able to simultaneously improve the strength, ductility and corrosion resistance and
wear resistance of Al7075-2% SiC composite by reducing the reinforcement size to nanoparticles. The
authors attributed that to the strengthening effect of Hall-Petch grain refinement, Orowan
strengthening due to the incorporation of nanoparticles and the enhanced interfacial bonding
between the matrix and reinforcement as a result of using nanoparticles. Singh et al [96]., studied the
tribological behaviour of SiC based Al MMCs under dry and lubricated conditions. The study found that
as the reinforcement size reduced the tribological behaviour improved due to a higher micro-
hardness. Zaiemyekeh [97] et al., investigated the influence of Al,03; on the mechanical and tribological
behaviour of Al-based matrix composite via P/M. The investigation concluded that the compressive
strength and wear resistance of the composite improved drastically with the addition of the Al,O;
nanoparticles. The result was an enhanced micro-hardness, scratch resistance and strength
improvement. However, the author’s reported that once the volume fraction exceeded 5 vol.%, the

performance reduced due to the increased brittleness.

In addition to that, Saba [19] et al., looked into the tribological performance of Ti reinforced with NDs.
The study concluded that as the size of the reinforcement was reduced from 200 nm to 5 nm, the
micro-hardness increased resulting in a lower wear rate. The authors attributed this to orowan
strengthening which is a dominant strengthening mechanism that is highly sensitive to particle size in
the nano-scale. Recently, Shang [89] et al., have successfully fabricated Ti/NDs composite via SPS

technique. The authors claimed that the compressive yield strength and hardness have increased by
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42.7% compared to monolithic Ti. Furthermore, the paper concluded that as the matrix network size
decreased while using the same reinforcement ND size of 5nm, the ductility of the composite
increased from 8% to 33% compared to monolithic Ti. In addition to that, the COF and wear loss of the
nanocomposites relative to monolithic Ti decreased significantly. The reason that the authors
suggested is that the using a smaller matrix size that produced a quasi-continuous network
microstructure, the in-situ formation of TiC phase and dislocation strengthening due to CTE mismatch

from the ND reinforcements contributed to the wear resistance properties.

2.1.8 Strengthening mechanisms in MIMCs

2.1.8.1 Predicting yield strength of TMCs

There have been many different approaches taken to predict the yield strength of TMCs, taking into
account the size of the matrix, size of the reinforcement, volume fractions of both the reinforcement
and the matrix, CTE mismatch, load-bearing mechanisms, grain size and orowan strengthening
mechanisms [98]. The contribution of each mechanism changes vastly, depending on the scale of

reinforcement used, moving from micrometre to nanometre scale as reported by [99,100].

Saba et al [19]., has reported that if the volume fraction of the reinforcement and the particle size are
both small, the matrix will bare most of the load, hence load-transfer mechanism can be ignored if the
volume fraction is less than 5 vol%. Some articles have reported that CTE mismatch dislocation
strengthening is the most effective way to increase the yield strength, due to the generation of
geometrically necessary dislocations (GNDs) that arise from the critical strain misfit from thermal
mismatch. Furthermore, Saba et al., reported that if the reinforcement size is below 100 nm,
dislocation strengthening due to thermal mismatch could be neglected, due to the fact that the critical
misfit strain from thermal mismatch cannot be achieved, hence Orowan strengthening mechanism
dominates in the nanoscale below 100 nm. Zhang et al [58]., has also found that there is a critical size

for the reinforcement which is 5.44x the burger vector, in which the orowan mechanism breaks down.

Oth = Oym + Adorowan + Aoyp + Aoy 1 + Aoerg (2.1)

Equation (1) [101] is the theoretical estimated yield strength of MMCs that have been modified based
on the shear lag model and used in the work of Zhang et al [102] who looked into the contribution of

the Orowan-strengthening mechanism in particulate reinforced metal matrix nanocomposites. Where
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Oym is the matrix yield strength, Gorowan is the strength contribution due to orowan mechanism, owp is
the well-known Hall-Petch grain size relationship, oiris the load transfer contribution, and finally ocre

is the dislocation strengthening mechanism.

2.1.8.2 Grain refinement

The Hall-Petch equation describes the contribution of grain refinement on the overall strength of the
material:

1
AO-H_p = O-O + kd_E (2.2)

0, is the starting stress for dislocation movement (845 MPa) for Ti, while k is the Hall-Petch constant
used for the Ti-matrix is 0.3 MPa m%2[19], and d is the average grain size of the matrix. As mentioned
earlier, reducing the reinforcement size to the nanoscale has a significant contribution to the overall
strength of the TMC. Grain size is highly receptive to the matrix size, reinforcement particle size, HIP
temperature, dwell time and cooling rate, hence it is why these parameters need to be considered to
achieve an optimal grain refinement contribution to the composite’s strength [67]. The grain
refinement mechanism influence on the strength of a composite is based on a reduction in grain size
area, which results in more grain boundary interfaces hence inhibiting dislocation movement and

effectively increasing the strength of a composite [103].

2.1.8.3 Thermal mismatch strengthening

The contribution due to thermal mismatch strengthening could be expressed by the following

equation [104]:

A = aGb 1247 2.3
Ocre = @ —AcFr (2.3)

dr

Where k is a material constant (1.25) for Ti [105], G=45 GPa (shear modulus of Ti) [106], b=0.29nm

(Burger vector for Ti) [107], AT (the difference between the HIP temperature and property testing
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temperature), AC ( thermal mismatch between matrix and reinforcement), fr ( volume fraction of
reinforcement) and dr ( reinforcement particle size). 1t is well known that the difference in CTE
mismatch between the matrix and reinforcement results in the generation of Geometrically necessary
dislocations (GNDs) during the cooling process, hence increasing the strength of the TMC. It can be
seen in from equation 2.3 that reducing dr from the micron scale to the nanoscale can significantly
increase the strength, while the contribution is not sensitive to increasing the fr. It is also to note that
some reports have mentioned that as the size of the reinforcement is change from the micron to
nanoscale, the strengthening effect due to thermal mismatch strengthening decreases significantly

[19].

2.1.8.4 Orowan strengthening

Reinforcing metal matrices with nanoparticles strengthens the metal matrix by forming loops around
the scattered nanoparticles, hence impeding dislocations movement, increasing the strength of the

TMC. The contribution due to orowan looping could be evaluated using the following equation [108]:

dy
0.81 MGb In=-

AGorowan = 1 1 3
2n(l1—6)2( = 2%
m( ) (2 d, /Zfr dr>

Where M=2.6 (Taylor factor for Ti) [109], G= 44GPa (shear modulus for Ti) , b=0.29nm (burger vector),

(2.4)

dr (particle size of reinforcement) , fr (volume fraction of reinforcement), ©=0.37 (poisson ratio of Ti)
[106]. It can be deduced from equation 2.4 that the orowan contribution in micron-sized
reinforcements is insignificant and can be negligible. This is because the inter-particle spacing is huge.
On the other hand, it is clear from the same equation that the orowan strengthening mechanism plays
a significant part in strengthening the matrix when nano-reinforcements is used, due to the ability of

the nano-reinforcements to impede dislocation movement.

2.1.8.5 Load transfer
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The load transfer mechanism is highly sensitive to the volume fraction of the reinforcement. It
operates on the basis that the load is transferred from the matrix to the stiffer reinforcements. It is
important to note that having a strong between the matrix and reinforcement will enhance the ability
of this mechanism to enhance load bearing capability. The contribution due to load transfer could be

expressed in the following equation [110]:

AO—L.T = O.SfrO'ym (25)

Where oym =845 MPa (yield strength of Ti matrix) and f, ( volume fraction of reinforcement).

2.1.8.6 Predicting hardness of TMCs using ROM

In terms of predicting the hardness of TMCs based on the phase fractions, Hashin and Shtrikman have
come up with the upper bound (Voist model) based on the equal strain assumption and lower bound
(Reus model) that is based on equal stress assumption [111]. Effectively, the Reus model can be used
for effective hardness of a composite which corresponds to a soft matrix surrounded by a stiffer
reinforcement phase. frand Hy are the volume fraction and hardness of the harder phase, while f; and
H; are the volume fraction and hardness of the softer phase. Kim [111] studied the validity of the ROM
in predicting the hardness of particle reinforced composites. The study concluded that the stress
states for high volume fraction of hard reinforcement is nearly iso-strain (Voist model) and that the
stress state for low volume fraction reinforcement is nearly iso-stress (Reus model) as validated by

finite element results.

Hupper = fnHp + fsHs (2.6)

f fsy-
Hiower = H_:+H_S) ! (2.7)

2.1.8.7 Theoretical deviation of structural property modelling from experimental data
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There are many factors that could lead to a deviation in the prediction of a material’s strength using
structural property models. Being able to predict the strength of an MMC using equation (2.1) and
taking into account all the strengthening contributions could help tailor different MMCs for different
applications. Saba et al [19]., successfully modelled the strength of titanium reinforced with different
particle sizes of nano diamonds. The results have been compiled in Figure 2.9 It is clear from the figure
that the predictions of yield strength are very close to the experimental data. This shows that if correct
initial assumptions are taken depending on the particle size, a very accurate prediction could be made.
According to the study, the deviation between the experimental and theoretical yield strength as the
reinforcement particle size is reduced is mainly attributed to the internal stresses due to the CTE

mismatch are drastically reduced between the metal matrix and nano-reinforcement.
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Figure 2.6: Experimental and theoretical yield strength for Ti nanodiamonds using structure property relations [19]
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2.2 FGMs overview

Functionally graded materials (FGMs) will be discussed thoroughly in terms of their concept,
classification, preparation, applications, recent and future developments, mechanical and tribological

properties as prepared via PM route.

2.2.1 Introduction to FGMs

In recent years there have been a rising demand in materials that can satisfy a wide range of properties
such as high wear resistance, resistance to thermo-mechanical mismatch, corrosion and impact
resistance [112]. This is where the concept of FGMs was born in order to satisfy many different
irreconcilable properties. The basic definition of FGMs are a class of inhomogeneous materials that
consist of two or more different materials [113]. An FGM can either be classified as a chemical
composition FGM, porosity FGM or a microstructure FGM [114]. The different classifications of FGMs
will be discussed thoroughly in later sections. In the most basic terms, FGMs are tailored to have a
variation of properties with dimension of the component. For example, an FGM could be made to
have a very high wear resistant surface and a softer core material. Some of the mechanical
components whereby FGMs have been used are shafts, gears and bearings, with a surface that is
resistant to abrasion and a core that is crack resistant [115]. Some of the major advantages that FGMs

offer over conventional MMCs are such as [114]:

(1) Improving the bond strength between di-simmilar and incompatible materials

(2) Grading reinforcement volume fraction can reduce thermal and residual stresses and thermal
shocks

(3) Can be used to remove stresses at the interface

(4) Grading can reduce cracking in the material

2.2.2 Classification of FGMSs

There are three types of FGM classifications, one being a chemical composition FGM, porosity FGM ,
a microstructure FGM as seen in figure 10 [114]. In terms of a chemical composition FGM, it is whereby
the chemical composition is varied along a gradient layer gradually. It could be either a multi-phased
or a single phase material. Generally, an accepted classification of a single-phased FGM is whereby

the FGM is synthesized from a single phase origin. The FGM in this case is created by progressively
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varying the chemical elements in the single phase, hence resulting in an FGM. In terms of a multi-
phased FGM, it is when the phases and chemical composition are graded along gradient layers, causing
the formation of different phases which help achieve the desired properties. For a multi-phased FGM,
the FGM properties can be controlled by either varying the volume fraction of the reinforcement or
matrix material, reinforcement or matrix size and the processing conditions such as the HIPping or
sintering temperature, cooling rate and any heat treatments that the FGM undergoes. The most
conventional technique used in synthesizing a chemical composition FGM is by powder metallurgy
[116]. This is whereby the various powder compositions are stacked on top of each other and then
sintered. FGMs are also quite important in the biomedical field. This is in the form of porosity gradient
FGMs. Porosity gradient FGMs can have a change of porosity content along different gradient layers,
while the size of the porosity and shape can be tailored accordingly to the desired specs. They are
typically used in the biomedical field in applications such as implants and the tissues they surround
[117]. Porosity gradient FGMs can be achieved by either varying the powder particle size in different
regions or by changing process control parameters such as the sintering parameters like sintering
temperature in order to get different porosity content along the gradient [118]. The last classification
of FGMs are microstructure gradient FGMs whereby the FGM is tailored to have different
microstructures at different layers of the FGM to change in a gradual manner [119]. One of the most
conventional methods to achieve a microstructure gradient FGM is through heat treatment. This is
done for example by rapidly cooling the upper surface by quenching and letting the rest of the layers
cool slowly at different rates, resulting in a graded microstructure [114]. Some of the applications that
demand varying graded microstructure FGMs are typically ones that require a wear resistant surface
and a softer matrix material at the bottom. Some application examples are bearings, gears and shafts

[120]. Figure 2.10 shows a schematic of the different classifications of FGMs.

(@) chemical composition FGM (b) Porosity FGM (c) Microstructure graded FGM

Figure 2.7: Schematic classification of FGMs (a) Chemical composition
FGM, (b) Porosity FGM, (c) Microstructure graded FGM [114]
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2.2.3 FGM applications

This section will discuss some of the applications and fields that FGMs can be considered for as a valid
solution. There have been extensive research in synthesizing Aluminium (Al) based FGMs for Defense
based applications. For example, Al based FGMs have been used to fabricate armours due to the
lightweight properties of Al. Other applications of FGMs include the automotive industry, whereby Al
based FGMs have been used in braking rotor disc which is graded to have a tough inner section and a
wear resistant shell [121].Table 2.6 shows a summary of the literature review of current FGMs, their

current processing routes and applications.

Table 2.5: Literature review of current FGMs, processing route and applications

Matrix Reinforcement Manufacturing Process Application Reference
Al SiC Centrifugal casting method Brake rotor disc [122]
Al SiC - FGM graded gear [123]
AISi CNT FGM piston ring [124]
Ti Si P/M Orthopaedic [125]
implants
Ti Silk fibroin Electron beam melting Bone repair [126]

2.2.4 FGMs by PM

PM is the most conventional method of synthesizing FGMs due to the many benefits it offers over
other techniques. Some of the main advantages of using PM as a manufacturing technique to
synthesize FGMs is that it opens the possibility of producing FGMs with complex geometries and helps
in reducing the shrinkage due to CTE mismatch between different gradient layers. The PM technique
to make FGMs work by blending powders with different compositions, volume fractions or particle

sizes, stacking them on top of each other and ending with the sintering process [127].
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Figure 2.8: Flowchart displaying FGM manufacturing by PM technique [127]

Figure 2.11 shows a schematic flowchart showing a typical way of synthesizing an FGM via PM
manufacturing technique. The most vital parameters that can influence the FGM microstructural
development, properties and bond strength are the process control parameters such as dwell time,
pressure and temperature which are the main drivers of diffusion. Salama et al [115]., successfully
synthesized an AI-CNT FGM via PM. The FGM was graded with un-reinforced Al bottom layer and then
2 layers with 1 vol.% CNT and 2 vol.% CNT. It was shown in the study that the upper layer reinforced
with 2 vol.% CNT achieved the highest micro-hardness and strength values. Kirmizi et al [128]., looked
into fabricating an Al-SiC FGM via PM with 5 graded layers with varying vol.% of SiC and studied the

FGMs ballistic and mechanical performance of the FGM.

2.2.5 Mechanical and tribological properties of FGMSs

This section will discuss the mechanical and tribological performance of FGMs. So far, most of the
studies conducted on FGMs are mainly concerning Al and nickel (Ni) based FGMs, with very little
research done on Ti and its alloys FGMs [129,130]. For example, Ma et al [131]., successfully
synthesized a Ti-6Al-4V (Ti64) FGM reinforced with TiC using direct energy deposition. The FGM was
layered from 0 vol.% TiC up to 50 vol.% TiC. The study concluded that when the vol.% of TiC was at 40
vol.% and beyond, cracks propagated heavily on the thin-walled pipe part. On the other hand, Weng
et al [132]., successfully fabricated a Ti64 FGM reinforced with TiC and TisSis particles which resulted
in an enhanced wear resistance performance and micro-hardness increase. Zhang et al [133]., worked
on fabricating an FGM based on a Ti64 matrix reinforced with TiC particles. It was discovered that as

the vol.% of TiC increased along different layers, the ductility and tensile strength decreased a little.
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Other investigations conducted by Joo et al [134]., looked into synthesizing an FGM consisting of an
aluminium (Al) matrix reinforced with layers of carbon nanotubes (CNTs) and concluded that at high
vol.% of CNTs, the ductility of the FGM dropped sharply. There have been work also done by Udupa
et al [135]., whereby they successfully synthesized a functionally graded laminate (FGL) with the
matrix being Al reinforced with CNTs ranging from 0.5 wt.% , 0.1 wt.% and then a pure Al layer. It was
concluded by the study that the use of thin layers of CNTs helped reduce the coefficient of thermal
mismatch (CTE) between the different gradient layers, hence reduce thermal shock and damage to
the part. On the other hand, Kwon et al [136]., studied the effect of CNT vol.% on hardness of Al matrix
FGM reinforced with different layers of CNT. The study found that the layer reinforced with 15 vol.%
CNT, resulted in the hardness reaching seven times that of pure Al. Ekici et al [137]., studied the
indentation behaviour of an FGM system based on Al-SiC MMC with random particle distribution. It
was concluded by the study that randomly dispersing the SiC reinforcement caused non-uniform
residual stress and strain levels. Sindhu et al [138]., investigated the in-situ formation of Al/TiB, FGM
and the influence of reinforcement gradation on the mechanical, tribological behaviour and thermal
properties of the FGM composite. The study concluded that the reinforcement gradation resulted an
increase in micro-hardness as the vol.% of reinforcement was increased resulting in an enhanced wear
resistance. Furthermore, it was found that when the vol.% of reinforcement was increased in the outer

surface, it resulted in lowering the CTE value.

2.3 Research gap

In terms of assessing the gap in the literature, there seems to be a lot of work done on TMCs but there
are generally investigating high volume fraction of reinforcements which is known to give brittle
behaviour. Furthermore, there seems to be an inconsistency in studies investigating the influence of
reinforcement volume fraction, reinforcement particle size, reinforcement type and blending method
on the microstructural homogeneity, mechanical and tribological behaviour of resulting TMC.
Moreover, there are a lack of studies investigating the control process parameters such as the
influence of HIPping temperature on the completion of in situ reactions and consolidation behaviour
of the TMCs and how that affects the mechanical and tribological performance. In addition to that,
there is a lack of studies looking into the structure-property relations of the TMCs and how different
phases affect the mechanical and tribological behaviour. In terms of in situ formation of TMCs from
elemental powders via P/M HIP there is very limited work done on the subject. Most of the work is
concentrated on aluminium and its alloys. The studies do not look into the influence of HIPping

temperature and its parameters on the in situ formation of hard phases and the affect that has on the
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properties. Finally, in terms of FGMs there is again very limited work done on Ti-based FGMs and most
of the work is done on Al-based FGMs due to the issues concerning Ti ex-situ processing techniques

and its reactivity.

2.3.1 Summary of literature review: key findings and areas of investigation

A thorough literature review have been conducted looking into TMCs and their classification,
reinforcement categories, influence of matrix and reinforcement parameters on the mechanical and
tribological properties, while also thoroughly discussing the dominant strengthening mechanisms in
each parameter change. Furthermore, phase formation via in situ formation was looked into in great
detail while also discussing the different blending routes used in the literature to synthesize
homogenous TMCs. Finally, FGMs were classified, discussed in terms of their applications while
summarising the mechanical and tribological properties of FGMs from the available literature. The

following points summarise what was found from the literature.

e According to the literature, the homogeneity of the TMC microstructure is heavily influenced
by the reinforcement powder size and blending route used. Mechanically alloying via low-
energy ball milling and using reinforcement size of sub-micron or nanoparticles ensures an
enhanced homogeneity.

e The tribological and mechanical properties are heavily influenced by the reinforcement
volume fraction and the dominant strengthening mechanism is the load transfer mechanism
from the less stiff matrix to the stiffer phases. Most researchers use a reinforcement volume
fraction from 5 vol.% up to 10 vol.% anymore and the TMC is very brittle.

e Most studies have looked at the in situ formation of phases from additive reinforcements such
as SiC, TiB,, however there are very limited studies looking at in situ formation of phases from
elemental additives such as B, graphite and GNP.

e None of the studies looked into using two or more elemental additives to get two or more
strengthening phases with enhanced tribological behaviour.

o None of the studies looked into the influence of HIP temperature on the completion of the in
situ reaction and consolidation behaviour of the TMCs.

e lack of studies looking at fabricating Ti based FGMs as most studies look into Al based FGMs
for high wear resistance applications.

e lLack of studies looking into structure-property models relating the microstructure and the

properties to theoretical models

59



2.3.2 Potential for further study

In summary, after conducting a thorough literature review on the current work on TMCs via powder
metallurgy, it can be concluded that very limited work and studies have been conducted on
rationalising the microstructure, mechanical and tribological properties to theoretical models and
trying to predict the properties based on the reinforcement volume fraction, size , matrix size and
processing parameters. Furthermore, most current studies focus on using vol.% of reinforcement
which leads to crack propagation and that leads to deteriorating mechanical and tribological
performance. Even though in recent years there have been a gradual increase in the number of
publications regarding TMCs fabricated either via powder metallurgy or additive manufacturing, there

seems to still be a lack of a comprehensive studies looking at the following:

e Relating the reinforcement characteristics , process parameters to the microstructure and
properties.

e Studying how the process parameters influence in situ phase formation and consolidation
behaviour.

e Achieve a crack free fully consolidated FGM via P/M HIP and develop a way to stack the

powder layers without getting them mixed.
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Chapter 3 Experimental Procedure

3.1 Experimental chapter overview

This chapter will thoroughly discuss the experimental techniques used to fabricate and characterize
the various TMCs and FGMs used in this research and papers written. Details such as powder
characterization techniques, powder blending routes used, canister fabrication, canister filling,
outgassing, crimping, HIPping process parameters used, post processing such as EDM cutting and
sample preparation using grinding and polishing will be discussed comprehensively. Furthermore, the
chapter will include information on the microscopic techniques and various phase characterization
techniques including XRD and Raman spectroscopy. Information regarding mechanical and
tribological testing will also be mentioned in detail and the machine used to map the wear tracks. An

overview of the HIP system at the University of Birmingham (UoB) will also be provided.

3.2 Materials and their processing

3.2.1 GA Ti-6Al-4V powder

The argon GA Ti64 powder used in this research was supplied by (LPW Technology, UK) and was
produced by the gas atomising process. The as-received powder had a size range of (15-45um) and an
average particle size of 33um as provided by the data sheet from the manufacturer. The powder
morphology was mostly spherical with a few satellites and irregular particles due to the inherent

atomisation process used.

3.2.2 SiC powders

Alpha SiC used in this research (99.5% purity with an average particle size of 4.14um) was procured
from (Reade Advanced Materials, USA). On the other hand, SiC nanoparticles (98% purity with an
average particle size of 20nm) was supplied by (PlasmaChem GmbH, Germany). Powder particle size

distribution (PSD) for the micron-sized SiC were acquired following the ASTM B822-10 standard.
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3.2.3 Boron powder

Boron (B) (purity: >95%) amorphous powder used in this research with an average particle size of <
1um was procured from (Sigmaaldrich, Germany). The powder morphology was assessed by a
scanning electron microscope (SEM) and an energy dispersive X-Ray (EDX) to confirm the morphology

and chemical composition.

3.2.4 Graphene nanoplatelets powder

Graphene nanoplatelets (GNPs) used in this research was purchased form (Sigmaaldrich, Germany).
The powder had a thickness range between (5-20nm), a high surface area of 750m?/g and a length
that is less than < 2um. The data was provided powder specification sheet by the manufacturer. The

powder was also checked by an SEM in order to look at the morphology.

3.2.5 Ti-TiC, Ti-SiC, Ti-WC powders

Mechanically alloyed Ti-TiC, Ti-SiC, Ti-WC powders were procured from (MBN Nanomaterialia, Italy).
Grade 2 titanium (Ti) powder with an average particle size (APS) of (45um-150um) was used as the
matrix. Tungsten carbide (WC) with a weight of (22.5 wt.%), titanium carbide (TiC) with a weight of
(25 wt.%) and silicon carbide (SiC) with a weight of (42 wt.%) were used as the reinforcements and
mechanically alloyed (MA) with the Ti matrix. SEM was used to look at the powder morphologies and

cross sections to check for internal defects such as porosities and cracks.

3.2.6 Powder blending

In this research , two powder blending routes were used and evaluated in terms of the powder
homogeneity. The first method was using a powder mixing machine and the second method was using
ball milling via mechanical alloying (MA) the powders. Ti64 matrix was reinforced with various
reinforcement as listed in table 3.1 and table 3.2. In terms of the nano-reinforcements, they were
suspended in ethanol with Ti64, de-agglomerated using ultrasonication for 30 minutes. The de-
agglomerated powders in the ethanol solution were then added to stainless steel jars ready for MA

via low-energy ball milling (HMK-1901, University of Birmingham). The process control agent used was
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ethanol and the ball-to-powder ratio (BPR) used was 4:1 and a rotational speed of 200 RPM was used
in order to limit the deformation of the powder morphology and overheating of Ti powder. The
grinding media used were aluminium oxide (Al,0s) that have a micro-hardness value exceeding
1600HV and the balls diameter are 8mm. After the powders were MA, there were left to dry on a hot
plate overnight inside a glovebox. The other blending method was roll blending which was used for

the micron-sized reinforcement powders. The parameters used are shown in table 3.2.

Table 3.6: Roll blending parameters used for micron sized reinforcements

Matrix Reinforcement Milling speed Milling duration
Ti64 SiC (4pm) 80 4

Table 3.7: MA ball milling parameters used for nano-sized reinforcements

Matrix Reinforcement Ultrasonication Process Ball to Milling Milling
duration (min) control powder speed (RPM) | duration (h)
agent ratio (BPR)
Ti64 SiC (20nm) 30 ethanol 4:1 200 4
Ti6d GNPs 30 Ethanol 4:1 200 4
Ti64 B 30 Ethanol 4:1 200 4
Ti64 B + GNPs 30 Ethanol 4:1 200 4

3.2.7 Hot Isostatic Pressing procedure

The powders were consolidated using PM HIP using the (EPSI HIP, University of Birmingham). The HIP
works by consolidating the powders using process parameters such as temperature, pressure and
dwell time. In order to get the powders to consolidate and reach theoretical density, the powder
encapsulation material used needs to deform under high temperature and pressure, hence why mild
steel is generally used. Prior to welding the mild steel cans, the cans were cleaned by submerging them
in acetone and ultrasonicating them for 15 mins to get rid of any contamination. Mild steel cans were
fabricated and welded at the University of Birmingham. The diameter used was 20.8mm, length of
80mm and a wall thickness of 2.03mm. canisters were checked for leaks prior to powder filling using
(Smart test, Pfeiffer vacuum) helium leak detector that can detect leaks with a leak rate that are
smaller than 5x10712 mbar I/s as shown by figure 3.1. Powder filling of the canisters was done inside
the (Glovebox, Saffron) as seen in figure 3.2 followed by using a vibratory station to tap the powders

and help achieve a better tap density shown in figure 3.3.
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Figure 3.1: Helium leak detector photograph

Figure 3.3: Vibratory station to tap powder filled canisters

The canisters were then outgassed overnight until they reached a vacuum level of 10° mbar or lower
using an-inhouse outgassing rig at the University of Birmingham as shown in figure 3.4. Once the cans
reached the desired vacuum level, they were crimped and welded at the top to ensure that they are

sealed and vacuum tight. The cans were then placed in the HIP furnace (EPSI HIP, University of
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Birmingham) as shown in figure 3.5. Different HIPping parameters were used for different powder
blends ; however, a constant heating rate of 10°C/min and a cooling rate of 5°C/min were used and a
dwell time of 3h. The pressure and temperature of the HIP furnace were slowly increased until the

point that the desired temperature and pressure are reached.

Figure 3.5: EPSI HIP located at the University of Birmingham

The EPSI HIP shown in Figure 3.5 can reach a maximum HIP temperature of 1450°C and a maximum
pressure of 200 MPa. The EPSI HIP system contains two heating elements, one at the top of the furnace
and one located at the bottom of the furnace. The system also contains a heating shield, a jet water
cooling system that can cool at a rate of 80°C/min and an argon gas compressor. Furthermore, the
system contains thermocouples at the top and bottom of the furnace that is connected to a computer
in order to monitor any temperature fluctuations in the system. Finally, it is important to mention that

the temperature fluctuation within the furnace are within + 3 °C.
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3.3 Microstructural characterization

3.3.1 Sample preparation

The first thing step was to analyse the As-received powders and take micrographs of the morphology
using a scanning electron microscope (SEM). The As-received powders were mounted on a conductive
Bakelite sticker and mounted into the (Hitachi TM3000 SEM) for characterization. Furthermore, the
As-received mechanically alloyed (MA) powders were mounted on Bakelite using a mounting press
and then grinded for 30s a SiC grit 1200 with water ready to be examined under an SEM. In order to
characterize the microstructure of the as-HIPped samples, they were first cut using the electric
discharge machine (EDM), followed by hot mounting them into Bakelite for the grinding and polishing
procedure. The grinding and polishing procedure was carried out using the (Struers Tegramin) at the

University of Birmingham.

The metallographic sample preparation steps in terms of grinding and polishing are highlighted and
summarised in table 3.3. After the grinding and polishing procedure was conducted, the samples were
etched in order for the microstructural features to be spotted for SEM analysis and optical microscopy.
The etchant used was Kroll’s reagent consisting of 10 vol.% nitric acid and 2 vol.% hydrogen fluoride

and the remaining balance of water. The samples were etched for roughly 10 seconds.

Table 3.8: Grinding and polishing procedure used for TMCs

Disc/ abrasion media used RPM Force (N) Time (min)
MD Piano Grit 220 with water 300 15 2
MD Piano Grit 1200 with water 300 15 5
MD largo diamond suspension 150 10 3
Chem 0.05 um OP-S Colloidal 150 10 20
Silica (SiO2) +10% Hydrogen
Peroxide (H.0,)

3.3.2 Characterization techniques

A back scattered electron (BSE) scanning electron microscope (SEM) was used to take micrographs of
etched samples using a Hitachi TM3000, while the energy dispersive X-ray (EDX) was used in

conjunction with the SEM to identify the chemical composition of the samples. Furthermore, Image J
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software was used to quantify the volume fraction of the different phases of polished samples to be
used in structure-property modelling using thresholding methods on grey scale images. Image analysis
using Image J was also used to measure the grain size of 200 grains along each sample. X-ray diffraction
(XRD) analysis was performed using (AXRD, Proto) which is the machine name at the University of
Birmingham on As-polished samples in order to identify the different phases. The parameters used on
the XRD were a copper (Cu) Ka radiation, a wavelength of (A = 1.5406°A), a step size of 0.022 and 1s
time/step. Finally, to characterize as-received graphene nanoplatelets (GNPs), Raman spectroscopy
was used using the (Invia Raman Microscope, Renishaw) at the University of Warwick facility. The
parameters used during testing were a wavelength excitation of 532nm, acquisition time of 30 s with
a focus of x50 and 4 scans per sample. The same parameters were used on the as-HIPped samples that
included GNPs as reinforcements. The Raman spectra scans were conducted on samples before and

after wear testing.

3.3.3 Mechanical and tribological testing

In terms of Micro-hardness testing, they were carried out using a diamond micro-indenter at the
University of Birmingham (Buehler Wilson VH1202, Buehler) as shown in Figure 3.6. Large indentations
were done using a load of 1 Kg, dwell time of 10 s and 10 indentations were carried out on different
regions of the samples to get a good average of the composites micro-hardness using the
recommended spacing in accordance with ASTM E384-17 standard. The micro-hardness indentations
were carried out on flat as-polished samples. Furthermore, small indents were carried on some
samples along a matrix area of 0.2 mm by 0.2 mm and matrix size of 9x7 using the smallest load of 10
g to hit all the different phases in the composites. Wear tests were carried out at the University of
Birmingham using a (Phoenix TE79) sliding in-house reciprocating machine as shown in figure 3.7. The
machine has the capability to record COF readings. The counter-body ball used was aluminium oxide
(Al,03) with a diameter of 10 mm and a hardness value of 1600 HV. The ball was rotated each time a
different sample was used. The tests were carried out at room temperature using a constant load of
20N, sliding distance of 5 mm and sliding speed of 10mm/s, 750 cycles and a sliding time of 30 minutes
per test. The wear depth was analysed and mapped using an (Infinitefocus microscope, Alicona).
Cylinders with a diameter of 5mm and a height of 10mm were extracted from the HIPped canisters
using electric discharge machine (EDM) for coefficient of thermal expansion analysis. The
measurements for linear coefficient of thermal expansion was carried out using a dilatometer (Netzsch

TMA 402 F1) at a temperature reaching 1000 °C using a 5 °C/min heating rate. The furnace was set to
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go from 30°C to 200°C at a rate of 5°C/min under a positive flow of nitrogen, held at 200°C for 1h and
returned to 30°C at a rate of 5°C/min. The samples used for compression testing were cylindrical
samples with a diameter of 6 mm and height of 10 mm and were cut with the aid of an EDM.The
machine used for compression testing was a universal testing machine (ESH Testing 200) located at
the University of Birmingham. The testing was performed at a constant crosshead speed of 2mm/min

using a maximum load cell of 100 KN

Figure 3.6: Buehler Micro-hardness tester photograph

Figure 3.7: Reciprocating wear test machine photograph
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Chapter 4: P/M Hot Isostatic Pressing of
TMCs via In Situ Elemental Additions of B
and GNP, Enhanced Mechanical and
Tribological Properties

Abstract

(1) Ti64 titanium metal matrices reinforced with graphene nanoplatelets (GNP) of varying volume
fractions (1-2 vol.%) have been prepared and developed using the powder metallurgy (PM)
hot isostatic pressing (HIP) technique. Furthermore, novel advanced TMCs were developed by
reinforcing the Ti64 matrix with 1 vol.% boron (B) and 1 vol.% GNP. The powders were MA by
means of wet ball milling and vacuum dried in the glovebox prior to HIP. Experiments were
conducted to examine and understand the influence of HIP temperature on the in situ reaction
and consolidation behaviour of the TMCs. HIP temperatures of sub B-transus (920°C), 1040°C
and super B-transus (1160°C) were investigated. 1040 °C was selected as a temperature below
the B-transus temperature based on calculations taking into account the diffusion of carbon
(C) and oxygen (O) on raising the B-transus temperature. In addition, the influence of
reinforcement vol.% on the micro-hardness and wear resistance were investigated. Micro-
hardness maps were also plotted using a load of 10g in order to examine the phase micro-
hardness contribution to the TMC and further understand the phase homogeneity, and
ultimately the tribological performance of the materials. The as-received GNP powder was
analysed using Raman spectroscopy (InVia Raman Microscope) to confirm the presence of
graphene. The microstructure and tribological performance of the as-HIPped TMCs were
characterised using EDX, SEM, XRD, dry-sliding reciprocating with coefficient of friction (COF)
tests, micro-hardness and coefficient of thermal expansion (CTE) measurements, and Raman
spectroscopy to further understand the graphene lubrication behaviour on the worn surfaces.
One of the main findings of this work was that an increase in the vol.% of GNP reduced the
COF due to an increase in micro-hardness and a higher GNP content at the surface of the
composite, which lubricated the surface. Furthermore, raising the vol.% of GNP increased the

micro-hardness due to a higher retention of TiC hard phase. HIPping at 1160°C ensured full
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consolidation, but resulted in grain growth, while HIPping at 920°C there was lack of

consolidation and no in situ reaction.

80



4.1 Introduction

Titanium (Ti) and its alloys are known to provide excellent mechanical properties, including and
providing high strength and weight reductions [1]. However, they have not been used extensively in a
variety of applications due to their poor tribological performance [2]. Metal matrix composites
(MMCs) are composed of at least two constituent parts, one being the metal and the other usually a
ceramic, which can offer a solution to the shortcomings of Ti and its alloys [3]. Reinforcing the matrix
with ceramic, either as continuous fibres or discontinuous particulates, can enhance strength and
wear resistance immensely, while the matrix offers both ductility and toughness, thus opening up the

possibility of tailoring composites for many different applications [4].

Research into the wide range of application possibilities of titanium matrix composites (TMCs) has
advanced over recent years. A number of TMCs, either continuously reinforced with fibres or
discontinuously reinforced with particulates or whiskers, have been developed, such as titanium
diboride (TiBy [5], silicon carbide (SiC) [6], titanium carbide (TiC) [7], diamond nanoparticles (DNP) [8]
and graphene [9]. Conventional techniques used to develop MMCs by way of ex situ additions of the
reinforcement phases are prepared prior to synthesising the composite but suffer from various
shortcomings that limit their development. This is mainly due to Ti being extremely reactive at high
temperatures as well as the poor interfacial bonding between the matrix and reinforcement [10]. On
the other hand, in situ synthesization techniques for the preparation of TMCs have gained interest in
recent years. An in situ method allows for a chemical reaction to take place between the metal matrix
and ceramic reinforcement, resulting in phases that are high in strength, thermodynamically stable
and exhibit superior interfacial bonding, improving the mechanical and tribological behaviour of the
composite in comparison with ex situ routes [11]. Lately, graphene has been deemed an attractive
reinforcement choice for MMCs due to its exceptional mechanical properties [12]. It has an elastic
modulus value of 1 TPa and is much stronger than diamond, and with its high specific area of 2600m?/g
would contribute to stronger interfacial bonding between the matrix and reinforcement, improving
the load-transfer capabilities and reducing the rate of delamination during severe wear applications
[13]. Further studies have shown graphene is an effective reinforcement in reducing the coefficient of
friction (COF) and wear rate due to its ultra-high strength and lubrication sliding-like properties,
attributed to the shear potential, that form a protective layer on the contact surfaces [14]. Some
research has been carried out on use of graphene nanoplatelets (GNP) as a potential reinforcement
for metal matrices, including magnesium (Mg), aluminium (Al) and nickel alloys [15-17]. Algul et al.[18]
studied the influence of graphene volume fraction on the wear properties of nickel graphene

composite. They concluded that an increase of graphene content caused a decrease in COF and wear
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rate, due to the elevated hardness and lubricating properties of graphene. It is also worth mentioning
that TiB, has recently been at the forefront of TMC research due to the excellent properties that it
exhibits, such as a hardness (25-35 GPa), high elastic modulus (425-480 GPa) and a coefficient of
thermal expansion (CTE) value of 8.1x10°K* and is compatible with Ti and its alloys [19]. Research on
the CTE behaviour of the various TMCs is vital, as the inherent CTE mismatch between the matrix and
reinforcement can result in the generation of thermal residual stresses that are detrimental to the
mechanical properties of TMCs when used in high temperature applications and could result in cracks
or spallation. Being able to predict the CTE can help in the design of TMCs for specific applications.
Turner’s model [28] for particulate composites assumes only hydrostatic stresses are acting on the

composite as expressed in equation 4.1.

U VimKm +apVpKp

(4.1)
VinKin+VpKp

a. =

where V is volume fraction, K is bulk modulus, m and p subscripts are matrix and reinforcement
respectfully. Another model, which takes into account the shear and hydrostatic stresses, is the Kerner

model [28], represented by equation 4.2.

11
Km kp
Be = BmVm + .prp - (.Bm - .Bp) X m (4.2)

kp km @ 4

where G is the shear modulus and the other subscripts are like the Kerner model mentioned above.

To date there has been little work carried out on the use of the HIP technique to synthesise Ti64/GNP,
Ti64/B and Ti64/GNP +B composites Therefore, this study will focus on synthesising TiC and TiB>
reinforced Ti64 using elemental in situ reactive hot isostatic pressing (RHIP) with GNP and B additions.
The influence of HIP temperature and reinforcement powder characteristics, such as volume fraction
of GNP and B, on microstructural evolution and phase formation, and mechanical and tribological
performance will be investigated. As to the authors knowledge, not a lot of work has been done on
HIP technique to consolidate Ti64 reinforced with elemental additions to synthesize Ti64/GNP, Ti64/B
and Ti64/GNP +B composites.
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4.2 Experimental

4.2.1 Material preparation

Argon gas atomised (AGA) Ti-6Al-4V (Ti64) powder (Figure 4.1a), with an average particle size (APS) of
15-45um, was used as the metal matrix and purchased from (LPW Technology, UK). Graphene
nanoplatelets (GNP) with a length of < 2um, thickness of 5-20nm, average number of layers of 5 to 7
layers and a high surface area of 750m?/g were purchased from (Sigma-Aldrich, Germany). B powder
(purity: >95%) with an APS of < 1um was also purchased from (Sigma-Aldrich, Germany). Four different
powders blends were prepared: Ti64+ 1 vol.% B, Ti64 + 1 vol.% GNP, Ti64 + 2 vol.% GNP, Ti64 + 1 vol.%
B + 1 vol.% GNP. Firstly, the GNP underwent deagglomeration using ultrasonication for a time period
of 30 min in ethanol with a concentration of approximately 0.1mg/ml. Ti64 was added to the GNP
suspension and ultrasonicated for an additional 30 min. The blended powders were allowed to rest
and drained to remove excess solution. The blended powders were then MA using low-energy ball
milling (HMK-1901) using ethanol as a process control agent, for a duration of 4h, with ball to powder
ratio (BPR) of 4:1 and a speed of 200 revolutions per minute (RPM) to limit the deformation and
overheating of Ti powders. The grinding media used was aluminium oxide (Al,Os) balls with a diameter

of 8mm.

4.2.2 Powder HIP

The MA composites were then consolidated by use of HIP. Mild steel canisters with an outer diameter
of 20.8mm, length of 80mm and wall thickness of 2.03mm were welded prior to being filled with the
composite powders and vibrated. The canisters were then outgassed at 100°C until they reached a
vacuum level of 10 bar, before being crimped. The canisters were HIPped using (EPSI, HIP) at three
different temperatures, 920°C (sub B-transus), 1040°C and 1160°C (super B -transus), at a constant

pressure of 140MPa and for 3h.

4.2.3 Microstructural characterisation

The as-HIPped samples were wire cut using an electrical discharge machine (EDM), ground, and
polished for XRD. The samples were then etched using Kroll reagent (2% HF, 92% H20 and 6% HNO3)

for approximately 10 seconds before microstructural analysis using a SEM followed by an EDX. In-situ
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phase identification was performed on the samples by X-ray diffractometer (XRD;AXRD, Proto) using
Cu Ka radiation (A = 1.5406°A), and spectrums were collected by a fixed parameter of 0.022 step size
and 1s time/step. Raman spectroscopy (Renishaw InVia Raman Microscope), a powerful non-
destructive method used for characterising carbonaceous materials in terms of quality and structure,
was used to confirm the presence of GNP in the HIPped composites with a 532nm wavelength, an
acquisition time of 30 s and a x50 focus of. Four scans were conducted on each sample pre- and post-
slide wear testing, to develop a comprehensive understanding of the GNP contribution to the
improvement of composites wear resistance. The average grain size was determined, using image
analysis software (Imagel), by sampling and individually measuring 200 grains. The phase fractions of
the a and B Ti, and in situ formed hard phases were also measured with Imagel software on back-
scattered electron (BSE) microscope images and using thresholding methods on grey scale images of

the different phases in the micrographs.

4.2.4 Tribological and mechanical properties

The wear properties of the TMCs were studied using a sliding reciprocating machine with coefficient
of friction (COF) recording capabilities. Wear tests were carried out at room temperature and the
counter-body material used was Al,Os balls with a diameter of 10 mm and a Vickers hardness value
exceeding 1600HV. The Al,03 balls were slide over polished flat specimens in a reciprocating motion
using a load of 20N, sliding speed of 10mm/s, sliding distance of 5mm for a duration of 30 min. The
worn surfaces were examined using SEM and EDX to understand the prominent wear mechanisms on
the specimens. Furthermore, the wear depth was measured using an infinitefocus microscope,
(Alicona). Micro-hardness of the TMCs was determined in order to understand the phase
strengthening contribution of the composite’s and their deformation patterns, using a micro-hardness
tester (Wilson VH1202, Buehler). Using the smallest load of 10g, in order to indent individual phases,
100 small indents were made on a matrix of 0.2mm x 0.2mm. Furthermore, 10 large linear
indentations were made with a 1kgf load, with recommended spacing according to ASTM E384-17, in

order to obtain an average of the composite micro-hardness value.
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4.2.5 Coefficient of thermal expansion

Cylinders with a diameter of 5mm and a height of 10mm were extracted from the HIPped canisters
using EDM. The measurements for linear coefficient of thermal expansion were carried out using a
dilatometer (Netzsch TMA 402 F1) at a temperature reaching 1000°C with a 5°C/min heating rate. The
furnace was set to rise from 30°C to 200°C at a rate of 5°C/min under a positive flow of nitrogen, held

at 200°C for 1h before being brought back to 30°C, again at a rate of 5°C/min.

4.3 Results and discussion

4.3.1 Powder characterisation

Figure 4.1a presents SEM micrographs of Ti64 (15-45um) with an APS of 33um. The powder is mostly
spherical, but shows some satellites attached to it, particle breakage and irregular morphology, which
are common features of the AGA method used to manufacture the powders. Figure 4.1b shows MA
Ti64+1vol.%GNP using low-energy milling, with GNP seen to homogenously decorating the metal
matrix, due to the MA method used, however there are a few GNP agglomerates associated with the
high surface energy of the nanoplatelets. Figure 4.1c shows Ti64+2vol.%GNP with less agglomerations
present and the reinforcement GNP are sticking and decorating the titanium matrix homogenously,
exhibiting a strong interfacial bond. Figure 4.1d shows a micrograph of Ti64+ 1vol.% B with the
reinforcement powder again decorating homogenously spread over the metal matrix. Figure 4.1e
shows the micrograph of Ti64+1 vol% GNP + 1 vol.% B. Both the GNP and B are homogenously spread
and decorating the Ti matrix. It is also important to note that the Ti64 powder morphology remains

highly spherical due to the low-energy milling parameters and the 4:1 BPR used.

85



Figure 4.1: SEM micrographs of as-received Ti64 powder (a) and MA powder (b-e).
(a) Ti64, (b) Ti64 + 1 vol.% GNP, (c) Ti64 + 2 vol.% GNP, (d) Tie4 + 1 vol.% B, (e) Ti64 + 1 vol.% B+1 vol.% GNP

4.3.2 Microstructural evolution of in situ TMCs

4.3.2.1 Graphene characterisation

Figure 4.2 displays the Raman spectra of the as-received graphene powder. The D band present,
known as the disorder or defect band, which is known to be extremely weak in graphite but has a
strong intensity in graphene, confirmed the as-received powder was graphene. Furthermore, the
number of defects is proportional to the intensity suggesting that the as-received graphene powder
had a lot of defects. However, the 2D band visible, the second order of the D band, and is a strong
visible band in graphene. Further confirmation is provided by the presence of the G band, that

distinctively appears at 1587cm™ as an in-plane vibrational mode of SP2 carbon [14].
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Figure 4.2: Raman spectra of graphene powder
4.3.2.2 X-ray diffraction (XRD) characterization

Figure 4.3 shows scans from the XRD analysis of the as-HIPped Ti64-GNP composites, which consists
of aTi, B Ti and TiC peaks and confirmed that an in situ reaction took place between the Ti matrix and
graphene reinforcement resulting in the formation of a TiC phase at the HIP temperature of 1040°C.
Furthermore, it is also clear that increasing the vol.% of GNP from 1-2 vol.% resulted in retaining a

higher fraction of TiC phase.
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Figure 4.3: XRD scans of Ti64 + 1 vol.% GNP and Ti64 + 2 vol.% GNP processed at 1040 °C

Figure 4.4 shows the scans for Ti64 + 1vol.% B and Ti64 + 1vol.% B + 1vol.% GNP composites, with both
diffraction patterns displaying a dominant a-Ti intensity peak. From reviewing the scans, it can be seen
that for Ti64 + 1vol.%B + 1vol.% GNP there is overlapping of some TiC peak with certain a-Ti peaks,
due to carbon being an a stabiliser and diffusing into the titanium lattice structure. Furthermore, there
is no indication of the any residual B, indicating that it was involved in a complete in situ reaction with

the Ti matrix, resulting in TiB whiskers.
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Figure 4.4: XRD scans of Ti64+ 1 vol.% B and Ti64+ 1 vol.% B + 1 vol.% GNP processed at 1040 C
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4.3.2.3 influence of HIP temperature on phase formation

The micrographs in figure 4.5 reveal the influence of HIP temperature on the consolidation behaviour
of the Ti64+ 1 vol.% GNP. Three HIP temperature conditions were selected sub-RB transus (920°C),
(1040°C) and super-R transus (1160°C). It is quite evident from large micron-sized porosities visible in
figure 4.5a that the Ti64 + 1 vol% GNP HIPped at sub-R transus temperature used in Ti64 lacks
consolidation as shown by the. Furthermore, it is evident that an in situ reaction was taking place
though it was incomplete in nature. Most of the graphene present was in sub-micron and nano-size
ranges, which could be beneficial for enhanced mechanical properties. HIP at 920°C kept the
microstructural nature of Ti64 as the grain size is quite refined and small which is always beneficial for
mechanical behaviour. Figure 4.5b shows the microstructural evolution of Ti64 + 1 vol.% GNP HIPped
at 1040°C. Ti64 has a B-transus temperature of 980°C [20]. Oxygen is a well-known alpha stabiliser
that raises the transformation temperature of Ti and is an interstitial that raises the strength but can
be detrimental to the ductility and toughness. Based on assuming the O and C contents, the B-transus
temperature was estimated to be 1070°C, hence the reason for 1040°C being selected as an optimal
HIP temperature for this composite. At 1040°C shown in figure 4.5b there is limited grain growth and
the B phase fraction has not increased significantly. Furthermore, an in-situ reaction took place
between a-Tiand GNP to produce a fine hard TiC phase. In addition, figure 4.5c shows that a complete
reaction took place between a-Ti and GNP to produce coarse TiC particles, due to HIP being conducted

at higher than B-transus temperature.
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Figure 4.5: Influence of HIP temperature on microstructural evolution of Ti64+ 1 vol.% GNP (a) 920 °C, (b) 1040 °C, (c)
1160°C
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4.3.2.4 Tie4 MMCs HIPped at 1040 °C

Figure 4.6 shows the consolidation and microstructural evolution of as-HIPped composites processed
at 1040°C. Figure 4.6a-b show the influence of different GNP volume fractions, 1 vol.% and 2 vol.%, on
the microstructural evolution of the composites. Carbon is an a stabiliser and during the exothermic
reaction the heatreleased was sufficient to convert Ti and C into the TiC. TiC phase is feasible as per
the reaction shown below due to releasing a highly negative Gibbs free energy (AG) , as expressed in

equation 5.1 [21].

Ti+C —»TiC(AG® at 1000 K) = -150 kimol™ (5.1)

Figure 4.6¢ shows the SEM micrograph of the TiB needles formed from the in situ reaction that took
place between Ti-6Al-4V and B. Numerous studies have investigated the AG formation of TiB and
concluded that it is highly negative, suggesting that an in situ reaction between Ti and B can proceed
and form TiB if a high vol.% of B is present [22]. However, others have reported that the diffusion of
B from TiB; to the Ti matrix can further facilitate the formation of TiB [23]. Furthermore, Figure 4.6¢
shows the hard and fine TiB phase decorating the prior particle boundaries (PPBs), while some
neighbouring TiB coalesced at regions of agglomeration due to inhomogeneities in the blending
method. Figure 4.5d shows the microstructure of Ti64 + 1 vol.% B + 1 vol.% GNP composite. In
conclusion, an in situ reaction took place between the matrix and reinforcements resulted in two hard

phases TiB and TiC, as expressed in equations 4 and 5.

Ti+2B — TiB, (AG°at 1000 K) = -308 kimol™ (4)

TiB, + Ti— 2TiB (5)
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Figure 4.6: SEM micrographs of as-HIP composites at 1040°C: (a) Ti64+1 vol.% GNP, (b) Ti64+2 vol.% GNP, (c) Ti64+1
vol.% B, (d) Ti64+ 1vol.% B + 1vol.% GNP

Figure 4.7 shows the effect of HIP temperature on the grain growth of Ti64-GNP composites at 1vol.%
GNP. There is a clear trend that as the HIP temperature was raised from the sub B-transus temperature
(920°C) to super B-transus temperature of (1160°C) the level of grain growth in the a Ti platelets

increased from 3.3um to 8.1um.
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Figure 4.7: Influence of HIP temperature on Ti64+ 1 vol.% GNP grain size

Furthermore, figure 4.8 shows the influence of GNP vol.% in refining the microstructure. It is quite
clear that as the vol.% of GNP increased from 1-2 vol.%, more in situ reaction took place between the
reinforcement and matrix resulting in a higher volume of hard fine TiC precipitates, which impede

grain growth, causing a grain size reduction from roughly 8um to 6.2um.
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Figure 4.8: Influence of GNP volume fraction on grain size processed at 1040°C

Figure 4.9 shows the TMCs prepared by HIP at 1040°C, whereby there is a clear trend of grain size
reduction with an increase in the vol.% of the reinforcement. The chart shows that
Ti6d+1vol.%GNP+1vol.%B further reduced the grain size from 6.3um to 5.1um in spite of the
reinforcement volume fraction remaining constant at 2 vol.%. This could be attributed to the in situ
formed TiC phase acting as obstacles for TiB growth, further refining the microstructural development.
Bermingham et al. [24] suggested that B has a high growth restriction factor and helps reduce the a

grain size.
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Figure 4.9: Grain size of TMCs HIPped at 1040°C
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Figure 4.10 shows image analysis of the in situ HIPped TMCs at 1040°C. This was used to quantify the
different phase fractions formed during HIP from the elemental powders used. a-Ti, B-Ti, TiC and TiB
were all quantified in order to be used in structure-property relations and help predict TMC properties.
The red colour thresholding highlights the phase as indicated by the label on each individual image.
For example, in Figure 4.1b, it corresponds to TiB phase and so on. In figures 4.10a-10d image analysis
of Ti64+1vol.%B TMC is shown. The yielded phase fraction of TiB (figure 4.10b) was 1.24%, for a-Ti it
was 86.99% (figure 4.10c) and for B-Ti was 11.77% ( figure 4.10d). Figures 4.10e-h shows the image
analysis of Ti64+1vol.% GNP TMC. The yield TiC phase is 1.02%, a-Ti is 87.95% and B-Ti is 11.03%.
Figures 4.10i-1 shows the analysis of Ti64+ 2vol.% GNP TMC. The phases formed yielded 2.08% TiC,
84.67% a-Ti and 13.25% B-Ti. The reason the a-Ti phase of the Ti64+2 vol.% GNP is less than the TMC
with 1 vol.% GNP is due to C being an a stabilizing element that reacts with the a-Ti matrix, resulting

in more TiC phase and due to the higher starting vol.% of GNP used.

1.24% TiB
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Figure 4.10: Image Analysis of as-HIP TMCs at 1040°C: (a-d) Ti64 + 1 vol.% B, (e-h) Ti64 + 1 vol.% GNP, (i-1) Ti64 + 2 vol.%
GNP, (m-p) Ti64 + 1 vol.% B + 1 vol.% GNP

Table 4.1 Phase fractions of as-HIPped TMCs from Image Analysis

T™MC o Ti (%) B Ti (%) TiC (%) TiB (%)
Ti64 + 1 vol.% GNP 87.95 11.03 1.02 -
Ti64 + 2 vol.% GNP 84.67 13.25 2.08 -
Ti64 + 1 vol.% B 86.39 11.77 - 1.84
Ti64 + 1 vol.% B + 1 vol.% GNP 87.00 10.66 2.34 total TiB and TiC phases

Table 4.1 shows the phase fractions collected from image analysis using ImagelJ, which will aid in the

structure-property relations calculated.

4.3.3 Mechanical properties

4.3.3.1 Micro-hardness

Figure 4.11a shows the micro-hardness as a function of GNP vol.% processed at 1040°C. As the volume
fraction of the reinforcement increased from 1 vol.% to 2 vol.%, there is a clear trend of increasing
micro-hardness from 350 HV to 380HV., which could be attributed to the hardening effect induced by

the increase in TiC phase content. Furthermore, load-transfer mechanism plays an important role in
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transferring the load from a soft metallic matrix to a harder phase. It is important to note that the
load-transfer mechanism is heavily sensitive to a change in reinforcement volume fraction. Figure
4.11b shows micro-hardness of Ti64+1vol.% GNP prepared at different HIP temperatures ranging
from sub B-transus to super B-transus. HIP at 920°C (sub B-transus) resulted in a micro-hardness gain
of 1.5%,very close to that of wrought Ti64, suggesting that the in situ reaction was incomplete and did
not result in the harder TiC phase. However, Ti64+1vol.% GNP HIP at 1040°C resulted in a 5.5% micro-
hardness gain, due to more diffusion taking place and a highly negative Gibbs-free energy resulting in
TiC phase formation, which is agreement with the SEM micrographs seen in figure 4.6a. Finally, the
TMC HIP at the super-transus condition of 1160°C resulted in the highest micro-hardness increase of

approximately 7.8% due to more TiC phase formation taking place and a complete in-situ reaction.
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Figure 4.11: (a) Micro-hardness as a function of GNP vol.%, (b) Microhardness as function of HIP temperature
for Ti64+ 1vol.% GNP

4.3.3.2 Micro-hardness structure relations

Figure 4.12 shows the micro-hardness structure relations of the different TMCs. Experimental micro-
hardness data were compared to theoretical micro-hardness values. In order to theoretically predict
the micro-hardness of the TMCs based on the phase fractions obtained from image analysis in Figure
4.10 and table 4.1, the rule of mixture (ROM) based on the Reus model was used [28], which takes
into account the effective hardness of a composite that corresponds to a soft matrix surrounded by a
stiffer reinforcement phase, as expressed in equation 6.1 [25], where f,and H;, are the volume fraction
and hardness of the harder phase, respectively, and f; and H; are the volume fraction and hardness of

the softer phase, respectively. However, it does not take into account chemical in situ reactions.
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f fsy-
Hiow = (H_i;l + H_ss) ' (6.1)

In figure 4.12, the Ti64+1 vol.% GNP experimental value is slightly lower than the theoretical value
calculated using the ROM, could be due to the homogeneity of the TMC, as seen in figure 4.6a,
resulting from the powder mixing method, whereby the graphene was not homogenously attached to
the matrix powder, as seen in figure 4.1d. By increasing the volume fraction to 2 vol.%, the
experimental and theoretical values are in closer agreement, as the microstructure was more
homogenous and the soft Ti64 matrix surrounded by the harder TiC phase, validating the use of the
Reus model [25]. Furthermore, the Ti64 + 1 vol.% B TMC theoretical value is slightly higher than the
experimental value, which again can be rationalised in terms of revisiting the microstructure in figure
4.6¢. The microstructure is homogenous; however, some regions are richer in TiB phase while others
are lean In addition to that, some regions agglomeration of B took place, which could explain why
some areas of the microstructure neighbouring TiB needles were coalescing and strengthening some
regions more than others. Finally, the Ti64 + 1vol.% B + 1 vol.% GNP theoretical and experimental
micro-hardness values are very close, which shows that the model used works better at higher volume

fractions, due to potentially more of the harder phase is surrounding the softer matrix.
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Figure 4.12: Micro-hardness structure-property relations for different TMCs theoretical and experimental values
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4.3.3.3 Micro-hardness maps for TMCs

Vickers micro-hardness maps for different TMCs are presented in figure 4.13, conducted on a matrix
of 7 x 9 with a load of 10g in order to hit the different in situ phases below. Figure 4.13a shows the
indentations of the Ti64+1vol.% B and its corresponding micro-hardness map. It is quite clear that the
heterogeneous spread of micro-hardness of the dependent on the reinforcement distribution along
the matrix. It can be seen that the areas that contribute the highest micro-hardness are the regions of
the matrix that are surrounded by the harder TiB phase, resulting in smaller indentations. Figure 4.1b
shows the indentations of the Ti64+1vol.%B+1vol.% GNP and its corresponding micro-hardness map.
It is visible from the map that the upper half of the indentations are more homogenous in terms of
micro-hardness compared to the lower half, which can be rationalised and attributed to the phase
distribution. The indentations that hit the hard phase, or are in close proximity to it, exhibit the highest
micro-hardness readings due to the TiB and TiC phase and their high density in relation to Ti64. Figure
4.1c shows the indentation matrix and the corresponding map for the Ti64+1vol.% GNP TMC. It can
be seen that the micro-hardness distribution is heterogeneous as some regions are lean in TiC phase,
while other regions are rich. Finally, figure 4.13d displays the Ti64+2 vol.% GNP TMC, showing a wide
range of micro-hardness readings depending on which phases the indentations hit. It can be seen from
the micrograph that the regions of coalescence of neighbouring TiC particles resulted in the highest

micro-hardness as indicated by the yellow and red map colour codes.
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Figure 4.13: Micro-hardness distribution profiles of in situ TMCs synthesized via HIP: (a) Ti64 + 1 vol.% B, (b) Ti64 + 1
vol.% B + 1 vol.% GNP, (c) Ti64 + 1 vol.% GNP, (d) Ti64 + 2 vol.% GNP
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4.3.3.4 CTE measurements

The CTE results of the TMCs processed at 1040 °C were conducted at a temperature up to 180°C. The
plots in figure 4.14 as change of length over original length as a percentage as a function of
temperature.
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Figure 4.14: CTE measurements for TMCs processed at 1040°C: (a) Ti64, (b) Ti64 + 1 vol.% B, (c) Ti64 + 1 vol.% GNP, (d)
Ti64 + 2 vol.% GNP, (e) Ti64 + 1 vol.% B + 1 vol.% GNP

Table 4.2 CTE measurements of TMCs

TMC CTE value
Ti64 9.1x10%°C-1 +0.2
Ti64 + 1vol.% B 9.06x10%°C-1 +0.1
Ti64 + 1 vol.% GNP 7.93x106°C-1 +0.2
Ti64 + 2 vol.% GNP 7.72x10°C-1 +0.1
Ti64 + 1 vol.% GNP + 1 vol.% B 8.53x10%°C-1 40.1

The CTE of monolithic Ti64 was measured as 9.1 x 10%°C-! which is within the range of acceptable CTE
for the alloy ( 8.7-9.1 x 10%°C ) [26]. Adding 1 vol.% B reduced the COF to 9.06 x 10°°C* due to the in
situ formation of the TiB phase, which has a CTE value of 8.6 x 10°°C?, similar to the theoretical value
of 8.8 x 10°°C*calculated using the Kerner ROM equation . On the other hand, reinforcing Ti64 matrix
with GNP seems to have a more positive effect in lowering the CTE values. The in situ formed TiC phase
is known to have a CTE value of 6.52 x1 0°-7.12 x 10°°C ! at the temperature ranges of (25-500°C),
hence why the measured CTE for the TMC with 1 vol.% GNP was 7.93 x 10°°C ! (the theoretical value
calculated using the Kerner model is 7.81 x 10°°°C ). Increasing the vol.% of GNP to 2 vol.% reduced
the CTE value further to 7.72 x 10%°C ! due to the higher retained vol.% of the TiC phase. Finally, the
Ti64 reinforced with 1 vol.% GNP and 1 vol.% B has a measured CTE of 8.53 x 10%°C! (theoretical value
of 8.3 x 10°°C?) due to the TiB and TiC phase being present. It can be concluded that in situ formed
TiC from GNP are ideal for reducing the CTE of TMCs in accordance with the modified ROM Kerner
model. It should be noted that all the CTE readings were taken at a constant temperature range of 35-
110°C as values will slightly change with varying temperature ranges. Table 4.2 shows a summary of

the CTE measurements of the TMCs discussed above.
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4.3.4 Tribological properties

4.3.4.1 Worn surfaces

Figure 4.15 shows the morphologies of the worn surfaces of all the TMCs. Generally speaking, they all
displayed rough surfaces with deep ploughed grooves and parallel furrows, caused by the hard Al,O3
counter-body and the detached debris resulting in three-body-abrasive wear during reciprocating
motion of the ball. This suggests that plastic deformation due to the abrasive nature of the wear
mechanism is dominant during friction. It should be noted that increasing the vol.% of the
reinforcement phase, should cause the number of furrows and wear debris to decrease. However,
increasing the vol.% of GNP from 1-2 vol.% (figures 4.15a-b,)resulted in more wear debris being
present, but there are no deep ploughed grooves visible. This implies that the increase in micro-
hardness in the Ti64 + 2 vol.% GNP TMC helps resist abrasive wear more than the TMC with 1 vol.%
GNP. In figure 4.16c, Ti64 + 1 vol.% B TMC worn surface is shown, with deep ploughed grooves, micro-
cracks and wear debris clearly visible, but to lesser extent than with the Ti64 + 1 vol.% GNP TMC. Since
both vol.% are the same, the reason for the improved wear resistance could be attributed to a stronger
interfacial bonding between the in situ formed TiB and Ti matrix, as well as the higher micro-hardness
displayed by the Ti64 + 1 vol.% B TMC, making it more resistant to abrasion. Lastly, figure 4.15d shows
the worn surface track of Ti64 + 1 vol.% B + 1 vol.% GNP TMC. It exhibits far less wear debris and
abrasive wear features compared to any other TMC shown in figure 4.15. This is due to the two in situ
formed nano sized phases TiB and TiC, resulting in superior wear performance reduced abrasive wear
mechanisms, such as micro-cutting and sub-surface crack initiation, due to the nano formed phases
inhibiting grain growth and ultimately having better interfacial bonding, while having a more efficient

load transfer to two harder phases.
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Figure 4.15: micrographs of worn surfaces (a) Ti64 + 1 vol.% GNP, (b) Ti64 + 2 vol.% GNP, (c) Ti64 + 1 vol.% B, (d) Ti64 +
1vol.% B+ 1vol.% GNP

4.3.4.2 COF

Figure 4.16 shows the COF readings of the different as-HIPped TMCs. Generally speaking, the COF
values kept rising as the wear test initiated until it reached a maximum value and then stabilised. This
is attributed to something known as the break in period and the surface roughness of the TMCs at the
preliminary sliding stage [27]. It is also well known that COF=1./Hy, whereby tis surface shear strength
(variable) and Hy, bulk hardness (constant). The surface shear strength is dependent on the contact
area of the counter-body, which in this study was Al,03 balls, and the TMC its reciprocating on.
According to the literature the shear strength of the surface increases with an increase in contact area,
[28]. It can be seen in figure 4.16 that increasing the vol.% of GNP from 1-2 vol.% after the break-in
period, causes the value of COF to stabilise with less fluctuation than the sample containing 1 vol.%
GNP. It can therefore be concluded that the delaminated regions of GNP on the surface help reduce
the COF value due to the lubrication and sliding-like properties of graphene, improving the tribological
performance. It can also be seen in figure 4.16 that the TMC containing 1 vol.% B had the highest and
most unstable COF value, which could be attributed to the low vol.% of B used, and the micro-hardness

contribution of TiB phase did not provide much strengthening compared to monolithic Ti64.
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Figure 4.16: COF readings of different TMCs

4.3.4.3 Wear maps

Figure 4.17 shows wear maps obtained for the TMCs after wear testing using Alicona. It can be clearly
seen that increasing the vol.% of GNP from 1 vol.% to 2 vol.% reduced the wear depth, which is in
agreement wear track morphologies and micro-hardness data presented in figure 4.1. Ti64 + 1 vol.%
B had the lowest micro-hardness reading and the most abrasive wear features as seen from Figure
16c¢, which is in agreement with the Alicona map shown in figure 4.17c. It can be seen from the Alicona
map that most of the regions of the wear surface are heavily worn corresponding to more depth,
indicated by the colour codes. Lastly, figure 4.17d shows Ti64 + 1 vol.% B + 1 vol.% GNP, where it is
visible there is less wear depth, hence wear rate in comparison to figure 4.17c. On the other hand, in
correspondence with the COF data, the wear of the Ti64 + 1 vol.% B + 1 vol.% GNP was higher than
Ti64 + 2 vol.% GNP even though the micro-hardness of Ti64 + 1 vol.% B + 1 vol.% GNP was higher. It is
therefore concluded that the TiB phase formed from B (1um) does not provide much strengthening
effect compared to TiC nor strong enough interfacial bonding, resulting in delamination and abrasive

wear mechanisms taking place.
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Figure 4.17: Alicona maps of worn surfaces: (a) Ti64 + 1 vol.% GNP, (b) Ti64 + 2 vol.% GNP, (c) Ti64 + 1 vol.% B, (d) Ti64 +
1vol.% B+ 1vol.% GNP

Figure 4.18 shows the wear rate of the composites. The volume loss was analysed using the Alicona
optical profilometer. The data of the wear rate is in agreement with the worn surfaces shown in figure
17 above and the COF data plotted in figure 4.16. The wear rate data is also in alignment with the
micro-hardness data as shown in figure 4.12. The main reason for a decrease in wear rate could be
attributed to an increase in the reinforcement vol.% and in situ formed TiC phase, and the lubricating

effect of the un-reacted GNP.
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Figure 4.18: Wear rate of as-HIPped composites
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4.3.4.4 Raman spectra of worn surfaces

The worn surfaces of the TMCs containing GNP were analysed before and after the wear tests in order
to understand how graphene influences the wear resistance. figure 4.19a shows the Raman spectra
of Ti64 + 1 vol.% GNP before and after wear, while figure 4.19b shows the Raman spectra of Ti64 + 2
vol.% GNP before and after wear testing. It can be seen in figure 4.19a that the (2D and G) peaks of
graphene are much lower compared to pre-wear test analysis, suggesting that the structure of GNP
was destroyed during the wear test. It is known that GNP exhibit extremely high flexural strength and
it is assumed that they will bend and tilt towards the surface of the composite under the contact of a
load and help lubricate the surface, hence the lower COF values seen in Figure 16. In addition, the
before wear image (figure 19b) exhibits higher (2D and G) peaks in comparison to figure 4.193,
suggesting that there was a higher retention of GNP due to the higher vol.% used, with not all the GNP
reacting in situ to produce TiC precipitates. Again, it can be seen that the (2D and G) peaks after wear

test is far lower suggesting that the graphene on the surface was acting as a lubricant.
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Figure 4.19: Raman spectra of worn surfaces: (a) Ti64 + 1 vol.% GNP, (b) Ti64 + 2 vol.% GNP
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4.4 Conclusions

The aim of this study was to develop TMCs by way of in situ reactions using reinforcements such as B
and GNP with differing vol.% and analyse them for their potential use in high wear resistance
applications, as well as tackle the main challenges of fabrication, such as the homogeneity of the
blended powders and dispersion the reinforcement in the matrix. The formation of hard phases by
way of in situ reactions during HIP and their influence on the tribological performance of the TMCs
investigated. Furthermore, an attempt to understand how different HIP conditions above and below
the B-transus temperatures that affected the completion of the in situ reactions, consolidation
behaviour and microstructure. Finally, structure-property modelling was conducted to see whether it
was possible to predict the behaviour of the advanced TMCs using the ROM and test the validity of

the equations. The conclusions are as follows:

(2) Raising the vol.% of GNP increased the micro-hardness due to load transfer mechanism and
higher retention of TiC phase.

(3) HIPping at 1160°C ensured full consolidation, but resulted in grain growth, while HIPping at
920°C there was lack of consolidation and no in situ reaction. At 1040°C there was retention

of TiC phase with some unreacted graphene, which improved tribological performance.

(4) Raising the vol.% of GNP reduces the COF due to an increase in micro-hardness and a higher

GNP content at the surface of the composite lubricating the surface

(5) The theoretical micro-hardness values were generally in agreement with the experimental

micro-hardness values, hence validating the equations

(6) Tied +1 vol.% B + 1 vol.% GNP TMC had the highest measured micro-hardness and least
abrasive wear features, as shown by the worn surface micrographs. However, TMCs

reinforced with graphene had better wear resistance due to the lubricating properties of GNP.

(7) Ti6ed with 2 vol.% GNP has the lowest CTE measurement in comparison with Ti64 with 1 vol.%
B + 1 vol.% GNP and other reinforcements, due to the higher retention of in situ formed TiC

phase.

(8) The experimental and theoretical values of CTE were generally in agreement, validating the

modified ROM Kerner model.
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Chapter 5: Hot Isostatic Pressing of Ti-6Al-
4\/SiC: Influence of HIP Temperature,
Reinforcement Size and Volume Fraction
on Microstructural Evolution, Mechanical
and Tribological Properties

Abstract

Ti-6Al-4V-based matrix composites (TMCs) reinforced with silicon carbide (SiC) particles have been
developed by powder metallurgy (P/M) and hot isostatic pressing (HIP) route. SiC with varying particle
sizes (5 um and 20nm), volume fractions (5-10 vol.%), blending routes (MA ball milling, roll blending)
have been investigated in this research. Experiments were also conducted to assess the influence of
HIP parameters, such as temperature below B-transus temperature and super B-transus temperature
(950°C and 1160°C) and dwell time (3h,6h), on the consolidation behaviour of the TMCs. Moreover,
structural property modelling work has been carried out to understand the contribution of different
strengthening mechanisms, such as load transfer and CTE, on enhancing the wear resistance of the
TMCs. The microstructure and tribological properties of the as-fabricated TMCs were characterized
using SEM, EDX, XRD, micro-hardness, and dry-sliding reciprocating tests. With the volume fraction
increasing from 0 vol.%. to 5 vol.%, the wear regime changes from abrasive wear to delamination
wear, thereby reducing the wear rate of the composite. However, increasing the volume fraction to
10 vol.% shows an increase in wear rate due to 3 body abrasive wears taking place. Reducing the
reinforcement size from 5um to 20nm tended to reduce the wear rate due to an increase in the
hardness of the material, an improvement in the interfacial bonding between the matrix and

reinforcement, and the ability of the nano reinforcement to bridge between subsurface cracks.
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5.1 Introduction

Titanium (Ti) and its alloys are extensively known to be light in weight while exhibiting excellent
mechanical performance, such as high specific strength, creep resistance, and specific stiffness [1]. Ti
alloys are widely used in the aerospace and automobile industry [2] due to the superior mechanical
performance they provide; however, the aerospace and automobile industries are constantly
developing and requiring materials that can operate in severe environmental conditions for a long
service period. This is where the concept of titanium metal matrix composites (TMCs) comes into play,
as they offer superior wear resistance [3], tribological performance, and weight reductions [4] in many
advanced applications. For instance, TMCs have been reported in high-temperature compressor
applications to offer 50% weight cuts [5] and to work at high operating temperatures, reaching 760°C
[6]. TMCs are generally classified as either continuously reinforced or discontinuously reinforced,
depending on whether continuous fibres or particles are used as the reinforcement [7].
Discontinuously reinforced TMCs are known to have a higher specific strength, wear resistance, and
thermal stability than monolithic titanium alloys [8]. PM in situ routes, such as HIP, are widely
employed to synthesise TMC parts over ex situ additive routes due to the chemical reactivity of
titanium [9]. It is vital to note that to fabricate TMCs that offer enhanced performance capabilities,
homogenous powder processing is a key dominant factor in the process [10]. Generally,
reinforcements are chosen on the basis of having a similar coefficient of thermal expansion (CTE) value
to the matrix material [11], to restrain residual stress formation during the cooling process. There have
been many reported discretely reinforced TMCs reinforcements in the literature, ranging from SiC
[12], TiC [13], TiB; [14], SisN4 [15], B4C [16], and CNTs [17]. Cai et al. [2-3] have used TiB; as a
reinforcement for Ti-6Al-4V matrix, due to the CTE compatibility of TiB, (7.2 x10°®) and Ti-6Al-4V (8.2
x10°), and therefore the materials were thermodynamically stable. The literature also suggests that
in-situ synthesised formation of TiC and TiB; is the best reinforcement for Ti matrix due to the close
CTE values and the elevated hardness contributions that they provide, and due to the chemical
compatibility with titanium [9]. Cai et al. [2-3] have been able to produce an in situ reaction between
Ti-6Al-4V and TiB; during HIP to form TiB whiskers that are homogenously dispersed along with the
matrix through solid-solution reaction. While Saba et al. [18] have tackled the poor ductility of TMCs
by reinforcing Ti with diamond nanoparticles and successfully retained some ductility. This works
based on Orowan’s strengthening mechanism, whereby nanoparticles strengthen the matrix by having
dislocations loop around the particles, since the inter-particle spacing is small, thereby increasing the
dislocation density inside the grain interior, which in turn will help in simultaneously raising the

ductility and yield strength of the material. Itis vital to note that to fabricate TMCs that offer enhanced
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performance capabilities, homogenous powder processing is the key initiating factor in the process.
Sivakumar et al. [12] have successfully produced the hard phase of TiC from Ti-6Al-4V matrix reacting
with SiC reinforcement during the P/M process. Their findings showed that at 5 vol.% the reinforced
composite was the optimal reinforcement content and increasing vol.% to 10% and beyond did not
result in considerable gains in hardness or strength due to particle agglomeration. Furthermore,
Sivakumar et al. reported a compressive strength of 1483 MPa for the nano-reinforced Ti-6Al-4V
composite, showing almost a 17% strength gain with the addition of 5 vol.% SiC content. Poletti et al.
[19] successfully demonstrated that milling at 150 rpm for 5h was enough to adhere fine SiC particles
to Ti without deforming the spherical morphology of Ti particles. Many reports indicate that the MA
route via ball milling offers superior homogeneity in mixed powders in comparison with roll blending
routes. However, the agglomeration of fine nano-reinforcements causes a deterioration in the wear
and tribological performance of the TMCs, hence research lately is being focused on developing a
powder blending route to solve this inherent issue. Wu et al. [20] successfully blended graphene nano-
platelets (GNPs) reinforced AlSil0Mg composite via an MA ball milling technique, using a process
control agent to de-agglomerate the nano-reinforcements. Li et al. [21] used a lubricant oil to distribute
carbon-nanotubes (CNTs) uniformly on Ti powder using an MA milling route. Saba et al. [18] first mixed
Ti powders with different sized diamond nanoparticles through bath sonication using ethanol solution
to de-agglomerate the particles, followed by ball milling for 5h. The trend in the literature clearly shows
that the fabrication of nano reinforced TMCs requires a control agent to homogenously distribute the
nanoparticles on the matrix surface which in turn will improve the tribological properties and

mechanical properties of the TMC due to a stronger bond between the reinforcement and matrix.

There have been many different approaches taken to predict the strength of TMCs, taking into account
the size of the matrix, size of the reinforcement particle, volume fractions of both the reinforcement
and the matrix, CTE mismatch, load-bearing mechanisms, grain size, and Orowan strengthening
mechanisms. The contribution of each mechanism changes vastly, depending on the scale of
reinforcement used, moving from micrometre to nanometre scale. Saba et al.[18] report that if the
volume fraction of the reinforcement and the particle size are both small, the matrix will take most of
the load, so load-transfer mechanism can be ignored, if the volume fraction is less than 5 vol.%. Some
articles reports that CTE mismatch strengthening is the most effective way to increase the yield
strength [2-3], due to the generation of geometrically necessary dislocations that arise from the critical
strain misfit from the thermal mismatch. However, other reports indicates that if the reinforcement
size is below 100nm, dislocation strengthening due to thermal mismatch could be neglected, since the
critical misfit strain from thermal mismatch cannot be achieved, hence the Orowan strengthening

mechanism dominates in the nanoscale below 100nm and above 1nm range. Zhang et al. [22] also find
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that there is a critical size for the reinforcement, roughly 5.44x the magnitude of the burger vector, in

which the Orowan mechanism breaks down and yield strength decreases.

Since titanium alloys have poor tribological performance, this work focuses on improving the hardness,
compressive strength, and the wear resistance properties, and reducing the high unstable coefficient
of friction (COF) of Ti alloys. Very little work, as yet, has been done investigating the tribological
properties of Ti-6Al-4V reinforced with SiC particles. This research studies phase formation,
microstructure evolution, and dry sliding wear properties with COF data and rationalising them in
terms of micro-hardness data, in addition to theoretical compression strength values calculated from
structure-property models. This work aims to establish a relationship between reinforcement volume
fraction, size, micro-hardness, compression strength structure-property models, and tribological

performance of Ti-6Al-4V composite reinforced with SiC using multiple powder processing routes.

5.2 Experimental

5.2.1 Material preparation

Argon gas atomised (AGA) Ti-6Al-4V powder (figure 5.1a) (average particle size of 15-45um) was used
as the metal matrix (LPW Technology, UK). SiC (average particle size of 5um) was purchased from
Reade Advanced Materials USA (figure 5.1b). SiC powder (average particle size of 20nm) was supplied
by PlasmaChem GmbH Germany. Ti-6Al-4V was roll blended (RB) with SiC 5 um with different volume
percentages (0%, 5%, and 10% ) for 6h. Ti-6Al-4V/SiC (average particle size 20nm) with a volume
percentage of (5%) was MA by ball milling. The Ti-6Al-4V/SiC (20nm) were both mixed in ethanol for
bath sonication (30 mins) to de-agglomerate the nanoparticles and then MA using ball milling for 6h
(HMK-1901, the ball to powder ratio (BPR); 4:1, 200 RPM) to limit the deformation and overheating of

Ti particles.

5.2.2 Powder HIPping

The Blended powders were consolidated via HIP. Mild steel canisters with an outer diameter of
50.8mm, length of 1770mm, and a wall thickness of 2.03mm were produced and used to contain the
roll blended powders before being outgassed and crimped. MA powders were contained in mild steel

canisters with an outer diameter of 50.8mm, length of 65mm, and a wall thickness of 2.03mm. The
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samples were hot outgassed at 100°C until they reached a vacuum level of 10° bar before being

HIPped at both 950°C and 1160°C, 140 MPa for 3h using a (EPSI, HIP) furnace.

5.2.3 Microstructural characterization

The as-HIPped samples were wire EDM cut, ground, and polished for XRD. The samples were then
etched using Kroll reagent (2% HF, 92% H,O and 6% HNOs) for around 10 seconds before
microstructural analysis using an SEM with an EDX. XRD was used to identify the different in-situ
phases present in the samples. Phase identification was performed by XRD (AXRD, Proto) with Cu Ka
radiation (A = 1.5406°A), and XRD spectrums were collected by a fixed parameter of 0.029 step size
and 1s time/step. The grain size was measured using Imagel by sampling 200 grains, measuring them

individually, and then getting an average size.

5.2.4 Tribological behaviour and mechanical properties

The wear properties of the Ti-6Al-4V/SiC matrix composites were examined using a reciprocating
machine with a coefficient of friction measuring capabilities. The wear tests were carried out at room
temperature. The counter-body material used was Al,Os; with a ball diameter of 10mm and Vickers
hardness value of 1600HV. Al,O; balls were used to slide over as-polished flat specimens in a
reciprocating motion under a dry surface. A load of 20N, a sliding speed of 10mm/s, a sliding distance
of 5mm, and a time duration of 30 min have been used. The worn surfaces have been examined using
an SEM with an EDX to understand the dominant wear mechanisms exhibited on the specimens.
Finally, as-polished specimens were mounted on micro-hardness tester (Wilson VH1202, Buehler) for
Vickers hardness measurement. The test for each sample was performed with 100g load and 10 times

linearly indented with recommended spacing according to ASTM E384-17.

5.3 Results & discussion

5.3.1 Powder characterization

Figure 5.1a shows the powder morphology of AGA Ti-6Al-4V and particle size distribution. The powder

has an average particle size of 33um. It is also clear that satellites, irregular particles, agglomeration,

and particle breakage are common features in the AGA powder route used. Figure 5.1b shows the
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morphology of micron-sized SiC particles. The particles were faceted and irregular and the average
particle size was less than 5 um. Figure 5.1c shows the morphology of as-received SiC nanoparticles.
It is quite clear from the micrograph that the nanoparticles are agglomerated due to the surface
energy of the nanoparticles. The average particle size as reported by the supplier was 20 nm. Figure
5.1d shows the morphology of SiC nanoparticles after de-agglomeration using ultrasonication method

as shown in Figure 5.2.

Figure 5.1: (a) SEM micrograph of As-received GA Ti64 powder; (b) As-received SiC (5um) powder; (c) As-received SiC

(20nm) powder
Ethanol Ethanol + SiC Ultrasonication 30 Ultrasonication 30 MA ball milling
nanoparticles min min

Fishertrani|
100mi 4

Figure 5.3: SEM micrographs showing RB Ti64 + SiC (a) 5 vol.%, (b) 10 vol.%, (c) MA Ti64 + 5% SiC 20nm
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5.3.2 Nanocomposite fabrication

SiC nanoparticles were mixed with Ti64 using a volume fraction of 5 vol.%. The fabrication process is
illustrated in figure 5.2. The first step was dispersing the SiC nanoparticles in ethanol solution. The
solution was then ultrasonicated for a duration of 30 mins to help de-agglomerate the nanoparticles.
Ti64 powders were then dispersed in the same solution and ultrasonicated for another 30 mins.
Furthermore, the mixture was then MA using ball milling for 6h as described in section 5.1. After MA

the powders, the powders were filtered using filter paper and then left to dry prior to HIP stage.

mTi
A Tissiy

| 0 TiC
40

Intensity (a.u.)
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Figure 5.4: XRD analysis for as-HIPped Ti64+5 vol.% SiC black plot 5 um, red plot 20nm

Figure 5.3a shows Ti-6Al-4V reinforced with 5 vol%. SiC (5 um) decorating the matrix. However, the
majority of the SiC particles (dark grey contrast) are clustered and not sticking to the matrix. As the
size of the reinforcement (5 um) is large relative to the matrix (15-45 um), hence why the
reinforcement is not sticking to the titanium surface. Figure 5.3b shows Ti-6Al-4V + 10 vol.% SiC (5
pum), more clustering of SiC can be seen due to the higher vol.% of reinforcement used, in addition to
the same inherent problem of reinforcement not sticking to the matrix is again observed, which could
also be attributed to the mixing route used and the reinforcement to matrix size ratio selected. Finally,
figure 5.3c shows Ti-6Al-4V with 5 vol.% SiC (20 nm) decorating the surface of the matrix

homogeneously. This could be attributed to the strong interfacial bonding between the nanoparticles
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with high surface energy and the MA using ball milling route used in this study. Even after MA Ti-6Al-
4V with the nano-reinforcement, the Ti-6Al-4V morphology remains highly spherical due to the small

BPR of 4:1 and ball milling parameters used.

5.3.3 The microstructure of as-HIPped specimens

5.3.3.1 Microstructural evolution of TMCs

Figure 5.4 shows the XRD analysis for the as-HIPped Ti-6Al-4V + 5 vol.% SiC (20nm) to confirm the
phases present in the TMCs. The analysis clearly shows that SiC has completely disintegrated and
reacted with the titanium matrix, in-situ forming TisSis (titanium silicide) and TiC (titanium carbide)
during the HIPping process at elevated temperatures (1160°C). SEM micrographs have been taken in
figure 5.5 to understand how the addition of SiC reinforcements influence the microstructural
development concerning volume fraction and size. It is quite clear that the microstructure of
synthesized TMCs has been dominated by TisSi; phase formation along the [ grain boundaries (figure
5.5f). Grain growth has taken place in the SiC free-sample (figure 5.5a-b), in contrast to the SiC
containing samples, suggesting that the in-situ formed phases are impeding grain growth.
Furthermore, the (a+B) SiC free sample (figure 5.5a-b) has a lamellar microstructure with a higher
volume fraction of the B phase due to the super-transus HIPping temperature used in this work. It can
also be noted that the in-situ phases are decorating the Prior-Particle-Boundaries (PPBs), forming a
homogenous network of strengthening phases that coalesce as the volume fraction of the
reinforcement is increased as seen in figure 5.5¢c-f. Furthermore, the TisSi; and TiC phases are growing
into the PPBs, coalescing, and forming bridges between neighbouring titanium particles. It can also be
noted from table 5.1 that reducing either the reinforcement particle size or increasing the

reinforcement volume fraction impedes grain growth.

5.3.3.2 Titanium silicide phase formation

In figure 5.5f and 5.5h, some small precipitates have formed. It is suspected that TiC precipitates
formation because of the reaction between B-Ti and SiC. Figure 5.5c and 5.5d show that the darker
shades are rich in Ti, while the lighter shades are rich in Si. It is therefore suspected that the darker

region is TiC rich due to its higher density, while the lighter region is TisSis rich, which agrees with the
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XRD scans presented. Furthermore, carbon diffusivity is roughly 10x faster than the diffusivity of Si in
the B-Ti phase, and the max solubility of Si in B-Ti is approximately 3.7% [23]. Additionally, Ti of the
metal phase goes into solution in the TisSiz phase, a counter-diffusion would take place between the
decomposed SiC and Ti in the TisSiz matrix. Carbon solubility in this phase is relatively small, hence C
would react with Tito form small TiC precipitates [23]. Itis also worth mentioning that the coalescence
of the TiC precipitates takes place due to the chemical potential gradient of C and the high diffusivity
rate of carbon within the TiC precipitates. The coalescence of the TiC phase between neighbouring
precipitates can be seen in figure 5.5f. Figure 5.5g-h shows the Ti64+ 5vol.% SiC 20nm. The in situ
formed TiC and TisSis phases are more refined due to the smaller reinforcement size used, however
grain growth of the nanoparticles is evident due to the high HIP temperature used and the dwell time

used to ensure consolidation.

5.3.3.3 Influence of HIP parameters on microstructural evolution

Figure 5.7 shows the effect of HIPping temperature on the consolidation and microstructural
evolution of 10 vol%. SiC TMCs. Figures 5.7a-7b has been HIPped at sub-transus temperature of 950°C
with a dwell time of 6h, while figure 5.7c-7d have been HIPped at super-transus temperature of
1160°C with a dwell time of 3h. It is clear that the as-HIPped sample HIPped at sub-transus
temperature (figure 5.7a-6b), shows a lack of consolidation due to the temperature being too low to
reduce the yield strength of SiC and to enhance the diffusivity in the material to cause pore closure.
However, it is also apparent from a microstructural evolution standpoint, that an in-situ reaction
between the matrix and reinforcement did take place. Furthermore, it is also vital to note that the size
of the diffusion zone is on the scale of a few microns. Figure 5.7c-7d shows a microstructure that is
fully consolidated, with a complete in-situ reaction taking place. However, the diffusion zone is
eloquently large, due to the increased solubility of Fe in Ti with increasing temperature beyond the j-

transus temperature.
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(a) Lamellar structure

r4

TiC rich region

TisSi3 lean zone

200 um

Figure 5.5: SEM micrographs of as-HIPped samples (1160°C) reinforced with SiC (a-b) 0 vol.%, (c-d) 5 vol.%, (e-f) 10 vol.%, (g-h) 5 vol.%
20nm

Table 5.9: Average grain size of TMCs measured using ImageJ

Material Average grain size (um)
Ti-6Al-4V + 5 vol% SiC (5 um) 8.2+0.8
Ti-6Al-4V + 10 vol% SiC (5 um) 7.1+0.6
Ti-6Al-4V + 5 vol% SiC (20 nm) 5.8+0.6
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Figure 5.7: SEM micrographs of as-HIPped samples with 10 vol.% SiC processed at 950°C (a-b), processed at 1160°C (c-d)

5.3.4 Mechanical properties

5.3.4.1 Micro-hardness

Figure 5.8 shows the variation in micro-hardness values of as-HIPped Ti-6Al-4V/SiC TMCs with varying
reinforcement size and volume fractions. Figure 5.8a shows an increase in micro-hardness by reducing
the reinforcement particle size even though they all fall within the margin of error. The micro-hardness
has roughly increased by 28% with adding 5 vol.% SiC. Furthermore, reducing the reinforcement size
from 5um to 20nm shows roughly a 3% strength gain. The micro-hardness gains could be ascribed
generally to the hardening induced effect of the TiC phase. Additionally, the surge in micro-hardness
values with reducing the reinforcement size could be specifically attributed to grain refinement due
to nano-reinforcements inhibiting grain growth. This phenomenon could also be credited to the
Orowan strengthening mechanism, whereby the nano-reinforcement inhibits dislocation motion.
Figure 5.8b shows that increasing the volume fraction from 5 to 10 vol.% increases the micro-hardness
by roughly 11%. This contribution to the strength could be attributed to the load-transfer from the
soft metallic matrix to the stiffer harder phases. The load transfer mechanism is known to be heavily
influenced by the volume fraction of the reinforcement. It also relies on other compositional
parameters, such as a strong interfacial bonding between the reinforcement and matrix, which could
be enhanced by decreasing the reinforcement size. The TMC reinforced with 10 vol.% SiC had a lot of
clustering and weak interfacial bonding, hence the micro-hardness not significantly increasing with

the doubling of the vol.% from 5-10%. Therefore, the load transfer effect could not be maximised.
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Figure 5.8: (a)The influence of reinforcement size on micro-hardness, (b) Influence of reinforcement volume fraction on micro-
hardness

5.3.5 Tribological properties

5.3.5.1 Wear rate

Figure 5.9 shows the worn surface morphologies of the Ti-6Al-4V/SiC TMCs and their respective depth
maps. The worn surfaces generally exhibit rough surfaces with deep ploughed grooves. Furthermore,
the deep ploughed groove as seen in figure 5.9a, which shows the un-reinforced Ti-6Al-4V sample, is
caused by the hard Al,03 counter-body, which is a sign of severe plastic deformation and abrasive
wear. As the reinforcement volume fraction has been increased to 5 vol.%, the wear track depth
decreases from 13um to 8.6um. Moreover, the main wear feature present in the 5 vol.% SiC sample
is delamination, and the amount of wear debris tends to increase with the addition of more SiC. The
trend of increasing delamination and wear debris seen with increasing the volume fraction of the
reinforcement deteriorates the wear resistance through abrasive wear mechanism and delamination.
It also clearly indicates a debonding between the reinforcement and matrix interface, which is due to
the weak interfacial bonding in the micron-reinforced samples. The amount of delamination and signs
of ploughed grooves notably in the nano-reinforced sample are far less than the micron-reinforced
sample. This indicates that the wear track depth, and consequently the wear rate, will be lower. The
reason is that the nano-reinforced sample has a higher micro-hardness and stronger interfacial
bonding, so its exhibit superior wear resistance. This is supported by looking at both the wear track
depth reduction from 8.6um to about 6.2um, and the wear rate values, as seen in figure 5.10, whereby
the nano-reinforced material has the lowest wear rate values. It is therefore conclusive to say that
reducing the particle size to the nano-scale ascribes superior resistance to abrasive wear mechanisms,
such as micro-cutting and sub-surface crack initiation, due to the nano-particles inhibiting grain

growth and having stronger interfacial bonding.
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Figure 5.9: SEM micrographs of worn surfaces and depth maps with varying reinforcement volume fraction and reinforcement particle size; (a) GA
Ti64, (b) Ti64 + 5 vol.% SiC (5um), (c) Ti64 + 5 vol.% SiC (20nm), (d) Ti64 + 10 vol.% SiC
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Figure 5.10: Wear rate as a function of reinforcement size and volume fraction

5.3.5.2 Coefficient of friction

Figure 5.11 shows the COF data as a function of varying reinforcement volume fraction and
reinforcement size of as-HIPped TMCs. There is a clear trend in terms of the COF value decreasing
from 0.45 to 0.38 with the addition of 5 vol.% SiC, which indicates a clear enhancement of the
tribological performance. The increase in reinforcement content up to 5 vol.% increases the resistance
of the material to thermal softening and abrasive wear mechanisms. This could be attributed to the
fact that TiC particles are extremely hard, so they can strengthen the matrix and protect it from

abrasive wear. With further additions of SiC, the COF value increases even beyond the un-reinforced
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Ti-6Al-4V with a value transcribing to 0.48, which could be attributed to 3-body abrasive wear taking
part between the wear debris and hard counter-body. These findings agree with Baradeswaran et al.
[24] who reported a similar trend with AA7075-Al,0; composites. As the reinforcement size is
decreased from 5 um to 20nm, the data clearly shows a drop in COF values from monolithic Ti-6Al-4V
and the micron-reinforced 5 vol.% TMC. The COF value of the nano-reinforced TMC was roughly 0.36,
compared with the 0.38 recorded value for the micron-reinforced sample. This could be due to the
increase in hardness, stronger interfacial bonding, and grain refinement contribution from the nano-

reinforcements.

AGA Ti-6Al-4V
Ti-6Al-4V + 5 vol.% SiC (5 pm)
Ti-6Al-4V + 5 vol.% SiC (20 nm)
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Figure 5.11: COF data of TMCs

5.3.6 Strengthening mechanisms in Ti-SiC TMCs

To predict the structure-property relations of TMCs, understanding the different strengthening
contributions from secondary phases to the overall strength of the composite is vital. Many papers
studying the effect of discontinuously reinforced TMCs have concluded how the secondary phases
influence the compressive strength of the composite with accordance to different strengthening
mechanisms. The strength contributing mechanisms change depending on whether nano-
reinforcement or micron-sized reinforcements are used. However, generally, the overall strength
could be predicted by summing the contribution of load transfer, dislocation strengthening via CTE
mismatch, grain refinement strengthening, and Orowan dispersion strengthening mechanisms as

shown in equation 7.1 below [25].
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Oth = Oym +0y-_p + 0LT + OcTE + Oorowan (7.1)

5.3.6.1 Grain refinement

The Hall-Petch equation describes the contribution of grain refinement on the overall strength of the
material:

1
AO'H_p = 0y + kd 2 (72)

O, is the starting stress for dislocation movement (845 MPa), while k is the Hall-Petch constant used
for the Ti-matrix is 0.3 MPa m%? [26], and d is the average grain size of the matrix. The average grain
sizes used to calculate the grain refinement contribution have been drawn from Table 5.1. Reducing
the matrix grain size to the nanoscale has a significant contribution to the overall strength of the TMCs,
which can be seen in figure 5.12 where the grain refinement contribution due to reinforcement size

reduction from 5 pm to 20nm was 19 MPa.

5.3.6.2 Thermal mismatch strengthening

The contribution due to thermal mismatch strengthening can be expressed by the following equation

[25]:

A = aGb 1247 7.3
Octg = @ —Acfr (7.3)

dr

where k is a material constant (1.25) for Ti [27], G=44 GPa (shear modulus of Ti) [28], b=0.29nm
(Burger vector for Ti) [29], AT (the difference between the HIP temperature and property testing
temperature), AC (thermal mismatch between matrix and reinforcement), fr (volume fraction of
reinforcement), and dr (reinforcement particle size). It is well known that the difference in CTE
mismatch between the matrix and reinforcement results in the generation of geometrically necessary

dislocations (GNDs) during the cooling process, hence the increasing strength of the TMC. It can be
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seen in figure 5.12 that reducing the reinforcement particle size from 5 um to 20 nm significantly
increased the strength, while the contribution is not sensitive to increasing the volume fraction, as

outlined in equation 7.3.

5.3.6.3 Orowan strengthening

Reinforcing metal matrices with nanoparticles, such as SiC nanoparticles, strengthens the metal matrix
by forming loops around the scattered nanoparticles, impeding dislocations movement and increasing
the strength of the TMC. The contribution due to Orowan looping could be evaluated using the

following equation [25]:

dy
0.81 MGb In=-
= (7.4)

Aoorowan 177 =
2n(l1—60)2( = o2
m( ) (2 d, /Zfr dr)

where M=2.6 (Taylor factor for Ti) [30], G= 44GPa (shear modulus for Ti) , b=0.29nm (burger vector),

dr (particle size of reinforcement) , fr (volume fraction of reinforcement), and ©=0.31 (poisson ratio
of Ti) [31]. It can be seen in figure 5.12 that the Orowan contribution in micron-sized reinforcements
is insignificant and can be negligible. This is because the inter-particle spacing is huge. On the other
hand, it is clear from figure 5.12 that the Orowan strengthening mechanism plays a significant partin
strengthening the matrix when nano-reinforcements are used, due to the ability of the nano-

reinforcements to impede dislocation movement.

5.3.6.4 Load transfer

The load transfer mechanism is highly sensitive to the volume fraction of the reinforcement. It
operates on the basis that the load is transferred from the matrix to the stiffer reinforcements. It is
important to note that having a strong between the matrix and reinforcement will enhance the ability

of this mechanism to strengthen the material. The contribution due to load transfer could be

expressed in the following equation [32]:

Aoyr = O-Sfraym (7.5)
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where oym =845 MPa (yield strength of Ti matrix) and f; (volume fraction of reinforcement). Results
presented in figure 5.11 prove that the load transfer capability only changes in relation to the volume
fraction of the reinforcement used, while other reinforcement powder characteristics, such as

reinforcement size and morphology, are irrelevant.

5.3.6.5 The deviation between experimental and theoretical data

A few notable reasons explain why there is a deviation between theoretical and experimental
structure-property relations. Firstly, the equation assumes the yield strength of monolithic Ti.
However, as seen in figure 5h, there is a clear diffusion of silicon into the Ti matrix, which is known to
have a very profound strengthening contribution to titanium [33]. Secondly, interstitials, such as O,
are known to strengthen Ti, and that could suggest that the yield strength drawn from literature is not
accurate. Finally, there is weak interfacial bonding between the matrix and the reinforcement in
micron-reinforced composites, so the load transfer may have not been effective. Another issue that
could cause deviation between experimental and theoretical data are that the constants used are
approximate values derived from different experimental parameters, hence should be used for

estimate values and not absolute values.
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Figure 5.12: Structure property model relating the reinforcement size and fraction to the strength of TMCS
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5.4 Conclusions

This study has investigated the microstructural evolution and the mechanical and tribological
properties of Ti-6Al-4V/SiC composites concerning varying the volume fraction and reinforcement
particle size synthesized via P/M HIP route while rationalizing them with structural-property models.
The effect of reinforcement characteristics on the strengthening contributions has been studied
thoroughly and relationships between the theoretical and experimental values have been validated.

The conclusions are as follows:

1) HIPping Ti-6Al-4V/SiC composite at 950°C has many regions of unconsolidated SiC. Incomplete
in-situ reactions occur. In contrast, HIPping at 1160°C ensures full synthetization of in-situ TisSis
and TiC phase formation.

2) Reducing the reinforcement particle size from 5um to 20nm has a positive influence on the
tribological properties, due to stronger interfacial bonding and dominant strengthening
mechanisms contributions from Orowan looping and grain refinement.

3) Increasing the volume fraction of the reinforcement shows a positive increase in micro-
hardness due to load transfer effect; however, it has a deteriorating effect on the tribological
performance due to delamination and abrasive wear.

4) The deviation between experimental and theoretical structure integrity models could possibly

be due to Si diffusion in the Ti matrix.
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Chapter 6: Characterization of Hot
Isostatic Pressed Ti-6Al-4V/SiC
Functionally Graded Material:
Microstructure, Mechanical and
Tribological Behaviour

Abstract

Ti-6Al-4V (Ti64)-based functionally graded titanium (Ti) composites reinforced with silicon carbide
(SiC) particles were successfully synthesised using the powder metallurgy (PM) hot isostatic pressing
(HIP) technique. The microstructure and micro-hardness values varied along different gradient layers
as the volume fraction of SiC increased ( 0-5-10 vol%.). The different layers of the FGM showed good
bonding and no cracking was observed along the gradient layers. The Ti64 and SiC powders were
blended using roll blending and the average reinforcement particle size (APS) used was 5 um. The
following study investigated the influence of HIP parameters, such as temperature (1160°C) on the
consolidation behaviour of the Ti-6Al-4V/SiC FGM and the microstructural evolution along different
gradient layers. The microstructure and tribological behaviour of the as-fabricated Ti-6Al-4V/SiC FGM
was characterised by means of optical microscopy (OM), x-ray diffraction (XRD), scanning electron
microscopy (SEM), micro-hardness testing, the dry-sliding reciprocating test with coefficient of friction
(COF) and compression testing. Furthermore, structural-property models were established with the
aid of Imagel) to quantify the different phase fractions along the FGM gradient layers, enabling
prediction of the strength of the material, which were then compared to compression test values. It
is important to note that the study successfully synthesised a Ti64/SiC FGM using the PM HIP
technique that had strong interface bonding between the different FGM layers as confirmed by the
crack-free micro-hardness readings recorded at each interface zone. Moreover, the FGM showed
promising compressive properties even at the highest reinforcement volume fraction regions,
including good compressive yield strength values and ductility, there was also a clear trend of
improving compressive yield strength and reduction in ductility values as the reinforcement volume
fraction was increased. For example, even at the interface region between Ti64 + 5vol.% SiC to Ti64 +

10 vol.% SiC, it had a satisfactory ductility of 9%.
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6.1 Introduction

Titanium metal matrix composites (TMCs) offer substantial weight reductions and a higher specific
strength compared to steel alloys [1]. Data has been published suggesting that TMCs can operate in
high temperature applications, providing a 50% weight reduction while still providing a similar
strength, for instance in jet-propulsion systems in the aerospace industry [2]. Incorporating
continuous fibres, discontinuous particulates or whisker reinforcements helps to enhance the specific
strength, tribological behaviour and thermal stability of the material operating at high temperatures
[3]. However, TMCs reinforced with a high reinforcement fraction of tend to suffer with low fracture
toughness [4] as the fraction of brittle phases increase and are more prone to thermal stress changes
induced by the coefficient of thermal mismatch (CTE) between the metal matrix and ceramic
reinforcement. This is where functionally graded metal matrix composites (FGMMC) become the
principal choice for demanding applications that require an interior bulk material with greater
toughness and an outer shell that is highly wear resistant [5].FGM is a type of composite characterised
by a gradient of varying particle type, size and volume fraction that offer different microstructural and
compositions with tailored properties along the gradient [6]. Some demanding engineering
applications require a high hardness at high operating temperatures and high toughness at lower
temperatures [7], and as a result of the grading in FGMMCs, this incompatible set of properties is a
possibility. FGMMCs also solve a major problem faced by metal matrix composites (MMCs), which is
the metal-ceramic debonding caused by the CTE mismatch that tends to affect the dry-sliding
properties of the material [8]. Additionally, FGMMCs have optimisable properties in certain directions
along a gradient line such as strength and ductility, hence they can be tailored for very specific
applications [9]. Extensive research has been conducted on aluminium (Al) based FMMCs,
investigating the different properties ranging from tensile strength [10], wear [11] and hardness [12].
Carvalho et al.[13] synthesised an FGMMC carbon nanotube (CNT) reinforced Al alloy with varying
volume fractions of CNT. The results showed that 2 vol.% CNT had the highest tensile strength
contribution along the FGMMC. Salama et al. [14] successfully produced a FGMMC CNT reinforced Al
alloy using the high energy ball milling (HEBM) PM method. The innermost layer was constructed of
pure Al to allow for maximum ductility, while the other layers were reinforced with 1% and 2% CNT to
increase the wear resistance. Li et al. [6] successfully synthesised a TiC/Ti-6Al-4V FGM with vary
volume fractions (vol.%) of the reinforcing TiC phase from 0-50 vol.% using laser melt deposition. It
was reported that when the vol.% of TiC reached 40-50 vol.% severe cracking was observed indicating
that the material was very brittle . Panda et al.,[15] fabricated a Ti-TiB FGM by use of sintering varying

the TiB vol.% from 0-80 vol.%, with each layer incrementally increasing in 20 vol.% TiB content. The
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study deduced that the micro-hardness was increased from 420 HV at the base Ti layer up to 1600 HV

at the TiB rich layer.

To date there has been little work carried to investigate the possibility of manufacturing a Ti based
FGMMCs by use of the powder metallurgy (PM) hot isostatic pressing (HIP) technique. Therefore, this
study was conducted in order to understand the relationship constituting the influence of
reinforcement volume fraction on the microstructural development, mechanical and tribological
performance of the FGMMC along different gradient layers using HIP as it opens the possibility of
manufacturing large FGM components that are microstructurally homogeneous and is a simpler

method of synthesizing an FGM.

6.2 Experimental

6.2.1 Material preparation

AGA Ti64 powder, shown in figure 6.3a, has an average particle size (APS) of 15-45um and was
purchased from (LPW Technology, UK). SiC powder with an APS of 5 um was supplied by (Reade
Advanced Materials, USA). Powders were mechanically alloyed (MA) using low-energy ball milling
(HMK-1901) for a duration of 6h, with a ball to powder ratio (BPR) of 4:1 and at a constant 250
revolutions per minute (RPM). To create the FGM, three different powders were prepared: monolithic
Ti64 (0 vol.% SiC), Tie4 + 5 vol.% SiC and Ti64 + 10 vol.% SiC. The powders reinforced with SiC were MA
in the same run. The schematic presented in figure 6.2 shows the FGM preparation route and how

different layers were stacked inside the mild steel canister.

6.2.2 Powder HIP

A mild steel canister was fabricated and used to encapsulate the powder layers. The outer diameter
was 28mm, with a length of 85 mm and wall thickness of 2.03mm. The powder HIP process of the FGM
is depicted in figure 6.1 whereby the powders were MA using ball milling, encapsulated in the canisters
with each layer of the FGM being 28mm in height, and the canister was kept static to avoid mixing of
different layers. The base layer was Ti64, the second layer was Ti64 + 5 vol.% SiC and final top layer

was Ti64 + 10 vol.% SiC, as displayed in figure 6.2. The canister was then outgassed overnight until it
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reached a vacuum level of at least 10° bar and then sealed by hot crimping. The canister then

underwent HIP at a temperature of 1160°C, for a period of 3h at a pressure of 140 MPa.

Powder mixing Powder filling Outgassing + hot crimping HIP FGM Ti64/SiC composite
Hardness Wear SEM

! g \E E@

Figure 6.1: FGM Ti64/SiC composite fabrication process

Ti64 + 10
vol.% SiC

Ti64 +5 vol.%
SiC

Ti6a

[ 2]

Powder blending Canister stacking

Figure 6.2: FGM preparation method

6.2.3 Microstructural characterisation

The as-HIPped FGM was wire cut using an electrical discharge machine (EDM), ground and polished
for microstructural characterisation. Scanning electron microscopy (SEM) was first used to analyse the
microstructure followed by an energy dispersive spectroscopy detector (EDX), in order to rationalise

the FGM phase contents along different gradient layers, in relation to their mechanical and tribological
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properties. Optical microscopy (OM) was also utilised to study the different gradient layers of the

FGM.

6.2.4 Mechanical and tribological properties

Compression testing was conducted on FGM samples with a diameter of 8mm and a height of 10mm.
Five samples were extracted using an EDM Ti64 (FGM 1), Ti64 + 5 vol.%, Ti64 + 10 vol.% interface (FGM
2), Ti64 + 10 vol.% SiC (FGM 3), Ti64 + 5 vol.% SiC (FGM 4), Ti64 + 5 vol.% SiC (FGM 5). The machine
used to conduct the compression testing at room temperature was a universal testing machine (ESH
Testing 200). The testing was conducted at a constant crosshead rate of 2mm/min using a load cell of
100 kN, the maximum load of the machine. For the micro-hardness measurements, a load of 1kgf was
placed on the as-polished samples using a micro-hardness tester (Wilson VH1202, Beuhler) to obtain
an average of 10 readings of the different FGM layers. The recommended spacing used was as
specified in the ASTM E384-17 standard. Furthermore, four micro-hardness indents using a load of
100g were applied on two of the FGM sample FGM 5 and FGM 2 along the gradient layer and the
micro-hardness values rationalised using EDX line scans and mapping of related phase content to the
micro-hardness. In terms of the tribological properties of the FGM, a reciprocating wear testing
machine with COF measuring capabilities was utilised at room temperature. The counter-body used
was an aluminium oxide (Al,Os) ball with a diameter of 10mm and a reported hardness of 1600 HV.
The test was conducted on a dry surface over the as-polished samples in a reciprocating motion. In
terms of the test parameters used, a load of 20N, a sliding speed of 10mm/s and a sliding distance of
5mm were used for a duration of 30 minutes. Finally, the worn surfaces were extensively examined

using an SEM and EDX to analyse the wear mechanisms that were at play on the FGM surfaces.

6.3 Results and discussion

6.3.1 Powder characterisation

Figure 6.3a shows an SEM micrograph of as-received AGA Ti64 powder, and the morphology is
observed to be mostly spherical with lots of satellites and a few irregular particles due to the inherent
production process of gas atomisation. The Ti64 powder size range was 15-45um as reported by the
supplier. Figure 6.3b shows Ti64 reinforced with 5 vol.% SiC, and it can be seen that even after MA the

powders, there was a substantial volume of powder clustering and ineffective interfacial bonding
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between the SiC reinforcement and Ti64 matrix due to the large size of the reinforcement relative to
the matrix. Figure 6.3c the micrograph of Ti64 reinforced with 10 vol.% SiC shows that as the volume
fraction of the reinforcement was increased, more clustering and agglomeration of the reinforcement

took place, due to the higher volume fraction and relative size to the matrix used.

Figure 6.3: SEM micrographs: (a) AGA Ti64 15-45um, (b) Ti64+5 vol.% SiC, (c) Ti64+10 vol.% SiC

6.3.2 Microstructural evolution of Ti64/SiC FGM

Figure 6.4 shows OM images of Ti64/SiC FGM at different layers. The red line in the figure has been
drawn in order to separate the interface between one layer of an FGM with the other layer and
provide an easier illustration of the figure. Figure 6.4a shows a layer of Ti64 + 5 vol.% SiC on the left
and a layer of Ti64 on the right. It can be seen from figure 6.4b that the interface is only a few microns
in size while it is also clear that moving from the reinforced side on the left with 5 vol.% SiC to the
unreinforced side on the right, the grains change from more equiaxed grains to lamellar grains when
observing the reinforced 5 vol.% SiC on the left to the unreinforced layer on the right. This could be
attributed to the grain refinement of the reinforcement and how the in situ formed hard phases are
inhibited grain growth. Figure 6.4c shows Ti64 + 5 vol.% SiC on the left and a layer of Ti64 + 10 vol.%
SiC on the right. Again, it can be seen that the layer with 10 vol.% SiC has more equiaxed grains and

grain refinement.
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Figure 6.4: OM of Ti64/SiC FGM: (a) Ti64+ 5vol.% SiC left to Ti64 on right, (b)Ti64+5vol.% left to Ti64
layer on right, (c) Ti64+ 5vol.% SiC on left and Ti64 + 10 vol.% SiC on the right

Figure 6.5 shows SEM micrographs of the Ti64/SiC FGM at different layers and scales. Figure 6.5a
shows an FGM layer changing from a lamellar Ti64 microstructure on the left to a more refined
microstructure reinforced with 5 vol.% SiC on the right. The grading helps achieve a wide range of
properties from fatigue crack growth resistance due to the coarse lamellar a plates achieved by using
the HIP method above the B-transus temperature, to better wear resistance with reinforcing Ti64 with
SiC particles. Figure 6.5b shows the microstructure of Ti64 + 5 vol.% SiC, which clearly demonstrates
that the SiC had in situ reacted with Ti and resulted in the formation of titanium silicides (TisSis) along
the B-grain boundaries and titanium carbide (TiC) that homogenously decorated the prior particle
boundaries (PPBs),the presence of TisSi; and TiC both had been confirmed by XRD in a previous study.
Figure 6.5d shows a micrograph of Ti64 + 5 vol.% SiC on the left and Ti64 + 10 vol.% SiC on the right.
In figure 6.5e it can be seen that there was a higher formation of TisSi; and TiC due to the higher
volume fraction of SiC used, leading to a coalescence between neighbouring Ti particles. Figure 6.5f
shows a micrograph of Ti64 + 10 vol.% SiC at a higher magnification and reveals micro-cracks at the

brittle zones of the TisSiz and TiC.

microcrack

Figure 6.5: SEM micrographs of Ti64/SiC FGM

Figure 6.6 shows an EDS line scan along different gradient layers. In figure 6.6a a scan of Ti64 layer to

Ti64 + 5 vol.% SiC moving from left to right shows. varying silicon (Si), Ti, Al, vanadium (V) and carbon
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(C) content along the gradient layers. In figure 6.6b the line scan confirms that there is no Si diffused
into Ti64 on the left, however, a high peak of Si is detected when the scan reaches the Ti64 + 5 vol.%
SiC area. Furthermore, moving from left to right there is a higher B-Ti content, which could be
attributed to Si diffusing and being a B phase stabilising element. The scan presented in figure 6.6c
shows the Ti64 + 5 vol.% SiC layer on the left and Ti64 + 10 vol.% SiC on the right. The scan in figure
6.6d confirms a higher peak of Si moving from left to the right, indicating that more Si reacted with Ti
resulting in a higher retention of in situ formed TisSi; phase. Furthermore, show the change from one

gradient layer to the next both line scans confirmed the synthesis of a Ti64/SiC FGM via PM HIP.
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Figure 6.6: EDX line scans: (a) Ti64 (left) to Ti64 + 5 vol.% SiC (right), (b) EDX line scan of image (a), (c) Ti64+5vol.%SiC (left)
Ti64 + 10 vol.% SiC (right), (d) EDX line scan of image (c)

6.3.3 Mechanical properties

6.3.3.1 Micro-hardness
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Figure 6.7 shows the variation of micro-hardness at different layers of the FGM from the unreinforced
Ti64, Tied + 5 vol.% SiC and Ti64 + 10 vol.% SiC. There is a clear trend of improved micro-hardness as
the volume fraction is increased, which is assumed be attributed to the strengthening mechanism of
load transfer from the softer matrix to the stiffer reinforcement. It is vital to note that the load transfer
mechanism is sensitive to volume fraction due to the load being transferred from the less stiff matrix
to the stiffer and harder reinforcement, as seen from equation 6.1 below, whereby f; is the volume

fraction and gy, is the yield strength of the matrix [3].

AO-L.T = O.Sﬂo-ym [6.1]
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Figure 6.7: Micro-hardness readings at different gradient layers

Figure 6.8 shows OM images of micro-hardness indents using a load of 100g along different layers of
the FGM. Figure 6.8a shows a line of micro-hardness indentations from the Ti64 layer to the
Ti64+5vol.% SiC layer and figure 6.8b shows an indent around the interface area between both the
monolithic Ti64 region and the reinforced region. It is quite clear from these two images that there is
a variation of micro-hardness. In figure 6.8c indentations can be seen along a layer of Ti64+5vol.% SiC
at the bottom and Ti64+10vol.% SiC at the top, with the variation in size due to differing micro-

hardness due to the reinforcement volume fraction. Looking at figure 6.8b and 6.8d close to the
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interface, micro-cracks can be observed at the indentation, suggesting that the phase was quite
brittle. Figure 6.9 presents the graphical representation of the measured micro-hardness values
corresponding to the indentations seen in figure 6.8. It is quite clear that the micro-hardness was
highest at the top where the Ti64 matrix was reinforced with two strengthening phases: TiC and TisSis.
In figure 6.9b there is a clear trend of increasing micro-hardness values as the reinforcement volume
fraction is raised from 5 vol.% to 10 vol.%, due to the load transfer mechanism discussed earlier. The
numbers on the figures corresponds to different locations on the figure, for example number 1 is the

indent corresponding to the bottom indent on figure 6.8a and so on.

Figure 6.8: OM micrographs of micro-hardness indents: (a) Ti64 (bottom) Ti64+ 5 vol.% SiC (top), (b) interface between
Ti64 and Ti64+5vol. %SiC (c) Ti64+5vol. %SiC (bottom) Ti64+10vol. %SiC top (d) interface between 5 and 10 vol.% SiC
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Figure 6.9: (a) Micro-hardness indents from Ti64+5vol.% SiC to Ti64, (b) micro-hardness indents from Ti64+5vol.%
SiC to Ti64+10vol.% SiC layer

Figure 6.10 shows the EDX mapping of the Ti64 region through to the Ti64+5vol.% SiC region. It can
be observed that a very small amount of Si diffused into Ti due to Si being a B-stabilising element,
which could explain the small increase of micro-hardness in the Ti64 region. However, there is a higher
count of Si on the right side of the FGM that is reinforced with 5 vol.% SiC, confirming that an in situ

reaction occurred with the Si and Ti forming TisSis.

(b) (c) (d)
100 pm 100 pm 100 pm

Figure 6.10: EDX map of Ti64 through to Ti64+5vol.% SiC region; (a) SEM of FGM, (b) EDX map of Ti, (c) EDX map
of V, (d) EDX map of Si

Figure 6.11 shows micro-hardness maps for different regions of the FGM. A matrix of 7x9 using a load
of 10g was used to obtain better readings of each phase’s micro-hardness contribution. In figure 6.11a
an SEM micrograph of the indentation matrix is shown for the Ti64+5vol.% SiC region with its
corresponding micro-hardness map. It can be seen from the map that the strengthening phases are
not homogenously spread out along the matrix, which has resulted in a variation of micro-hardness
readings. Some regions have coalesced with neighbouring strengthening phases resulting in stress
concentrations, while other regions are very lean showing limited strength contributions as indicated
by the micro-hardness map, particularly in the top section of the microstructure. Figure 6.11b shows
an SEM micrograph with an indentation matrix of the FGM area with Ti64+10 vol.% SiC. From
observing the corresponding micro-hardness map, it can be seen that the micro-hardness evolution is
more homogenous due to the neighbouring strengthening phase coalescing and bridging, creating a
more uniform network of hard phases that could act as stress concentrators and areas of failure due
to the brittle nature of the hard phases. It is important to note that the indents in the harder phase
are represented by smaller indents than those in the Ti64 areas that are represented by bigger indents

and a smaller micro-hardness value.
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Figure 6.11: SEM micrograph and corresponding contour maps for micro-hardness matrix using a load of 10g and
spacing of 15um: (a) Ti64+5vol.% SiC (b) Ti64+10vol.% SiC

6.3.3.2 Compression testing of FGM

Compression testing was carried out due to the reason that in tribological applications, components
experience compressive stresses over tensile stresses. Mechanical properties of the FGM were
evaluated by conducting compression tests at five different regions of the FGM: unreinforced Ti64
(FGM 1), Ti64+5vol.% SiC to Ti64+10 vol.% SiC (FGM 2), Ti64+10vol.% SiC (FGM 3), Ti64+5vol.% SiC
(FGM 4) and the interface between unreinforced Ti64 and Ti64+5 vol.% SiC is (FGM 5). The

compressive yield strength, ultimate compressive strength (UCS) and ductility of the different layers

of the FGM are listed in table 6.1.
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Table 6.10: Compressive properties at room temperature for Ti64-SiC FGM

FGM Yield strength (MPa) UCS (MPa) Ductility (%)
FGM 1 (0%) 1570 2201 17.2
FGM 2 (5-10%) 1985 2865 9
FGM 3 (10%) 2042 3263 7.8
FGM 4 (5%) 1780 2620 11.1
FGM 5 (0-5%) 1883 2486 12.3

As predicted, there is an increase in yield strength as the reinforcement volume fraction increases,
while ductility decreases. It is evidently clear than introducing SiC particles improved the ultimate
compressive strength (UCS) of reinforced FGM in comparison with unreinforced Ti64. For instance,
Ti64 (FGM 1) has a UCS of 2201 MPa lower than that for Ti64 + 5 vol.% SiC (FGM 4), which has a UCS
of 2620 MPa, an increase of 16% in UCS. Further reinforcing Ti64 with 10 vol.% SiC (FGM 3), results in
a significant strength improvement of 3263 MPa, an increase of 33%. However, ductility suffered with
increased yield strength with FGM 3 having a ductility reading of 7.8% compared to FGM 1 with 17.2%.
For samples that are at the interface, in this study Ti64 to Ti64+5vol.% SiC (FGM 5), the UCS is 2486
MPa an 11.5% strength increase with a ductility that isn’t significantly reduced. This can be
rationalised in terms of the rule of mixture (ROM) as there is roughly an equal volume of both
unreinforced Ti64 microstructure and reinforced Ti64 with SiC microstructure in FGM 5. Finally, the
interface between Ti64+5vol.% SiC and Ti64+10vol.% SiC (FGM 2), displays a UCS of 2865 MPa with a
ductility of only 9%, revealing a more brittle nature. Figure 6.12 shows a graphical representation of

the compressive properties of the five FGM samples.
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Figure 6.12: Compressive stress strain diagrams of FGM: (a) FGM 1, (b) FGM 2, (c) FGM 3, (d) FGM 4, (e) FGM 5

6.3.3.4 Fracture behaviour

Figure 6.13 shows the SEM micrographs of the fracture surfaces of the various regions of the five FGM
samples that were compression tested. It can be seen from the fracture surfaces of FGM 1 presented
in figures 6.13a-b that ductile fracture is the dominant mechanism of fracture due to the presence of
dimples that represent a high amount of plastic deformation and is in agreement with the high
ductility figure recorded in Table 6.1. The FGM 1 fracture surface also displays a crack initiation and
propagation, confirming the brittle nature of the sample. In figure 6.13c the fracture surface of the
interface between Ti64 and Ti64+5vol.% SiC is shown for FGM 5. The grading is quite clearly visible

from the two different contrasts displayed in the micrograph due to the different densities of the
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materials. In figures 6.13d-e it can be clearly seen that the cracks are initiating from the rich
reinforcement regions that have the hard brittle phases and propagating along that region, showing a
more brittle in nature, and the crack could have initiated from an agglomerated reinforcement region
could be due to the high stress concentration levels. Furthermore, the hard in situ formed phases that
are protruded in figure 6.13e could indicate and further confirm that the load is transferred from the
softer Ti matrix to the stiffer silicide and carbide phases. Figure 6.13f shows the Ti64 region of FGM 5,
whereby dimples and tearing features are visible, further evidence of the ductile nature of the FGM
sample during compressive loading. FGM 3, compromising of Ti64 + 10 vol.% SiC is shown in figures
6.13g-h, revealing worse crack propagation along the brittle reinforcement zones and a higher fraction
of loose debris of hard phases that is in agreement with it having lowest ductility recorded in table
6.1. Figure 6.13h, reveals that cleavage fracture took place, due to the high volume fraction of 10 vol.%
SiCincorporated the brittleness of the in situ formed phases. FGM 4 displayed in figures 6.13i-j, is Ti64
+5v0l.% SiC, and it can be clearly seen from the fractography that even though the dominant fracture
mechanism is brittle, evident from the cleavage fracture and cracks present, it shows signs of plasticity
and a ductile nature in terms of features, such as dimples and tearing ridges, and having ductility
confirmed as being recorded as satisfactory at 11.1% in table 1. Finally, FGM 2,shown in figures 6.13k-
L, it can be clearly seen that the left side is Ti64 + 5 vol.% SiC and the right side is Ti64 + 10 vol.% SiC.
The change from a more ductile but brittle region on the left to a more brittle and less ductile region

on the right can be clearly observed in the fractography in figure 6.13k.
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Figure 6.13: Fracture surface of FGM, (a-b) FGM 1, (c-f) FGM 5, (g-h) FGM 3, (i-j) FGM 4, (k-1) FGM 2

6.3.3.5 Tribological properties

6.3.3.5.1 Worn surfaces

Figure 6.14 shows the SEM of the worn surfaces of the three distinctive layers of the FGM. In figure

6.14a the worn surface of monolithic Ti64 are visible with deep ploughed grooves suggesting
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deformation of the plastic had occurred due to the abrasive wear mechanism taking place. As the
volume fraction of the reinforcement is increased to 5 vol.%, presented in figure 6.14b, there are signs
of abrasive wear with less deep ploughed grooves and micro-cutting due to the increased micro-
hardness of the reinforced region compared to the unreinforced Ti64 region. This can be mainly
attributed to the higher volume fraction of strengthening phases such as TiC and TisSis, and the load
transfer from the softer matrix to the stiffer reinforcing phases. However, signs of delamination can
be seen, indicating that a weak interfacial bond existed between the reinforcing phases and the
matrix, potentially due to the relatively large reinforcement starting powder size compared to the
matrix. Increasing the volume fraction to 10 vol.% SiC, as seen in figure 6.14c, resulted in further debris
forming. It had been expected that the wear would decrease as the reinforcement volume fraction
was increased due to the higher recorded micro-hardness, but this was not the case due to the weak

interfacial bonding between the matrix and reinforcement, resulting in three body abrasive wear

occurring.
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Figure 6.14: SEM micrographs of worn surfaces: (a) Ti64 region, (b) Ti64 + 5 vol.% SiC region, (c) Ti64 + 10 vol.% SiC
region

6.3.3.5.2 COF

Figure 6.15 shows the recorded COF data of the different regions of the FGM during the wear test.
The unreinforced region of Ti64, represented by the orange line, had an average COF of 0.44 over the
duration of 750 cycles and was highly unstable. The region of the FGM reinforced with 5 vol.% SiC,
shown by the blue plot, resulted in the COF value dropping considerably to approximately 0.34 . This
could be attributed to the increase in micro-hardness of the reinforced region of the matrix in
comparison to the unreinforced region of Ti64, as well as a strong interfacial bond between the matrix
and reinforcement. Further increasing the reinforcement volume fraction to 10 vol.% SiC, results in a

dramatic increase in the COF value making it even more unstable than the unreinforced FGM. This can
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be explained since, even though the recorded micro-hardness of Ti64 + 10 vol.% SiC FGM region was
the highest, the COF was high and unstable due to three body abrasive wear mechanism taking place
attributed to the agglomeration of SiC reinforcement at certain regions and the weak interfacial bond
due to the relative size of reinforcement and matrix, resulting in delamination of hard phases. Even
though the average values were quite distinctive, the variation of the COF plot between different
tested materials are large although the test was repeated three times per sample in order to ensure
that the data collected were not anomalies and tested at three different locations at each sample
which could suggest there was a microstructural inhomogeneity in the samples, hence resulting in a

large deviation in the plot.
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Figure 6.15: COF data of different regions of Ti64/SiC FGM
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7 Conclusions

This study was conducted to analyse the synthesis of Ti64/SiC FGM with three layers of varying
reinforcement volume fraction by use of the PM HIP technique and examined the mechanical and
tribological behaviour of the resultant FGM at various regions. The microstructural evolution was
thoroughly investigated in terms of phase evolution and how that impacted the micro-hardness along
the gradient layers. Furthermore, compression properties at various regions of the FGM were tested

and rationalised in terms of the microstructural evolution. The conclusions are as follows:

1) Ti64/SiC FGM was successfully prepared by the PM HIP technique at a temperature of
1160°C,with no visible pores, full consolidation of the composite and synthesis of hard phases

accomplished

2) Synthesis of an FGM composite with no visible cracks at the interfaces and a clear trend of
increasing micro-hardness with the progression from the unreinforced FGM region to the
reinforced FGM region, attributed to the harder phase and potential silicon diffusion into Ti

matrix, resulting in an even greater micro-hardness for Ti64 close to interface area.

3) The FGM shows good compression properties even at the interface between the Ti64+ 5 vol.%

SiC and Ti64+ 10vol.% SiC regions, with a satisfactory ductility of 9%.
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Chapter 7: P/M Hot Isostatic Pressing of
TMCs: Influence of Reinforcement Type,
HIP Temperature and Reinforcement
Volume Fraction on Microstructural
Evolution, Mechanical and Tribological
Properties

Abstract

Ti-6Al-4V (Ti64) titanium metal matrix composite (TMC) was reinforced with titanium diboride (TiB,).
Particles with varying volume fractions (5-10 vol.%) by use of powder metallurgy (PM) hot isostatic
pressing (HIP) technique. In addition, the as-received mechanically alloyed (MA) titanium-silicon
carbide (Ti-SiC) nanocomposite and titanium-titanium carbide (Ti-TiC) nanocomposite were
successfully prepared by HIP. The following study investigated the influence of HIP temperature
(950°C and 1040°C) on microstructural evolution and consolidation behaviour of the HIPped
nanocomposites, and how that influenced the mechanical properties, such as micro-hardness and
tribological behaviour, e.g. coefficient of friction (COF) and wear. Additionally, the influence of the
reinforcement volume fraction (vol.%) on the mechanical and tribological behaviour of Ti64+TiB, TMCs
were investigated thoroughly. The techniques used to characterise the TMCs were scanning electron
microscopy (SEM) and x-ray diffraction (XRD), whilst the dry-sliding reciprocating test with the
capability to record (COF data was conducted to assess the tribological properties. Furthermore,
structure-property relations of the TMCs were analysed using the rule of mixture (ROM) in order to
predict micro-hardness values, and strengthening mechanisms were also discussed. Some of the key
findings of the study were that the COF of Ti64 + 10 vol.% TiB, was higher than that of Ti64 + 5 vol.%
TiB,, mainly due to three-body abrasive wear, which is attributed to the weak interfacial bonding
between the reinforcement and matrix. Ti-TiC had the lowest COF value due to its high micro-hardness
value and homogenous microstructure; this could be attributed to the MA route selected. Moreover,
the micro-hardness increases and low COF value of Ti-TiC and Ti-SiC could be attributed to Orowan

strengthening mechanism caused by the resistance of the nanoparticles used as reinforcement. The
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experimental and theoretical values of micro-hardness were in agreement, which validate the

modified ROM Reus model.
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7.1 Introduction

Titanium (Ti) and its alloys are known to offer high specific strength, weight reductions and corrosion
resistance in comparison with nickel and steel alloys [1], making them a good fit for petrochemical
and structural applications. However, titanium and its alloys do suffer some shortcomings, such as low
wear resistance, low Young’s modulus and are not suitable for high temperature applications above
700°C [2]. This is where titanium metal matrix composites (TMCs) come into play. By reinforcing the
titanium matrix with hard ceramic particles, such as silicon carbide (SiC) [3], titanium diboride (TiB)
[4], tungsten carbide (WC )[5], titanium nitride (TiN) [6], the wear and thermal resistance of the
composite can be improved. PM is used as the standard for TMC fabrication in industry since ex-situ
techniques such as ingot metallurgy are deemed not suitable for TMCs manufacturing due to the high
reactivity of Ti with oxygen [7]. Some of the challenges of TMCs fabrication using PM technique are
the powder homogeneity, dispersion of the reinforcement in the matrix and the formation of brittle
intermetallic phases [8]. Variables that can maximise and enhance the properties of the TMCs are the
reinforcement size, volume fraction, reinforcement and matrix morphology, dispersion method, and
most importantly, the interfacial bonding between the matrix and the reinforcement [9]. It should also
be noted that it is widely reported in the literature that TMCs fabricated by use of an in situ route
display a higher Young’s modulus and specific strength compared with ex-situ fabrication techniques
[10]. Oyelola et al.,[5] successfully synthesised a functionally graded (FG) Ti-6Al-4V /WC produced by
direct energy deposition. It was reported that TiC containing W (tungsten) rich precipitates in the
matrix, resulted in an increased hardness, and ultimately better wear properties. Kgoete et al.,[6]
studied the oxidation resistance of spark plasma sintered Ti-6Al-4V/TiN composites. They found that
the composites thermally oxidised and Ti-6Al-4V consolidated with TiN particles, which resulted in
improved micro-hardness and high temperature characteristics. It is well documented in the literature
that the foremost blending method for TMCs is mechanical alloying (MA) using low-energy ball milling
[11]. Reported applications of TMCs are for use in thrusters, spray nozzles and compressor fan blades,
as they are light weight and provide high wear resistance, corrosion resistance, and enhanced strength
and hardness [12]. Weng et al.,[13] successfully produced a TisSis/TiC reinforced Co-based coating on
the surface of a Ti-6Al-4V matrix, which resulted in an enhanced tribological performance as a result
of the in-situ formed phases.[14]. To date there has been little work carried out on HIP of Ti-TiC, Ti-SiC
and Ti-WC nanocomposites, therefore, this study was conducted to analyse the effect of HIP
temperature on consolidation, microstructural evolution and tribological performance of the different
as-received MA TMCs reinforced with nano-sized WC, SiC and TiC composites. Furthermore, the work

will also investigate the influence of reinforcement volume fraction on Ti64-TiB, composites fabricated
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by the PM HIP method. As to the authors knowledge, there is not much work done on HIPping of Ti-

TiC, Ti-SiC and Ti-WC nanocomposites.

7.2 Experimental

7.2.1 Materials

Grade 2 titanium (Ti) powder with a particle size range of 45-150 um was MA with different nano-
reinforcements such as WC (22.5 wt.%), TiC (25 wt.%) and SiC (42 wt.%). The as-received powder was
MA and supplied by MBN Nanomaterialia, Italy. Argon gas atomised (AGA) Ti-6Al-4V (Ti64) powder
with a particle size range of 15-45 um was purchased from LPW Technology, UK, while titanium
diboride (TiB,) powder with an average particle size of 5 um was purchased from Reade Advanced

Materials, USA, and used as the reinforcement for the Ti64 matrix.

7.2.2 Powder HIP

The as-received MA composites were consolidated using HIP. Mild steel canisters with an outer
diameter of 30.5mm, length of 70 mm and wall thickness of 2.03 mm were welded using Tig welding
at the University of Birmingham facility. The canisters were then leak tested using a helium leak
detector system (PFEIFFER VACUUM) to ensure they were gas tight at 107 mbarl/s. The canisters were
then filled with powders in a glovebox (Saffron glovebox), outgassed overnight until they reached a
vacuum level of at least 10 bar then hot crimped. In addition, the first set of canisters underwent HIP
using an (EPSI machine, HIP). At 1040°C, a pressure of 140 MPa and a 3h dwell time was applied for
the MA powders and another set prepare by HIP at a sub B-transus temperature of 950°C, dwell time
of 3h and a pressure of 140 MPa for the MA powders. In terms of the blended powders consisting of
Ti64 and TiB,, the canisters used HIP at 1160°C, 140 MPa and a dwell time of 3h. Ti64 was roll blended

with TiB, with volume fractions of 5 vol.% and 10 vol.% for a time duration of 6h.

7.2.3 Microstructural characterisation

In terms of microstructural characterisation, the as-received powders were analysed using an SEM

and energy dispersive x-ray spectroscopy (EDS) in order to view powder morphology and the phases
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present. Cross-sections of the powders were analysed using SEM in order to determine whether any
internal defects such as porosities were present, which could affect densification and consolidation
behaviour. The as-HIP samples were electrical discharge machine (EDM) cut, ground, polished and
etched using Kroll reagent (92% H,0, 2% HF and 6% HNOs) for about 10 seconds for SEM and XRD
analysis. SEM was used to observe microstructural evolution, and XRD to identify the different phases
present in the samples post HIP. The machine used for XRD was the AXRD, manufactured by Protofrom
(AXRD, Proto) with a wavelength (A) of 1.5406°A and Cu Ka radiation and measurements collected at

0.02¢9 step size and 1s time/step.

7.2.4 Tribological and mechanical properties

Micro-hardness matrix indentations of nine by seven (9x7) were conducted on the TMCs 15um apart
in order to study and understand the contribution of the different phases in relation to the
strengthening effect on the composite. The measurements were taken using the (Wilson VH1202 ,
Buehler), with the lowest load of 10g in order to specifically assess the different phases individually
and understand their contribution to the overall strength. Furthermore, 10 indentations using the
spacing recommendations of the ASTM E384-17 standard and a load of 1 kg were also measured in
order to obtain an average micro-hardness for the TMCs. In terms of studying the wear properties,
the wear performance was investigated at room temperature using an in-house sliding reciprocating
machine at the University of Birmingham that can record COF data. The counter-body used were Al,03
balls with a 10mm diameter and high micro-hardness of approximately 1600 HV and the tests were
carried at room temperature. The load used for the reciprocating dry sliding wear test was 20 N, with
a sliding distance of 5 mm and sliding speed of 10 mm/s for a total of 750 cycles. The worn surfaces
were further analysed under SEM and EDX in order to comprehend the dominant wear features
present. Finally, the wear depth was measured and characterised using a (Infinitefocus microscope,

Alicona).

7.3 Results and discussion
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7.3.1 Powder Characterisation

Figure 7.1 shows the SEM micrographs of the as-received MA powders. As seen from figure 7.1a that
the Ti (45-150um) powder morphology is not spherical, being irregular in shape and resembling
platelets. However, the nano TiC reinforcement is seen at figure 7.1a to be homogenously distributed
on the Ti matrix with very few loose particles, displaying a strong interfacial bonding, which enhances
the mechanical and tribological properties. Furthermore, figure 7.1b shows the powder morphology
of the MA Ti-SiC TMC that is irregular and rocky in shape and reinforced with finely distributed nano-
SiC particles with very few loose particles. Finally, figure 7.1c shows the powder morphology of Ti-WC
whereby the nano WC reinforcement is homogenously decorating the Ti matrix. It is important to note
that the irregular, rocky platelet shaped Ti matrix could affect the densification behaviour in
comparison with a spherical powder morphology. Figure 7.1d shows the powder morphology of
Ti64+5 vol.% TiB, that was roll blended (RB). It can be seen from the micrograph that the majority of
the reinforcement powder is stuck to the surface of the Ti64 matrix. However, increasing the volume
fraction of TiB, in Ti64 matrix to 10 vol.% has resulted in reinforcement clustering and a higher fraction
of the particles not adhering to the matrix, as observed in figure 7.1e, is due to the relatively large

reinforcement size in relation to the matrix and the RB mixing technique used.

Figure 7.1: SEM micrographs of as-received powders: (a) Ti-TiC (25 wt.%), (b) Ti-SiC (42 wt.%), (c) Ti-WC (22.5 wt.%), (d)
Ti64 + 5 vol.% TiB,, (e) Ti64 + 10 vol.% TiB;
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Figure 7.2 shows an EDX mapping of the as-received powders in order to determine which powders
were the reinforcements and whether they were homogenously distributed on the matrix powder.
Figure 7.2a and 7.2b show large irregular Ti particles , with smaller TiC reinforcements stuck to the
matrix , confirming that the MA powder was Ti-TiC. In figures 7.2c and 7.2d the EDX scan confirms that
the large irregular powder morphology was Ti and that the small nanoparticles attached to the surface
of the Ti matrix were silicon (Si) rich confirming that they were SiC nanoparticles. Finally, figures 7.2e
and 7.2f confirmed that the large irregular flaky powder morphology observed in figure 7.1c was Ti,

while the nanoparticles attached were WC dominant.

Figure 7.2: EDX maps of as-received powders: (a-b) Ti-TiC (25 wt.%), (c-d) Ti-SiC (42 wt.%) , (e-f) Ti-WC (22.5 wt.%)

Figure 7.3 shows the SEM cross-sections of the different as-received MA powders. The cross-sections
were made by taking loose powders, grinding and polishing them for a few seconds at the lowest
grinding and polishing settings and then taken into SEM for microscopy analysis. In figure 7.3a the
cross-section of Ti-TiC revealed internal porosities and other defects due to micro-cracking originating
from regions reinforced with the hard brittle TiC powder. Figure 7.3b shows the cross-section of Ti-SiC

powders and clearly reveals more internal pores, cracking and defects, while the Ti-WC cross-section
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presented in figure 7.3c displays no apparent porosities or cracking. The internal porosities and defects

could explain the really low packing fraction and tap density.

Figure 7.3: SEM of as-received powder cross-sections: (a-b) Ti-TiC (25 wt.%), (c-d) Ti-SiC (42 wt.%), (e-f) Ti-WC (22.5
wt.%)

7.3.2 Microstructural characterisation

Figure 7.4 shows SEM micrographs of HIPped and etched specimen microstructures. In figure 7.4a the
microstructure of as-HIPped Ti-TiC presented was prepared at a HIP temperature of 950°C, while
Figure 7.4b shows the microstructure of as-HIPped Ti-TiC at a HIP temperature of 1040°C. The
transformation temperature for commercially pure (CP) Tiis approximately 882°C. HIPping at a higher
temperature will stabilize the B phase, since carbon (C) is an a stabilising element and an interstitial
with a high solubility in Ti, as it diffuses into Ti, it will stabilise the a phase at a higher temperature.
However, conducting HIP at elevated temperatures, such as 950°C and 1040°C, will stabilise the R
phase and would transform the Ti microstructure from the a phase to the B phase. It can be seen from
the microstructure of Ti-TiC prepared at 950°C, in figure 7.4a, that the porosities are visible and that
the temperature was not high enough to drive diffusion and ensure full consolidation. However,
increasing the temperature to 1040°C, as seen in figure 7.4b, stimulated diffusion and the level of
porosity was decreased. TiC is known to be a thermodynamically stable ceramic and is used in ex situ
techniques, with no change in size or morphology, and no new chemical compounds are formed.
However, it is widely reported that ex situ processing results in enhanced mechanical and tribological
performance [10]. It is worth noting that the homogeneity of the TiC phase encasing the Ti matrix was
excellent at both HIP temperatures of 950°C and 1040°C due to the MA route used, as seen in figure
7.4c and 7.4d, . In figures 4e-4h the influence of HIP temperature on the consolidation behaviour of
Ti-SiC composite is presented. It can be clearly seen in figure 7.4e and figure 7.4g that HIPping at 950°C,

did not ensure full consolidation with various porosity regions visible, and an incomplete in situ
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reaction took place. On the other hand, raising the HIP temperature to 1040°C ensured full
consolidation with no visible porosities and a complete in situ reaction, as seen in figure 7.4f and figure
7.4h. By observing the Ti-Si phase diagram at a temperature above 886°C and a Si weight percentage
of in the region of 30-40 wt.% , it is expected that titanium silicide (TisSis) would form [3]. Furthermore,
by assessing the Ti-C phase diagram, it can be concluded that at a temperature range higher than
920°C, B-Ti and titanium carbide (TiC) would form. Ti-WC composites are shown in figures 7.4i and
7.4j, and it can be clearly seen that at 1040°C there was a lack of consolidation, large visible porosities
and an incomplete in situ reaction . Figures 7.4k and 7.4l shows the microstructure of Ti64 + 5 vol.%
TiB, composite HIPped at a temperature of 1160°C. In both microstructures that there are regions of
TiB rich and TiB lean zones, due to the inhomogeneous distribution of TiB; during the mixing process
and clustering that was visible in the powder morphology micrograph in figure 7.1d. It can also be

seen that an in situ reaction took place between B-Ti and TiB; as explained by equation 7.1.

Ti+ TiB, ——»2TiB [7.1]

Increasing the volume fraction of TiB, to 10 vol.% , resulted in longer TiB whiskers at the B grain
boundary, as displayed in figures 7.4m and 7.4n, which are denser, a coalescence between
neighbouring TiB whiskers, which could result in strengthening of that region ,and the TiB whiskers
were also seen to adhere to the prior particle boundaries (PPBs). The TiB phase has been confirmed

by the XRD scan in figure 7.6a.

(c) 950°C | d) 1040°C
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Figure 7.4: SEM micrographs of as-HIPped microstructures: (a, c) Ti-TiC (950 °C), (b,d) Ti-TiC (1040 °C), (e,g) Ti-SiC (950 °C),
(f,h) Ti-SiC (1040 °C), (i,j) Ti-WC (1040 °C), (k,1) Ti64 + 5 vol.% TiB,(1160°C), (m, n) Ti64 + 10 vol.% TiB;

Figure 7.5 images shows the EDS of Ti-SiC composite prepared by HIP at a temperature of 1040°C. The
layered EDS map presented in figure 7.5b confirms that the dark contrast precipitates are rich in Si, as
indicated by the red areas. In figure 7.5e it can be seen that there is a small count of C present, which
could have diffused into Ti matrix and strengthen the composite further. Finally, in figure 7.5f, a
spectrum of the Ti-SiC composite shows a high peak of Ti, Si and a small peak of C, which could indicate

the formation of the silicides and potentially carbide phases.
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Figure 7.5: EDX of Ti-SiC HIPped at 1040°C

The XRD pattern displayed in figure 7.6a, shows the presence of TiB at approximately 41° and 42° but
no sign of TiB, diffraction peaks, confirming that TiB, had fully reacted with Ti in-situ synthesising the

TiB phase. The other peaks are a Ti with the exception of a small peak at approximately 38.5° that
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corresponds to B Ti as the HIP temperature was 1160°C. The XRD pattern in figure 7.6b demonstrates
that Ti and SiC successfully reacted to synthesise TisSiz and TiC as highlighted by the cross and triangle
in the figure respectively. The rest of the peaks represent the Ti matrix with the a/B phases shown.
Figure 7.6¢ displays the XRD pattern of Ti-TiC, whereby the formation of the TiC phase peak can be

detected. The Fe is detected as there was some canister diffusion zone material left on the sample.
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Figure 7.6: XRD scans of as-HIPped samples (a) Ti64 + 10 vol.% TiB,, (b) Ti-SiC, (c) Ti-TiC

7.3.4 Mechanical properties

Figure 7.7a Shows the micro-hardness values for Ti64-TiB, composite measured using a 1kgf load. It
can be clearly seen that increasing the reinforcement vol.%, attributes, in this instance from 5 vol.%
to 10 vol.% improves the average micro-hardness of the material. This increase can be attributed to
the hardening effect that was induced by the in situ formed TiB phase. The in-situ formation of TiB

needles from the reaction:

Ti+TiB, = 2TiB (7.2) The resulting formed phases traits higher resistance to plastic deformation which
results in the elevated hardness. Furthermore, increasing the vol.% of a hard reinforcement needle
like TiB in a softer matrix such as Ti64, also increased hardness due to a reduction in the ductile
material in the matrix., The TiB needles impede the Ti64 matrix and transfer the load from the softer
matrix to the stiffer harder TiB phase due to the strengthening effect of the load transfer mechanism.
It is important to note that the load transfer mechanism is extremely sensitive to the reinforcement

volume fraction as seen by equation 7.3.

Aoyr = O-Sfraym (7.3)
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whereby f. is the reinforcement volume fraction and oyn is the yield strength of the matrix.
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Figure 7.7: (a) influence of reinforcement vol.% on micro-hardness of Ti64-TiB,, (b) influence of HIP temperature on
micro-hardness of Ti-SiC and Ti-TiC composites

It is important to note that the standard deviation on the Ti64 + 10 vol.% TiB, was high at £109HV
suggesting an inhomogeneity in the composite microstructure, whereby some areas are rich in TiB
needles and some areas are lean in TiB needles, which is ultimately due to the blending method used
and the relatively large reinforcement volume fraction incorporated compared to the matrix and
powder clustering. Figure 7.7b shows the micro-hardness of Ti-SiC and Ti-TiC as a function of HIP
temperature. There is a clear trend of improved micro-hardness as the HIP temperature is increased
from 950°C to 1040°C, and there are a number of explanations. In terms of Ti-SiC composite, it could
be due to the retention of the hard phases of TisSis, TiC and an increase in the retention of the harder
B-Ti Phase, resulting in a higher load transfer effect. It could resultin Si and C diffusion in the Ti matrix,
which are both known to have a strengthening effect in Ti or it could be attributed to more

consolidation and less porosities, and more regions of reinforcement overall.

7.3.5 Tribological properties

Figure 7.8 shows the worn surfaces of different as-HIPped composites, which commonly displayed as
rough with ploughed grooves, delamination and wear debris, are typical features of abrasive wear
mechanism due to the hard aluminium oxide (Al,0s3) counter-body used resulting in severe plastic

deformation. In figure 7.8a, the Ti64 + 5 vol.% TiB, worn surface is showed and it is clear that there
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are signs of wear debris and delamination, which could be rationalised in terms of a weak interfacial
bond between the reinforcement and matrix due to the large reinforcement size used relative to the
matrix. As the reinforcement volume fraction is increased to 10 vol.% of TiB, as seen in figure 7.8b, the
features of abrasive wear and wear debris are reduced due to the higher micro-hardness as shown in
figure 7.7a. Figure 7.8c shows the worn surface of Ti-TiC composite that was prepared by HIP at
1040°C, and it can be clearly seen that there are signs of abrasive wear mechanism, such as
delamination and wear debris. However, it should be noted that there is less delamination in
comparison with Ti64 + 5 vol.% TiB, due to a higher micro-hardness of the composite and stronger

interfacial bond between Ti reinforced with nano-sized TiC from a MA blending route.

(b)

Wear debris’. ! . i 3 Delamination
\

Wear debris

Delamination

1+ Micro-cracks

Delamination

Figure 7.8: SEM micrographs of worn surfaces (a) Ti64 + 5 vol.% TiBy, (b) Ti64 + 10 vol.% TiB, (c) Ti-TiC HIPped at 1040°C

Figure 7.9 shows the COF data of the composites, as a function of reinforcement vol.%, for Ti64
reinforced with TiB, and the Ti-TiC composites. The COF of Ti64 + 5 vol.% TiB, was recorded as 0.41
over the 800 cycles, while the COF of Ti64 + 10 vol.% TiB, was recorded as 0.43. The results achieved
can be mainly attributed to three body abrasive wear mechanism, whereby the counter-body slide
over the wear debris from the composite, . The main reason there is an increase in the wear debris
and delamination of Ti64 + 10 vol.% TiB;, can be mainly attributed to the weak interfacial bond between
the reinforcement and the matrix due to the large size of the reinforcement particles (5 um) relative
to the matrix ( 15-45 um) and the blending method used, which lead to an inhomogeneity in the
blended powders and is clearly visible in the micrograph. The micro-hardness of the Ti64 + 10 vol.%
TiB, composite had a standard deviation of 109 HV. Finally, the COF of Ti-TiC HIPped at 1040°C was
recorded as 0.38 from the sliding reciprocating wear machine and averaged over three intervals and
even though the microstructure was not fully consolidated as seen in figure 7.4c, it resulted in a better
tribological performance in comparison with the fully consolidated Ti64+TiB,. This, again, could be
attributed to the improved homogeneity as a result of the MA technique used. The COF values of the

TMCs are all within the range of variation and there was not a huge difference in COF values.
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Figure 7.9: COF data of the as-HIPped composites

Figure 7.10 shows the wear rate of the as-HIPped composites. The volume loss of the samples were
analysed using an Alicona optical profilometer. It can be clearly seen from the plotted wear rate in
figure 7.10, that Ti64+10 vol.% TiB, exhibited the highest wear rate, followed by Ti64+5 vol.% TiB, and
Ti-TiC. The results are in agreement with the COF data presented in figure 7.9 and the worn surface
micrographs shown in figure 7.8. Even though the micro-hardness of Ti64+10 vol.% TiB; is higher than
Ti64+ 5vol.% TiB,, the wear rate is higher in Ti64+10 vol.% TiB,, which could be attributed to the
debonding of the reinforcement phase at higher volume fractions, resulting in three body abrasive

wear and accelerating the wear rate.
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Figure 7.10: Wear rate for Ti-TiC, Ti64 + 5 vol.% TiB, and Ti64 + 10 vol.% TiB,

7.3.6 Structure-property relations

In order to predict the structure-property relations, such as micro-hardness and compressive strength
of the composites, the different contributing strengthening mechanisms will be explained and
discussed in terms of how they influence the overall strength of the composite being analysed.
Generally, the overall strength of a composite can be calculated in terms of the contributions of the
load transfer mechanism, Hall-Petch grain refinement, dislocation strengthening and Orowan
strengthening for nanocomposites. Moreover, in order to be able to predict the micro-hardness of
composites based on the phase fractions of the formed phases, the ROM could be utilised in terms of
the Hashin and Shtrikman upper bound (Voist) and lower bound (Reus) models [14]. The overall

compressive strength of a composite can be calculated by using equation 7.4.

Oth = Oym + 0y—p + 01 + Ocre + Oorowan (7.4)

whereby oym is the yield strength of the matrix, ou-p is the Hall-Petch grain refinement, ou-ris the load-
transfer mechanism, ocre is the dislocation strengthening mechanism due to the coefficient of thermal
mismatch (CTE) between the matrix and reinforcement, and the Gorowan is the strength induced from

the Orowan strengthening mechanism due to the use of nano-reinforcements.

7.3.6.1 Hall-petch grain refinement

The Hall-Petch grain refinement equation depicts the influence of grain size on the strength of the

composite and is expressed by equation 7.5.

1
AUH_p = (70 + kd_E (75)

whereby o, is the starting stress for dislocation movement (845 MPa for Ti), k is s the Hall-Petch
constant ( for Ti = 0.3 MPa m%?2 [15]) and d is the average grain size of the Ti matrix.
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7.3.6.2 Load-transfer mechanism

The load-transfer mechanism is highly sensitive to the reinforcement volume fraction. The load is
transferred from the softer matrix to the stiffer reinforcement, and the contribution to strength can
be estimated using equation 7.6.

Aoy = O-Sfraym (7.6)

whereby oym =845 MPa (yield strength of Ti matrix) was used and f; is the volume fraction of

reinforcement [16].

7.3.6.3 Dislocation strengthening via CTE mismatch

Dislocation strengthening using CTE mismatch is a prominent strengthening mechanism which arises
from the CTE mismatch between the reinforcement and matrix. Dislocations are generated during the
cooling process and the reinforcement particles at the grain boundaries will impede dislocation
motion, hence strengthening the composite [17]. The expression used to calculate the strength

contribution due to CTE mismatch is outlined in equation 7.7.

A — aZCh 12AT
Octe = Tfr (77)
b( 1
r

whereby G is shear modulus for (Ti = 44 GPa [18]), k is a constant for the material (for Ti= 1.25 [19]), b
is Burger vector (for Ti= 0.29nm [15]), AT is the difference between the process temperature and
room temperature, fr is the volume fraction of the reinforcement, dr is the reinforcement particle size,

AC is s the thermal mismatch between matrix and reinforcement.

7.3.6.4 Orowan strengthening mechanism

The Orowan strengthening mechanism plays a dominant role by drastically increasing the strength of

a composite through the incorporation of nanoparticles. This mechanism primarily works by
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nanoparticles looping around the dislocations, inhibiting movement and strengthening the composite.

The strength gain due to the Orowan strengthening mechanism can be calculated using equation 7.8.

d
0.81 MGb In =+

AGorowan = 1 1 3
2n(1 —6)2( = or
m( ) (2 d, /Zfr dr>

where G is shear modulus, b is burger vector, dr is particle size of reinforcement , fr is volume fraction

(7.8)

of reinforcement (which are the same values as the those mentioned above in the dislocation
strengthening mechanism), M is the Taylor factor (for Ti M=2.6 [20]) and O is the Poisson ratio (for Ti
©=0.31 [21]).

7.3.6.5 ROM for micro-hardness

In terms of predicting the micro-hardness of composites, the ROM has been utilised in research,
whereby Hashin and Shtrikman came up with upper bound (Voist) and lower bound (Reus) models to
predict the micro-hardness depending on the microstructure [14]. In this study, since the matrix is soft

and reinforced with stiffer phases, the Reus model is used as seen in equation 7.9.

frn | fsn-
Hiow = H_’rlz + H_s) ! (7.9)

where fy, is the phase fraction of the harder phase, Hy is the micro-hardness of the harder phase, f; is

the phase fraction of the softer phase and H; is the micro-hardness of the softer phase.

7.3.5.6 Deviation between experimental and theoretical data

Figure 7.11 shows a plot of the theoretical micro-hardness values for Ti64 reinforced with TiB; particles
with varying vol.% (5-10 vol.%), and Ti-TiC composite HIPped at 1040°C. The theoretical values were
calculated using the ROM, specifically the Reus model shown in equation 8. It can be observed that
theoretical values are practically in agreement with the experimental micro-hardness values, with only
a slight increase in the predicted values overall the experimental. The main reason for the deviation

between theoretical and experimental values is that the equations do not consider the diffusion of C
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and O into the Ti matrix, are well known to have a huge strengthening effect on Ti and the equations
simply ignore those contributions into the yield strength values used for monolithic Ti in order to
simplify the calculations. It is well known that the contribution of strength per each 0.01 wt.% of Cin
Ti matrix is roughly 7 MPa while a 0.01 wt.% of O has a strengthening effect of roughly 12 MPa in Ti
matrix [22]. In addition, the deviation in values could also be attributed to the inhomogeneity of the
blended powders of Ti64 reinforced with TiB, and an ineffective load transfer due to the
microstructural inhomogeneity and weak interfacial bond between the matrix and relatively large

sized reinforcement.

800

700

600
500
400
300
200
100

0

Ti64 + 5 vol.% TiB2 Ti64 + 10 vol.% TiB2 Ti-TiC

Micro-hardness (HV1)

H Experimental (HV) ®Predicted (HV)

Figure 7.11: Structure-property relations of micro-hardness using ROM Reus model
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7.4 Conclusions

The study looked into the influence of HIP temperature on the consolidation behaviour of as-received

MA nanocomposite, such as Ti-SiC and Ti-TiC, and their respective mechanical and tribological

behaviour. The influence of reinforcement vol.% on the mechanical and tribological behaviour of Ti64

reinforced with (5-10) vol.% TiB, particles mixed via roll blending were also investigated. Furthermore,

the structural-property relations, namely the strengthening mechanisms, were extensively discussed

in order to predict and rationalise the mechanical properties such as the micro-hardness. The

conclusions are as follows:

(1)

(2)

(3)

(4)

Ti-SiC composite prepared at a HIP temperature of 950°C did not ensure full consolidation

with large porosities visible, and an incomplete in situ reaction.

The Ti-SiC composite at a HIP 1040°C promoted more consolidation with less visible
porosities and a better in situ reaction taking place, which resulted in the synthesis of the

TisSiz and TiC phases as confirmed by the XRD scan.

Increasing the HIP temperature from 950°C to 1040°C resulted in increased retention of
the TiC phase formation in Ti-TiC composite and a reduction in the porosity area and more

in situ reaction taking place.

TiB, reacted with Ti to form hard TiB needles as confirmed by the XRD scan. By increasing
the vol.% of TiB, from 5 to 10 vol.% resulted in a higher retention of TiB needles that
coalescence around neighbouring grain boundaries, further strengthening the

agglomerated regions.

The increase of micro-hardness observed with the with the 10 vol.% TiB; is mainly be
attributed to the load transfer mechanism and grain refinement. The large standard
deviation could be attributed to the inhomogeneity, which is inherent to the blending

technique used and the relatively large reinforcement size of 5 um.
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(6) Increasing the HIP temperature from 950°C to 1040°C in Ti-TiC and Ti-SiC resulted in a
higher micro-hardness, as a result of less porosity and improved retention of hard in situ

formed phases.

(7) The experimental and theoretical values of micro-hardness are in agreement, validating
the modified ROM Reus model. The small deviation in values could be attributed to O and
C diffusion into Ti matrix, which are known to have significant strength contributions to

the yield strength.
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Chapter 8: Conclusions and Future Work

8.1 Introduction

The work in this thesis is aimed to study and investigate the influence of powder characteristics such
as the reinforcement type, volume fraction and size on the mechanical and tribological performance
of TMCs. Furthermore, the study looks into the influence of process parameters such as HIPping
temperature on the consolidation behaviour, microstructural evolution and in situ phase formation of
TMCs using elemental powders such as B and GNPs and different blending routes such as roll blending
and mechanical alloying. Moreover, an FGM was produced via P/M HIP. It is well known that the
reinforcement size and volume fraction can drastically affect the mechanical and tribological
behaviour through variable strengthening mechanisms such as Orowan strengthening , grain
refinement and load transfer mechanism. Additionally, it is well reported that the difference between
the CTE values between the reinforcement and the matrix can result in strengthening the TMC via
dislocation strengthening which is also investigated in this work. This chapter briefly summarises the

conclusions in Chapters 4,5,6 and 7.

8.2 Influence of HIP temperature on phase formation

Process parameters such as the HIPping temperature directly influence the microstructure, hence the
mechanical and tribological properties of TMCs. For instance, Ti64 is generally HIPped at 920°C below
the R-transus temperature of 980°C, to limit grain growth, retention of R-Ti phase and enhance the
mechanical properties such as strength and ductility. One of the major challenges with HIPping Ti64
and its TMCs is the large brittle diffusion zone that forms during HIPping above the R-transus
temperature as a result of the increased solubility of Fe in Ti and the formation of brittle intermetallic
phases. In order to thoroughly understand the influence of the HIPping temperature on the phase
formation of the TMCs, the TMCs such as Ti64 reinforced with varying volume fractions of SiC, were
HIPped at sub R-transus temperature of 950°C and a dwell time of 6h and above R-transus
temperature of 1160°C for a constant dwell time of 3h and pressure of 140 MPa. The following

conclusions were deduced below:
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e |t can be concluded from the Ti64-SiC TMC work that the samples HIPped at sub-transus
temperature of 950°C, showed a lack of consolidation due to the temperature being too low
to initiate and enhance the diffusivity of Si and reduce the yield strength of SiC in order to

close the pores and have a full consolidation.

e |t was also concluded that the temperature was enough to initiate an incomplete in-situ

reaction between the reinforcement and the matrix.

e It was also concluded that HIPping at 950°C for 6h did not enhance diffusivity, consolidation
and in situ phase formation as the main driver is temperature. The main advantage of HIPping
at 950°C was the small diffusion zone in comparison with HIPping beyond the B-transus
temperature which resulted in a large brittle intermetallic phase zone due to the increased

solubility of iron (Fe) in Ti.

e Another conclusion is, it is well known that carbon (C) diffusivity is ten times faster than the
diffusivity of Si in the B-Ti phase field, and that the maximum possible solubility of Si in RB-Ti
is roughly about 3.7%. Therefore, the phase formation of strengthening phases such as
titanium carbide (TiC) and titanium silicide (TisSis) precipitates increases significantly as the
HIP temperature is raised beyond the B-transus temperature. Furthermore, Ti reacts with C

to form TiC precipitates [1].

In summary, the work investigating the influence of HIP temperature on phase formation in the
Ti64-SiC in Chapter 5, it was concluded that HIPping Ti-6Al-4V/SiC composite at 950°C has many
regions of unconsolidated SiC. Incomplete in-situ reactions occur. In contrast, HIPping at 1160°C

ensures full synthetization of in-situ TisSi; and TiC phase formation.

In terms of further understanding the influence of HIPping temperature on the in situ formation of
phases and the consolidation behaviour of TMCs, HIPping temperatures of sub B-transus (920°C),
(1040°C) and super-transus (1160°C) were studied in Chapter 4, concerning the elemental phase
formation of TMCs using starting additives such as graphene nanoplatelets (GNPs) and boron (B). 1040

°C was selected specifically as it is below the R-transus temperature based on calculations that took
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into account the diffusion of C and O into the Ti matrix, which are both well known in raising the R-

transus temperature beyond 980°C for Ti64. The following conclusions were derived:

e Increasing the HIP temperature from 920°C to 1040°C ensures full consolidation and
complete in situ reaction for Ti64 reinforced with 1 vol.% GNP. HIPping at 920°C shows a lack

in consolidation with large visible porosities and incomplete in situ reaction.

e HIPping Ti64 reinforced with 1 vol.% GNP could enhance the mechanical properties of the
TMC due the presence of nano-sized graphene and the refined grain size of Ti64 in comparison

with HIPping at higher temperatures which resulted in grain growth.

e HIPping temperature of 1040°C was selected based on estimating the O and C content which
estimate the B-transus temperature to be 1070°C, hence why 1040°C was selected and

investigated.

e HIPping Ti64 reinforced with 1 vol.% GNP at 1160°C results in the coarsening of the in situ

formed TiC phase, an increase in B-Ti phase and a lamellar microstructure for Ti.

Moreover, the influence of HIPping temperature on the phase formation and microstructural
evolution of Ti-based as-received nanocomposites and Ti64 reinforced with TiB, particles was

investigated thoroughly in Chapter 7. The conclusions derived from the study are as follows:

e HIPping the As-received Ti-SiC nanocomposite at 950°C showed a lack of consolidation but an

incomplete reaction did take place between the reinforcement and matrix.

e Increasing the HIP temperature to 1040°C shows more in situ reaction taking place between
the matrix and reinforcement resulting in the formation of strengthening phases such as TiC
and TisSi3 as confirmed by the XRD scan. Furthermore, the microstructure showed less

porosity and more consolidation over 950°C due to more diffusion taking place.
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8.3 Influence of reinforcement volume fraction on mechanical and tribological
properties

Increasing the reinforcement volume fraction can result in enhanced strength and tribological
behaviour, however it can also be detrimental in the sense of making the material more brittle and
decreasing the inherent material ductility. The major issue with using a high volume fraction is that it
could lead to agglomeration during the blending process, hence resulting in heterogenous properties
along the microstructure. It is well known that increasing the reinforcement volume fraction
strengthens the TMC due to multiple strengthening mechanisms coming into play such as mainly the
load transfer mechanism, which is highly sensitive to reinforcement volume fraction, grain refinement
due to the in situ formed hard phases that decorate the PPBs and dislocation strengthening which is
highly sensitive to both the reinforcement size and volume fraction. The influence of reinforcement

volume fraction on the properties was investigated in Chapter 4,5, 6 and 7.

In Chapter 4, the influence of reinforcement volume fraction of GNPs on the mechanical and

tribological behaviour of the TMCs were investigated and the following conclusions were drawn:

e Increasing the reinforcement volume fraction of GNP from 1 vol.% to 2 vol.% resulted in a
higher micro-hardness which can be mainly attributed to the strengthening effect of the load

transfer mechanism.

e The increase in reinforcement volume fraction resulted in a lower COF value which can be
attributed to both a higher micro-hardness and the unreacted GNP on the surface which

helped lubricate the TMC during the wear test as confirmed by the Raman spectra.

e Interms of CTE measurements, Ti64 reinforced with 2 vol.% of GNP recorded the lowest value
, even against Ti64 reinforced with 1 vol.% GNP and 1 vol.% B and that could mainly be
attributed to a higher volume fraction of GNP and more retention of TiC which has the lowest

CTE value and based on the ROM, the measurement can be rationalised.

In Chapter 5, the influence of SiC volume fraction the mechanical and tribological behaviour. The

following conclusions can be drawn and are summarised below:

e Increasing the volume fraction of the SiC reinforcement, resulted in a higher recorded micro-

hardness which could be mainly attributed to a higher retention of hard phases such as TiC
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and TisSiz and the strengthening effect of the load-transfer mechanism mainly. On the other
hand, it had a negative impact on the wear and COF values due to 3-body abrasive wear. The
3-body abrasive wear is apparent due to the weak interfacial bond between the reinforcement

and matrix.

In chapter 7 other reinforcements were investigated such as titanium diboride (TiB;) and the following

conclusions are drawn below:

e Increasing the reinforcement volume fraction of TiB, from 5 vol.% to 10 vol.% resulted in a
higher micro-hardness value due to the strengthening effect of the higher retention of TiB
needles that formed due to the in situ reaction between Ti matrix and TiB; as confirmed by
the XRD scan. The higher retained TiB needles coalescence around surrounding grain

boundaries and strengthen certain regions more.

e The large standard deviation in micro-hardness could be attributed mainly to the blending
route used and the large size of the reinforcement powder used at 5um relative to the matrix

size.

8.4 Influence of reinforcement size on the mechanical and tribological properties

The reinforcement particle size has a significant influence over the mechanical behaviour and the
tribological properties of TMCs. Reducing the reinforcement particle size from micron size to nano-
size can influence the mechanical and tribological behaviour positively due to mainly the attribution
of the Orowan strengthening mechanism which is a dominant strengthening mechanism in
nanocomposites. The influence of reinforcement particle size on the mechanical and tribological
properties was investigated mainly in Chapter 5 whereby two different sizes of 5 um and 20 nm were
selected for the SiC reinforcement at a constant reinforcement volume fraction. The following

conclusions were derived from the research:

e Reducing the reinforcement particle size from 5 pm to 20 nm resulted in a micro-hardness
increase at a constant reinforcement volume fraction of 5 vol.%. The increase in micro-
hardness can be attributed to grain refinement, orowan strengthening and dislocation

strengthening mechanisms.
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Reducing the reinforcement particle size from 5 um to 20 nm reduces the COF even in
comparison with Ti64 reinforced with 10 vol.% SiC. Even though the micro-hardness of Ti64
reinforced with 10 vol.% SiC is higher, the interfacial bonding between the reinforcement and
the matrix is weaker, resulting in 3-body abrasive wear to take place, hence increasing the

wear rate.

From the structure-property modelling, the biggest strength contribution was due to the
Orowan strengthening mechanism. Reducing the reinforcement particle size from 5 um to 20
nm increased the orowan strength contribution from 2.8 MPa to 282.2 MPa at a constant
volume fraction of 5 vol.% reinforcement. The strengthening mechanism works by inhibiting

dislocation movement due to the nanoparticle’s role as obstacles.

Another big contribution to the strength is due to the CTE mismatch between the
reinforcement and the metal matrix as predicted by the structure-property model. It is known
that dislocations can be generated in the metal matrix upon the cooling process and
geometrically necessary dislocations are produced. However, the CTE mismatch strength
contribution in nano-composites are not consistent with experimental data in other works [3]
which is attributed to internal stresses generated due to the CTE mismatch are reduced

drastically as the reinforcement particle size is reduced from the micron to the nano-scale.

8.5 Influence of FGM layers on mechanical properties

It is a well-known fact that increasing the volume fraction along different layers of an FGM can

drastically tailor the microstructure to certain needs, hence result in varying mechanical and

tribological behaviour along the gradient. Chapter 6 looked into synthesizing a Ti64 reinforced with

varying vol.% of SiC FGM (0,5,10) vol.% via P/M HIP and test the mechanical properties such as the

compressive strength, fractography and tribological behaviour. The conclusions derived from the work

are as follows:

Successfully HIPped a three layer Ti64/SiC FGM with no visible cracks at the interface which
shows a strong bond between different gradient layers as shown by the crack free indents

from the micro-hardness testing.
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e The micro-hardness showed an increasing trend at different layers as the volume fraction of
SiC was increased. Furthermore, Ti64 showed a higher recorded micro-hardness that the
typical value in the unreinforced region which could be potentially due to Si diffusion into the

Ti matrix which is known to have a profound effect on strength.

e The compressive values of the unreinforced region of Ti64 had a ductility of 17.2% and a yield
strength of 1570 MPa. The fractography showed mostly regions of ductile fracture which can

be seen by features such as the dimples that were highly present in the sample.

e There is a clear trend of decreasing ductility values as the reinforcement volume fraction is
increased while the compressive yield strength increases with an increase in reinforcement

volume fraction.

e The interface regions between unreinforced Ti64 and Ti64 reinforced with 5 vol.% SiC shows
a compressive yield strength and ductility values that are in between unreinforced Ti64 and

Ti64 reinforced with 5 vol.% SiC.

e Asthe reinforcement volume fraction increases, the brittle nature seen from the fractography
increases as indicated by the increase in the cracks and cleavage fracture features. The cracks
are initiated from the regions that have an agglomeration of the hard phases, acting as stress
concentration areas which is undoubtedly an inherent issue related to the powder blending

route used and the relatively large reinforcement size in comparison to the matrix powder.

8.6 Influence of blending method on the microstructural homogeneity and properties

It is well known that the blending route to process TMCs can influence the microstructural
homogeneity, hence the mechanical and tribological properties. Chapter 5 investigated the influence
of blending method on the microstructural homogeneity and the properties. The conclusions derived

from the study are as follows:

e MA using ball milling ensured the reinforcement particles to stick to the matrix, improving

interfacial bonding and resulting in less delamination after wear testing

e De-agglomerating the nano-particles using wet ultrasonication in ethanol as a process control

agent prior to ball milling ensured that the reinforcement was not agglomerated, hence
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further improving the distribution on the matrix and resulting in more homogenous properties

such as micro-hardness as reflected by the lower error bar in comparison with roll blending

8.7 Comparison between different reinforcements on the mechanical and tribological
properties

Selecting a suitable reinforcement for a TMC depends on many factors which includes the CTE
mismatch between the matrix and reinforcement that can influence the thermal residual stresses in
brittle reaction zones, the in situ formed phase and the processing temperature required to synthesize
the phase, cost, density of reinforcement in comparison to the metal matrix that could determine how
much or little of a reinforcement volume fraction can achieve a certain increase in strength
contribution and stiffness. Chapter 4 looked into reinforcements such as B and GNP while Chapter 7
investigated different as-received MA nanocomposites using reinforcements such as SiC, TiC and
micron sized TiB,. The conclusions presented below will compare the different reinforcements in
terms of the strength contributions, micro-hardness contributions, wear resistance and whether B and

GNP as starting elemental additives are better than using TiB; and TiC. The conclusions are as follows:

e HIPping Ti64 + 5 vol.% TiB (5 um) at super B-transus temperature results in the formation of

TiB needles at the prior particles boundaries coalescing and forming a network-like structure.

e HIPping Ti64 + 1 vol.% B (1 um) below the R-transus temperature at 1040°C due the oxygen
interstitials content raising the temperature resulted in the formation of finer TiB needles and

a more refined microstructure in comparison to using TiB, as a starting reinforcement.

e 1vol.% B (1 um) increased the micro-hardness of Ti64 from 330 HV to 380 HV which is a
strength increase of 15%, while 5 vol.% TiB, ( 5 pum) increased the micro-hardness from 330
HV to 450 HV 36% which makes it less effective in strengthening the composite as more TiB,
is required to achieve the same strength contributions as B. It is well reported that adding
0.05 weight percent (wt.%) reduced the prior B grain significantly which is due to the in situ
formation of TiB at the GB that acts as nucleation sites for 8 grains [1]. Other reports also
described those small additions of B resulted in a grain refinement of 2-3x [2]. The strength

contributions could be attributed mainly to grain refinement.
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8.8 Future work

Based on the research conducted in this thesis, the main parameters that influence the homogeneity
of the mechanical and tribological properties of the TMC goes back to selecting sub-micron or nano-
sized reinforcements to enhance the interfacial bonding and improve the properties of the composite,
which in turn would depend on the powder processing route using in terms of blending whether MA
using a process control agent or dry roll blending is used. Other important factors that influence the
mechanical and tribological behaviour is selecting a reinforcement that would be chemically
compatible with Ti, low CTE mismatch with Ti and close densities while providing high strength
contributions. Finally, selecting the optimal HIPping temperature to ensure full reaction and in situ
phase formation is vital, while making sure that the brittle intermetallic diffusion zone is relatively
small especially when near net shape (NNS) component structural integrity and tolerances are

important in an application.

8.8.1 Canister material selection

Mild steel is commonly used as a canister for HIP due to the ease of deformation [3]. However, when
processing TMCs at high temperatures, a large diffusion zone with brittle intermetallic phases forms
which can be a region of crack initiation and would result in reducing the structural integrity of NNS
components. Grade 2 Ti can be investigated as a potential canister material to HIP NNS TMC
components and the influence of canister material can be studied in terms of the diffusion zone size

and part tolerances.

8.8.2 Other processing parameters

The HIP process has many parameters that can influence the microstructure, mechanical and
tribological properties directly such as the cooling rate, HIP temperature, dwell time and pressure. The
cooling rate can influence the grain size significantly and the EPSI HIP at the University of Birmingham

has a jet cooling system which can cool at a rate of 100°C/min.

8.8.3 Mechanical testing

Compression testing could be investigated for the other TMCs and compressive yield strength, elastic

modulus and strain can be extrapolated from the data. Other mechanical tests that could be
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conducted are fatigue testing and high temperature properties such as creep resistance at elevated
temperatures. In terms of fatigue, it is known that the high stiffness of ceramic reinforcements could
improve fatigue life under high stresses for rotating components in jet engines for example, however
it the debonding between the matrix and reinforcement could be a potential area of problem that
should be looked into [4]. As to using TMCs in high temperature applications, assessing the creep
behaviour is vital. It is known that most MMCs have the three stages of creep from the primary, steady
state and tertiary state. The metal matrix will creep more noticeably than the ceramic reinforcement
[5]. For example, it is reported that using SiC as a reinforcement will reduce the creep rate substantially
until deformation is reached [6]. Tensile tests could also be carried out in order to assess the materials

response to tensile loading applications in the aerospace field for instance.

8.8.4 Erosion-corrosion behaviour

For applications that require corrosion-erosion resistance such as geothermal power plants and the
oil and gas industry pipelines, Ti and its alloys provide high corrosion resistance in comparison with
other materials such as stainless steel [7]. Studying the influence of different reinforcement types,
volume fraction and size on the corrosion-erosion behaviour could be beneficial in enhancing the

resistance of the composite in harsh operating conditions.

8.8.5 Modelling

Finite element modelling of the shape change that occurs during the HIP process and model the
shrinkage for complex shaped NNS components. Abouaf et al. [8], came up with a model to predict
the densification by accounting for the effect of viscoplasticity, thermal effects and the powder
characteristics. In addition to that, work by Yuan et al. [9] came up with a finite element model that
predicts the dimensions of HIPped Ti64 using the equations governing the plastic yield without taking
into account other densification mechanisms. The reason to simplify the model was due to the fact
that more than 90% of the powder densification takes place from the plastic yield mechanism and the
model shows good agreement with the final geometries [10]. The model used by Abouaf and Yuan

could be employed in future work when NNS components for TMCs are investigated.

8.8.6 Characterization
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Characterization techniques such as electron back scattered diffraction (EBSD) can be utilized to
further study the influence of different reinforcement types, volume fractions and sizes on the grain
size of the TMCs. In addition, high resolution transmission electron microscopy (HRTEM) can be
utilized to confirm the confirm the generation of geometrically necessary dislocations and whether

Orowan looping due to the incorporation of nanoparticles acts as a strengthening mechanism.
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