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Abstract

This thesis presents information on the development and processing of potentially low-cost o+f
Ti-Al-V-Fe alloys. The major problem addressed in this research is the high cost of titanium and
its alloys which have limited their widespread use since commercial production began in the
1950s. Two cost reducing research approaches: substitution of low-cost for expensive alloying
elements, and the optimisation of hot working parameters were adopted in the development and

processing of the low-cost Ti-Al-V-Fe alloys.

In the first approach, two sets of low-cost alloys were developed based on the composition of
commercial grade Ti-6Al-4V, the most utilised titanium alloy. The first set of alloys were
designed by partial and full substitution of expensive vanadium with iron, a low-cost beta
stabiliser, producing Ti-6Al-3V-1Fe, Ti-6Al-2V-2Fe, Ti-6Al-1V-3Fe and Ti-6Al-4Fe alloys. The
second set of alloys was designed by both partial replacement of vanadium with iron and the
reduction of aluminium content from 6 to 4.5 wt%, producing: Ti-4.5Al-3V-1Fe, Ti-4.5Al-2V-
2Fe and Ti-4.5Al-1V-3Fe alloys. The influence of varying composition on the microstructure,

hardness and corrosion behaviour was evaluated.

Thermo-Calc software with the TTTi3 database was used to determine the phases present, their
relative amounts and transformation temperatures under equilibrium conditions. The alloys were
then produced by vacuum arc melting. The microstructure and hardness of as-cast samples and
annealed samples of each alloy were evaluated. The results from the Thermo-Calc modelling
showed that the beta transus temperature of the alloys reduced with increasing iron content while
the volume fraction of the beta phase increased with increasing iron content. When compared to
wrought Ti-6Al-4V alloy, the iron-containing alloys had a lower transus temperature but a higher
volume fraction of beta phase. The annealed alloy showed a reduction in the volume fraction of
beta phase since there was sufficient time for the beta-alpha transformation to take place during

annealing.

The hardness of iron-containing alloys increased with increasing iron content in both as-cast and
annealed conditions. The hardness of the wrought Ti-6Al-4V alloy was lower than all the iron-
containing low-cost alloys except Ti-4.5AI-3V-1Fe. The annealed samples were harder than the
as-cast alloys. The increase in hardness was attributed to the Fe content, reduction in lath

thickness and oxygen contamination during casting and heat treatment.

The corrosion behaviour of the annealed iron-containing alloys were compared with the wrought
Ti-6Al-4V alloy in solutions of sulphuric acid, sodium chloride and mixed sulphuric acid /sodium

chloride. Open circuit potential and linear polarisation measurements were carried out. Ti-6Al-



1V-3Fe and Ti-4.5AI-1V-3Fe alloys had superior corrosion resistance to commercial Ti-6Al-4V

in both sulphuric acid and sodium chloride solutions.

Cost analysis on the low-cost alloys showed that about 7% ($175.6/100 kg) lower cost savings
can be achieved by replacing 3 wt% V with Fe in Ti-6Al-4V. The advantage of cost with the
improved hardness and corrosion resistance was used as a basis for selecting Ti-6Al-1V-3Fe and
Ti-4.5Al-1V-3Fe for further work, i.e. optimisation of hot working parameters as the second cost

reducing approach.

In the second approach, the two selected experimental alloys were machined to rectangular
samples and subjected to isothermal compression testing at varied temperatures (750 - 950°C)
and strain rates (0.001 - 10 s™) on a Gleeble 3500 thermomechanical simulator. The analysis of
stress-strain curve and processing maps were used to determine the optimum processing
condition during hot working. The activation energy for hot working of the alloys was determined
using the hyperbolic-sine constitutive equation. The commercial grade Ti-6Al-4V alloy with a
complex initial microstructure was also investigated. The flow curves exhibited distinct features
under different deformation conditions. This indicated that flow behaviour is dependent on
process variables such as strain rate, deformation temperatures, total strain and initial

microstructures.

Processing maps showed that the optimum processing conditions for the Ti-6Al-4V, Ti-4.5Al-
1V-3Fe and Ti-6Al-1V-3Fe alloys were ~940°C/1 s, ~900°C/0.1s? and ~900°C/0.01 s*
respectively. Microstructural analysis revealed that the dominant softening mechanisms at the
identified optimum processing conditions in both Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys
were dynamic recrystallisation of the prior beta grains and dynamic globularisation of the alpha
phase respectively. Dynamic globularisation occurred much faster and easier in the lower
aluminium alloy Ti-4.5Al-1V-3Fe (0.1s%) than in the Ti-6Al-1V-3Fe alloy (0.01s). The
activation energy for hot working of the alloys was higher in Ti-6Al-4V and Ti-6Al-1V-3Fe than
in Ti-4.5Al-1V-3Fe. Some of the regions of instability were identified as > 935°C/0.05 - 0.1 s*
for Ti-6Al-4V, 750 - 780°C/1.2 - 10 s’* for Ti-4.5Al-1V-3Fe and 750 - 870°C/0.9 - 10 s, Ti-
6Al-1V-3Fe. The microstructures of the samples deformed in these regions revealed non-uniform
deformation, voids and cracking as the unsafe softening mechanisms. These regions should be

avoided when processing the alloys to save cost and prevent waste of materials.
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Chapter 1: Introduction

This chapter provides a brief introduction to the entire thesis. The background and problem
statement, research justification, research questions and objectives and the thesis structure are all

presented in this chapter.

1.1 Background and Problem Statement

Titanium and its alloys are generally recognised as very important metallic materials due to their
high specific strength, good hardenability, excellent fatigue and crack propagation resistance,
low thermal expansion coefficient, biocompatibility and excellent corrosion resistance (Welsch
et al., 1993; Leyens and Peters, 2003; Boyer, 2010; Polmear et al., 2017). Similar to aluminium
and magnesium, titanium is classified as a light metal due to a low density of 4.54 g/cm® (Welsch
et al., 1993; Donachie, 2000; Leyens and Peters, 2003). Despite being the ninth most abundant
element, titanium does not exist in pure form, but occurs mostly in oxide form as rutile and
ilmenite in the earth’s crust because of the highly negative enthalpy formation of its oxides
(Charlu et al., 1974, Ldtjering and Williams, 2007)

Titanium is the fourth most abundant structural metal after iron, aluminium and magnesium
(Leyens and Peters, 2003). More than one hundred alloys of titanium have been developed as
either alpha (a), alpha+tbeta (atf) or beta (B) alloys to meet the requirements of one or more
applications (Joshi, 2006). However, only about 20 of these alloys have been produced on a
commercial scale with Ti-6Al-4V - known as the “titanium workhorse” - accounting for about
50-70% of the titanium market (Polmear et al., 2017). Ti-6Al-4V is the most versatile o+
titanium alloy and is mostly used in the aerospace and chemical industries. Over 70% of this
alloy was utilised in the production of aircraft parts (Donachie, 2000; Leyens and Peters, 2003).
The versatility of the titanium workhorse is attributed to the balanced mechanical properties and
the possibility of manipulating the microstructure via heat treatment. Ti-6Al-4V remains the most
investigated a+f alloy compared to other candidate titanium alloys (Sen and Ramamurty, 2010;
Long et al., 2014).

Titanium alloys have the potential of replacing conventional metallic systems such as steel,
aluminium and cast iron in many land-based applications in the biomedical, sports, jewellery,
automobile and power generation sectors. However, due to high cost of manufacturing, titanium
alloys are limited to special purpose applications in mainly automotive, chemical and aerospace
applications (Wang, 1996; Nochovnaya et al., 2008; Wang et al., 2012b). The high cost of



titanium is attributed mainly to the difficulty of extracting the metal from its oxide ore due to its
high affinity for interstitial contaminants (carbon, oxygen and nitrogen), poor machinability,
multi-stage hot-working, the high energy required for double or triple remelting, ingot
homogenisation and heat treatment (Carman et al., 2011). Furthermore, titanium alloys usually
undergo a series of hot working processes before they are made into finished or semi-finished
products. The complexity in hot working of titanium alloys increases the cost of the alloys, arising
from sensitivity to: compositional and microstructural changes, strain rates, strain and
deformation temperatures (Duan et al., 2007; Wang et al., 2012a). Froes et al. (2007) analysed
the cost of titanium alloys and reported that the cost of a titanium ingot was approximately fifty
times that of steel and ten times that of aluminium, with costs further escalated by complex
processing steps. In another cost analysis of titanium alloys made by Samaterials (2014), it was
reported that producing ingots accounted for 30% of the total manufacturing cost. The primary
conversion of the ingot to mill products, such as plates, bars and billets, accounts for 30% of the
entire cost of titanium alloys with about 20% loss of materials experienced during the process.
The secondary fabrication or machining of titanium mill products to final shapes accounted for
40% of the total processing cost with ~90% of materials wasted during this process (Samaterials,
2014).

Research efforts to reduce the cost of titanium alloys and to extend their application have been
on-going since the Kroll process (Kroll, 1940) was invented. The major routes that have been

considered to achieve this include:

o Total replacement of expensive alloying elements with low-cost elements that fulfil

similar functions,

¢ Improving material utilisation during processing, such as by the powder metallurgy (PM)

route to produce near-net shapes,
e Optimisation of hot-working and machining processes,

e The adoption of novel processing techniques such as the electrochemical deoxidation
metalysis using the Fray, Farthing and Chen Process (Benson et al., 2016; Chen et al.,
2000), the Cristal Metals Armstrong process (Xu et al., 2017) and the FAST-forge

process (Weston and Jackson, 2017) for producing low-cost titanium alloys.

Fujii et al.(2002) replaced expensive vanadium with iron to produce low-cost Ti-Fe-O-N and Ti-
Fe-Al alloys. Wang et al.(2012b) developed Ti-Al-Cr-Fe alloys using a Cr-Fe master alloy. While
the idea of replacing expensive with lower cost alloying elements remains very promising, one
challenge is the formation of intermetallic compounds or unwanted phases in the alloys. For

example, most of the lower cost alloying elements (iron, chromium and nickel) that stabilise the



beta phase are eutectoid formers, whereas the expensive elements (vanadium, molybdenum and
niobium) are isomorphous beta stabilisers in titanium alloys. The elements that undergo an
eutectoid reaction with titanium form intermetallic phases under equilibrium conditions (Fujii et
al., 2002). These intermetallic phases are undesirable because they have detrimental effects on
the mechanical properties and corrosion performance of titanium alloys (Fujii et al., 2002; Fujii
and Takahashi, 2002).

Optimisation of deformation processes has been done using constitutive equations and processing
maps (Duan et al., 2007; Sen et al., 2007), which assisted in determining optimum processing
parameters for manufacturing defect-free titanium profiles, hence reducing energy costs and
decreasing production time. The constitutive equation relates the flow stress to other deformation
parameters such as deformation temperature, strain rates, stress and strain. Developing this model
would make it easier to: determine the optimum processing parameters for hot working of the
alloys, determine the activation energy required to deform the alloys and predict the flow stress
more easily for die filling (in closed die forging) and press load capacity. The equations could
serve as input data for finite element modelling, computer based simulation and optimisation.
The processing map aids in predicting defect-free regions and regions dominated by defects while

subjecting the material to deformation under various processing conditions.

In this research study, the development of low-cost Ti-Al-V-Fe alloys for land-based applications
is presented. The low-cost alloys, sometimes referred to as experimental alloys in this thesis,
contain less than 10 wt% of Al, V, and Fe combined, and were compared to wrought Ti-6Al-4V
as a reference alloy. The addition of Fe was due to its low-cost, strong beta stabilising effect and
a stronger solid solution strengthening effect than vanadium (Chen et al., 2011). Iron, the major
element in steel, is known to be highly susceptible to corrosion. The addition of iron to titanium
raised some concern about the corrosion resistance of the Ti-Al-V-Fe alloys. The influence of
iron additions on the corrosion performance of the alloys was evaluated in various corrosive

media and the results are presented in the subsequent chapters.
The low-cost alloys were produced by casting and two basic design steps were followed:

e Partial substitution of vanadium with iron in commercial Ti-6Al-4V and a reduction in
Al content from 6 wt% to 4.5 wt%.

e Optimisation of the deformation behaviour of the as-cast experimental alloys.

These two steps address the problems of expensive alloying elements and multi-stage forging of
titanium alloys which escalate the cost. The option of partial and not full substitution of vanadium

was chosen to retain some of this isomorphous alloying element to help suppress the formation



of intermetallic compounds which has been reported in previously developed low-cost titanium
alloys (Fujii et al., 2002; Fujii and Takahashi, 2002). Furthermore, optimisation of the hot
working process would help simplify the complex hot working of the alloys during primary

conversion from ingots to semi-finished and finished products.

1.2 Justification of the Research

South Africa has substantial reserves of titanium beach sands that can be beneficiated, developed
into alloys and used for the manufacture of various titanium components (Campbell, 2013).
However, there is no substantial downstream beneficiation or alloy development of titanium in
Africa (Clark, 2012; Wild, 2013). Moreover, South Africa, the second largest producer of
titanium ore (ilmenite) after Australia, exports the ore at a cost of 0.29 USD/kg and then imports
the processed metal at 30 USD/kg (Wild, 2013). This is uneconomical and limits the potential of
the South African titanium industry. There is a drive by government to utilise this abundant
resource by developing a titanium metal beneficiation industry by 2020. This new industry, with
the assistance of the Advanced Metals Initiative of the Department of Science and Technology
(AMI-DST) and the Titanium Centre of Competence of the Department of Trade and Industry
(TiCoC-dti), is expected to expand the titanium alloy manufacturing industry in South Africa,
make the country a global player in the titanium industry and improve the economy (Clark, 2012;
wild, 2013).

The CSIR has developed and patented a metallothermic reduction process producing powder
directly from TiClz (Van Vuuren, 2009; Wild, 2013). A multi-million dollar pilot plant was
commissioned in 2012, with the aim of making the process continuous. The titanium powder,
about the same price as titanium sponge, would be produced at a rate of 2 kg/hour. Due to design
problems, this pilot plant is still not operational and the titanium powder is not available for
testing, hence the performance of the powder as a raw material for the development of alloys is
yet to be evaluated (CSIR, 2018).

This research work entailed the development of low-cost Ti-Al-V-Fe alloys for land-based
applications using elemental powders as starting materials. The initial intention was to use the
CSIR-produced titanium powder in this research. However, commercial titanium powder had to

be used since the pilot plant is still not operational.

It is believed that the findings from this work will still be relevant for assessing the suitability of
the CSIR titanium powder for alloy development in the future. There may be iron pick-up during
the CSIR powder making process. Most titanium finished and semi-finished products are rolled,

forged or extruded during processing. Determining the optimum processing parameters for the
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deformation of Ti-Al-V-Fe alloys by laboratory experimentation, simulation and modelling
would serve as a foundation for further research on other alloys. The utilisation of the optimum
processing parameters for forming processes on an industrial scale would save time, energy and
cost. The low-cost Ti-Al-V-Fe alloys with varied compositions could be used for other general
applications, such as in automobiles, military equipment, sports equipment, chemical processing,
and structures where the extensive testing and qualification processes for the rigorous quality

requirements in the aerospace industry are not required.

Besides titanium, two of the three added elements (vanadium and iron) required for this research
work are readily available in South Africa, especially as South Africa remains the second largest
producer of vanadium after China (USGS, 2014).

1.3 Research Questions

(i)  What are the effects of partial substitution of vanadium with iron and the reduction in
aluminium content on the microstructure and hardness of Ti-Al-V-Fe experimental

alloys?

(i)  What influence do the partial substitution of vanadium with iron and the reduction in

aluminium content have on the corrosion behaviour of Ti-Al-V-Fe alloys?

(ili) What is the influence of a complex initial microstructure® on the hot deformation
behaviour of a Ti-6Al-4V commercial alloy? Can information derived from the hot
deformation behaviour of Ti-6Al-4V serve as the basis for determining the optimum

working conditions of the experimental alloys?

(iv) What influence does the alloy composition have on the hot deformation behaviour of
the experimental alloys? What are the optimum hot working conditions and dominant

softening mechanisms during deformation of the experimental Ti-Al-V-Fe alloys?

1.4 Research Hypothesis

It is envisaged that low-cost a+f Ti-Al-V-Fe alloys with a composition based on the commercial
Ti-6Al-4V alloy can be developed for a wide range of applications, if the factors that contribute

to the high cost of titanium alloys such as: starting materials, production routes, compositional

! Complex initial microstructure refers to the typical microstructure obtained in wrought titanium
products when complete globularisation of elongated alpha plates does not occur during ingot
breakdown and post deformation heat treatment.
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variations and hot working parameters (working temperature, stress, strain, microstructural

evolution, strain rate) can be optimised. This was the focus of this research work.

1.5 Aim and Objectives

The aim of this research work was to develop low-cost a+ Ti-Al-V-Fe alloys for land-based
applications by using elemental powders as the starting material. This was achieved by the

following specific objectives:

()  Producing as-cast Ti-Al-V-Fe alloys using varied Al, V, Fe additions via vacuum arc

melting.

(if)  Assessing the influence of alloy compositions - partial substitution of vanadium with iron
and reduction in aluminium content - on the microstructural evolution and hardness of the

as-cast alloys.

(iii) Evaluating the influence of alloy composition - partial substitution of vanadium with iron
and reduction in aluminium content - on the corrosion behaviour of the produced alloy in

sulphuric acid, sodium chloride and mixed sulphuric acid and sodium chloride solutions.

(iv) Establishing the dominant softening mechanisms and optimum processing conditions

during deformation of a commercial Ti-6Al-4V alloy with complex initial microstructure.

(v) Assessing the influence of alloy composition on the hot deformation behaviour of
experimental Ti-Al-V-Fe alloys. Determining the dominant softening mechanisms and

optimum working conditions during deformation of the alloys.

1.6 Thesis Structure

This thesis is divided into four parts. Part | contains the first three chapters of the thesis. Chapter
1 is the introductory section of the thesis, where the research problem is stated and the motivation
for the research is detailed. The research hypothesis, questions, aim and specific objectives are
presented in this chapter. The second chapter contains the systematic review of literature based
on the findings of previous authors. The factors contributing to the high cost of titanium alloys
are discussed and the several research approaches adopted to reduce the cost of titanium alloys
are summarised. The scientific principles which provide the fundamental understanding of some
of the methods adopted in the experimental procedure are also presented in Chapter 2. Generally
the research gaps in the development of low-cost titanium alloys are also summarised. The third
chapter which is the last chapter in Part | of the thesis, presents the experimental methods that



were used to provide answers to the research questions presented in Chapter 1. The main

contributions of this work are presented in parts Il and Il1.

Part Il of this thesis contains two chapters (Chapters 4 and 5) that address the first and second
research questions. Chapter 4 presents the results and discussion on the influence of partial
substitution of vanadium with iron and reduction of aluminium content on the microstructural
evolution and hardness of the low-cost experimental alloys. Chapter 5 contains the results and
discussion on the influence of partial substitution of vanadium with iron and the reduction of
aluminium content on the corrosion performance of the low-cost experimental alloys. The alloys
with the most desirable performance from a cost, microstructure and corrosion point of view were

selected for further studies and presented in Part I11.

Part 111 contains four chapters (Chapters 6 - 9) which focus on the hot deformation behaviour of
the commercial Ti-6Al-4V and experimental alloys. The chapters address the third and fourth
research questions. This part also includes the overall conclusions drawn from the research.
Chapter 6 presents the results and discussion on the hot deformation behaviour of the commercial
Ti-6Al-4V alloy with a complex initial microstructure. Chapter 7 presents the results and
discussion on the hot deformation behaviour of the experimental alloys. The optimum conditions
for hot working of the commercial and experimental alloys are established in this section. Chapter
8 presents the influence of alloying element on the activation energy for hot working of the alloys.

Chapter 9 provides the research conclusions and recommendations for future work.

Part 1V of this thesis covers the list of references cited in the work and the supplementary

information which is presented in the appendices.



Chapter 2: Literature Review

This chapter comprises a systematic review of the findings that have been reported by authors in
books, journal articles, conference proceedings and technical reports. A general overview of the
metallurgy of titanium is given and the factors contributing to the cost of titanium alloys were
established from the literature. Previous research efforts on cost reduction of titanium alloys were

examined and the research gap that is yet to be filled was established.

2.1 Overview of titanium alloys

2.1.1 History of titanium metal

In 1791, Gregor, an amateur mineralogist, clergyman and chemist discovered ilmenite, magnetic
iron sand, in Cornwall, United Kingdom. Four years later, Klaproth analysed an unknown oxide
of an element in Hungary and named the oxide rutile and the element, titanium (L0tjering and
Williams, 2007).

Titanium is present in the earth’s crust as the fourth most abundant structural element after
aluminium, iron and magnesium, and is difficult to isolate from its ore. Several efforts to isolate
titanium from its ore using sodium, magnesium and calcium with titanium tetrachloride in an
intermediate step proved abortive. This was ascribed to the high affinity of titanium for oxygen,
nitrogen and other interstitial elements (Polmear et al., 2017). Conversely, between 1937 and
1940, Kroll successfully reduced titanium from titanium tetrachloride using magnesium in an
inert gas environment (Kroll, 1940). This process has remained the dominant process for
producing titanium metal on a commercial scale. The product obtained from the process is called
titanium sponge due to its spongy and porous appearance (Lutjering and Williams, 2007).

It took over 100 years since titanium was discovered to develop the first set of commercial alloys.
The target application for these alloys was the aerospace industry in the 1940s after the Second
World War (Sinigaglia et al., 1978). This industry still remains the largest consumer of titanium
alloys to date (Lutjering and Williams, 2007).

Despite the dominance of the Kroll process, there have been many research efforts to produce
titanium metal in powder form to reduce fabrication costs and promote the advancement of the
downstream sector. However, a fully commercialised continuous process for the production of
titanium metal from its ore is not readily available (Lutjering and Williams, 2007; CSIRO, 2016).
The reaction temperature of the Kroll process is high, usually about 800 - 850°C and the entire

process is done in vacuum or inert gas. These process requirements make titanium metal



expensive. Additionally, the variable chemical purity from the Kroll batch process means that a
large stockpile of different matching compositions needs to be maintained, which adds to the cost

of this process (van Tonder, 2010).

Australia’s CSIRO (Australian Titanium, 2012; CSIRO, 2016) and South Africa’s CSIR (van
Vuuren, 2009; Campbell, 2013; CSIR, 2018) have independently attempted to develop
continuous processes for producing titanium metal powder. However, there is a lot more to be

improved to make these processes viable, internationally acceptable and competitive.

2.1.2 Applications of titanium alloys

The applications of titanium alloys are divided into traditional and niche applications. The
traditional applications include the aerospace and the chemical industries (Lutjering and
Williams, 2007; Polmear et al., 2017). Since the early 1950s, titanium alloys were used
predominantly for the production of aircraft frames and engines in the aerospace sector due to
titanium’s specific strength and ability to maintain properties at elevated temperatures when
compared to aluminium alloys, titanium’s strongest competitor in this sector. However, there
were cases of titanium combustion in turbine engines which limited their use in the aerospace
sector (Zhao et al., 1999; Rugg et al., 2016). The improvement in titanium technology led to
development of titanium aluminides and other burn resistant titanium alloys that are capable of
withstanding operating temperatures of 650°C (Wang et al., 2004; Zhao et al., 2006). The
excellent corrosion resistance of titanium alloys makes them well-suited for use in the chemical

industries as fittings and pressure vessels (Lutjering and Williams, 2007).

Niche applications of titanium include biomedical implants, racing cars for Formula One,
consumer products such as jewelleries, watches, cameras, kitchen utensils and various kinds of
sporting goods (Leyens and Peters, 2003; Polmear, 2005). Typical components made from
titanium alloys are shown in Figure 2.1. The choice of applications is determined by a number of

factors such as the alloy class, properties and cost of alloys.

2.1.3 Classification of titanium alloys

Commercially pure titanium exhibits two allotropic phase transformations. At ambient
temperature to 882 + 2°C, pure titanium has a hexagonal close packed (hcp) structure but
transforms to a body centred cubic (bcc) structure above this temperature (Welsch et al., 1993;
Polmear et al., 2017). The temperature at which this transition takes place is known as the beta
transus temperature (Leyens and Peters, 2003). The different lattice structures for alpha and beta
titanium are shown in Figure 2.2. Alloying elements play a crucial role in classifying titanium

alloys. These elements can be added to retain the alpha, beta or both phases at room temperature.



The elements which raise the beta transus temperature are referred to as alpha stabilisers while
elements which lower the beta transus temperature are referred to as beta stabilising elements
(Leyens and Peters, 2003). To produce titanium alloys with a specific phase, it is important to
control the amount of the elements as these could lead to other variants such as the near-o, near-
B and intermetallic compounds. A typical intermetallic compound includes bulk titanium
aluminides that are now developed for high temperature applications due to their good creep
resistance (Leyens and Peters, 2003). The processing, composition, structure and properties of
alpha titanium alloys and beta titanium alloys are presented in the following sections. Since the
targeted alloy type in this study is a+p, detailed information is provided on the composition,

processing, structure and properties of the o+f titanium alloys.

Figure 2.1: Components made from titanium alloys (Salem et al.2014; Liszewski, 2015).

0.468 nm

0.295 nm Y\

a,

Figure 2.2: Structure of titanium: (a) hexagonal closed packed of alpha phase, (b) body
centred cubic of beta phase (Leyens and Peters, 2003).
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2.1.4 Alphaalloys

The alpha titanium alloys include commercially pure titanium (CP-Ti) and the near alpha alloys.
These alloys have a hexagonal closed packed structure at ambient temperature (Welsch et al.,
1993; Polmear, 2005). Interstitial elements such as oxygen, nitrogen and carbon and
substitutional elements such as aluminium and tin are the common alpha stabilisers which raise
the beta transus temperature. Among the interstitial elements that stabilise the alpha phase,
oxygen and nitrogen are added intentionally for strengthening, while other elements are
impurities (Boyer, 1996; Lutjering and Williams, 2007). The commercially pure titanium alloys
are classified as different grades (ASTM Grades 1, 2, 3 and 4) with varying contents of oxygen
and iron. The alpha and the near-alpha alloys contain aluminium and tin, with aluminium
remaining the most important alpha stabilising alloying element (Lutjering and Williams, 2007).
These alloying elements are added within specific limits to prevent loss in ductility (Leyens and
Peters, 2003). An empirical formula used in the design of alpha alloys is the aluminium

equivalent weight (Leyens and Peters, 2003):

Aleq.(wt%) = Al + 1/3Sn +1/62Zr +100 Equation 2.1

To prevent embrittlement of alpha alloys, it has been recommended that the aluminium equivalent
should not exceed 9 wt% (Leyens and Peters, 2003). However, in alpha alloys containing
aluminium as the major alpha stabiliser, the maximum concentration of aluminium has been set
at 6 wt%, as concentrations higher than 6 wt% promote the formation of the TisAl phase. TizAl
has been reported to cause embrittlement in the alpha alloys (Fujii and Takahashi, 2002; Leyens
and Peters, 2003).

The properties of the alpha alloys are directly influenced by the composition, and are primarily
considered for applications where corrosion resistance is required, such as in the chemical and
petrochemical industries. Alpha alloys with small additions of platinum group metals, such as Ti-
Ru and Ti-Pd, were developed specifically for improved corrosion resistance (Leyens and Peters,
2003; Jackson and Boyer, 2010). Generally, alpha alloys exhibit moderate strength, have
excellent formability and weldability but they hardly respond to heat treatment. Table 2.1
summarises the different grades of alpha alloys. The near-alpha alloys contain up to 2 wt% of the
beta stabilising elements such as iron, molybdenum and vanadium, to improve the solid solution
strengthening of the alloys (Boyer, 1995). The typical microstructure of these alloys is dispersed
beta within the alpha grains. The dispersed beta helps in controlling grain growth during process
annealing by pinning the grain boundaries. Thermomechanical processing of the alloys is targeted
towards controlling grain size and crystallographic texture (Flower, 1990; Ldtjering and
Williams, 2007; Prasad et al., 2015).
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The major disadvantage of the alpha alloys are that microstructural control for improved strength
is difficult to achieve when compared to a+f and beta alloys. As a result, strength levels in alpha

alloys are insufficient for structural applications (Lutjering and Williams, 2007).

Table 2.1:  ASTM grades of alpha titanium alloys (Lutjering and Williams, 2007).

ASTM Grade O wt% (max.) | Fewt% (max.) | Yield strength (MPa)
Grade 1 0.18 0.20 170
Grade 2 0.25 0.30 275
Grade 3 0.35 0.30 380
Grade 4 0.40 0.50 480
Ti-0.2Pd (Grade 7) 0.25 0.30 275
Ti-0.2Pd (Grade 11) 0.18 0.20 170
Ti-0.2Pd (Grade 16) 0.25 0.30 275
Ti-0.2Pd (Grade 17) 0.18 0.20 170
Ti-0.1Ru (Grade 26) 0.25 0.30 275
Ti-0.1Ru (Grade 27) 0.18 0.20 170
Ti-0.3Mo0-0.9Ni (Grade 12) 0.25 0.30 345
Ti-3Al-2.5V (Grade 9) 0.15 0.25 485
Ti-3Al-2.5V-0.05Pd (Grade 18) 0.15 0.25 485
Ti-3Al-2.5V-0.1Ru (Grade 28) 0.15 0.25 485
Ti-3Al-2.5Sn (Grade 6) 0.20 0.50 795
Ti-3Al-2.5Sn ELI 0.15 0.25 725

2.1.5 Betaalloys

Beta titanium alloys have the body centred cubic structure at room temperature (Duerig et al.,
1980). These alloys can either be beta-rich or metastable-beta depending on the concentration of
the alloying elements. The alloying elements that stabilise the beta phase in titanium include
molybdenum, vanadium, iron, chromium, nickel and niobium (Weiss et al., 1986). Molybdenum,
vanadium and niobium are isomorphous beta stabilisers, while chromium, iron and nickel are

typical eutectoid formers as shown in Figure 2.3.

The beta alloys are different from the o+p alloys because the beta alloys contain a sufficiently
high concentration of beta stabilisers which causes 100% beta phase to be retained at room
temperature. Usually, a martensitic transformation occurs when o+f alloys are quenched from
the beta phase during heat treatment. This martensitic transformation does not occur in beta alloys
due to the high concentration of beta stabilising elements (Lutjering and Williams, 2007). The
elemental beta stabilising effect is described by the molybdenum equivalent expressed in

Equation 2.2 (Weiss and Semiatin, 1998). This equation is used for designing both beta and a+f
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titanium alloys. To fully stabilise the beta phase, the equivalent molybdenum content must at
least be 10%. Some important beta titanium alloys that have been developed on a commercial
scale are presented in Table 2.2. A more comprehensive list of the different beta alloys is
presented by Weiss and Semiatin (1998). These alloys are attractive for structural applications
because high strength levels can be achieved compared with other classes of titanium alloys due
to their excellent response to heat treatment. The low elastic modulus, high specific strength and
comparable corrosion resistance to the o+ alloys are major advantages of beta alloys, and have

made the alloys suitable for use in the biomedical sector (Weiss and Semiatin, 1998).

Mo eq. Wt%) = Mo + 0.67V + 0.44W + 0.28 Nb + 0.22Ta Equation 2.2
+ 1.6Cr + 1.25Ni + 1.7Co + 2.9Fe — 1.04l

High formability can be achieved in beta alloys due to more slip systems being available in the
bcc structure in comparison to the hcp structure in alpha alloys (Polmear et al., 2017). As a result,
some beta alloys are easily cold worked without defects. The metastable beta titanium alloys can
be aged using different temperatures, holding time and heating rate to achieve a wide range of
microstructural changes and mechanical properties. Appropriate processing parameters are
essential to ensure the satisfactory performance of beta alloys in service. This is because
variations in processing parameters, such as strain rate, cooling rate, solution treating
temperatures, ageing temperature, influence the microstructural features of beta grain size, grain
boundary alpha, primary and secondary alpha and volume fraction of alpha precipitates. Detailed
information on the effect of processing parameters on the microstructure and properties of beta

titanium alloys have been reported (Lltjering and Williams, 2007).

Boce p
o+p B
T hex a
— e
Ti Ti Ti Ti
neutral a-stabilizing [3-stabilizing
p-isomorphous p-eutectoid
(Sn,Zr) (ALO,N,C) (Mo,V.Ta,Nb) (Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Figure 2.3: Classification of beta stabilising elements (Yang, 2015).

The major disadvantage of these alloys includes the high cost of producing the alloys due to the

high concentration of expensive alloying elements such as Mo and V. In addition, the use of

13



euctectoid stabilisers such as Fe and Cr pose segregation problems in many beta titanium alloys
(Weiss and Semiatin, 1998).

Table 2.2: Common beta titanium alloys (Weiss and Semiatin, 1998; and Ltjering and
Williams, 2007).

Alloy Composition Category Mo Equivalent
Ti-17 Ti-6Al-2Sn-4Zr-6Mo-4Cr Beta-rich 5.4
SP-700 Ti-4.5Al-3V-2Mo-2Fe Beta-rich 53
Beta-CEZ Ti-5Al-2Sn-2Cr-2Mo-4Zr Beta-rich 5.1
Ti-10-2-3 Ti-10V-2Fe-3Al Metastable 9.5
Beta 21S Ti-15Mo-2.7Nb-3Al-0.2Si Metastable 18
Ti-LCB Ti-4.5Fe-6.8Mo Metastable 13
Ti-15-3 Ti-15V-3Cr-3Al-3Sn Metastable 12
Beta C Ti3Al-8V-6Cr-4Mo Metastable 16
B120VCA Ti-13V-11Cr-3Al Metastable 23

2.1.6 a+p alloys

The o+ grades of titanium alloys have both hcp and bcc structures at room temperature. The
volume fraction of the bcc beta phase is usually 5 - 40 vol.% (Leyens and Peters, 2003; Polmear,
2005). The o+p alloys are the most utilised group of titanium alloys due to the balanced
mechanical properties offered by these alloys. Among the o+p grades, Ti-6Al-4V (Grade 5) has
accounted for more than 50% of the total titanium alloys used to date (Boyer, 1996; Bauristhene
et al., 2013). It is also the most researched and developed alloy (Leyens and Peters, 2003). A
wide range of microstructural features can be obtained in o+f titanium alloys by carefully
selecting the processing conditions (Brun et al., 1998). For example, the different types of
microstructures obtained in Ti-6Al-4V have a significant influence on the mechanical properties
and overall performance in service (Lutjering, 1998; Weiss and Semiatin, 1998, 1999). Three
common microstructures can be developed in a+f titanium alloys: fully lamellar, fully equiaxed
and bimodal microstructures (Figure 2.4). The different processing techniques used in obtaining

these microstructures are briefly discussed in this section.

Fully lamellar structure

To produce a fully lamellar structure in a+f alloys, two processing methods can be adopted. The
first method involves four processing steps shown in Figure 2.5. These steps include
homogenisation in the beta phase field, deformation in the beta or (o+f) phase region,
recrystallisation and annealing. The critical processing parameter when developing this

microstructure is the cooling rate during recrystallisation. Lamellar thickness increases with

14



decrease in cooling rates. The most important processing parameters when adopting this

processing route are summarised in Table 2.3.
The second method is commonly referred to as beta processed lamellar structure. In this process,
the recrystallisation step in the first method is completely omitted. The steps involved are
presented in Figure 2.6, parameters such as strain rate, cooling rate, time and temperature are
well controlled during deformation to achieve the fully lamellar structure. The advantage of

unrecrystallised lamellae is that grain boundary alpha is broken up. In this process, the cooling
rate after deformation has the most significant influence on the width and volume fraction of the

lamellae. The influence of thickness and volume fraction of lamellae on the mechanical properties

of titanium alloys is presented in Section 2.1.7.

Figure 2.4:  Common microstructures developed in a+f titanium alloys: (a) fully lamellar (b)
fully equiaxed and (c) bimodal (Salem et al.,2014).
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Figure 2.5: Processing steps for obtaining fully lamellar microstructures of a+§ titanium
alloys (LUtjering and Williams, 2007).

Table 2.3:

Important processing parameters for developing fully lamellar microstructures.

Microstructural Features

Important parameters

Processing step

Cooling rate

Size of alpha colonies; width of alpha lamellae; grain

boundary alpha layer
TisAl in alpha; secondary alpha in beta

v

Annealing temperature
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Processing steps for beta processed fully lamellar microstructures of a+f

Figure 2.6:
titanium alloys (Lutjering and Williams, 2007).

Bimodal structure
Similar to the first method used in developing fully lamellar structures, bimodal structures can

be obtained in four processing steps: homogenisation in the beta phase field, deformation in the
(o+P) phase region, recrystallisation and finally ageing or stress relief annealing. One unique
feature of these processing steps is that deformation is carried out in the (a+f) phase region. The
critical parameters that control the resultant microstructural features when developing a bimodal
structure are: the cooling rate after homogenisation in step I, recrystallisation in step Il1, as well
as the annealing temperature in the final step. This is illustrated schematically in Figure 2.7. The
cooling rate controls the width of the alpha lamellae and primary alpha, while the annealing
temperature controls the volume fraction of the primary alpha that is present in the
microstructure. A lower cooling rate favours thicker alpha lamellae and a higher volume fraction
of primary alpha since there will be more time for migration of grain boundaries of the different
phases. The mechanism of forming bimodal structures has been explained by the penetration of

beta phase at the alpha/alpha boundaries which splits the lamellar alpha into globules
(Lutjering,1999).

Temperature
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|I: |III |':II ,"I
| | f lq\ .- f'
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{ | |
IV Time

I Il 1l
Deformation  Recrystallization Aging/
Stress relief

Homaogenization

Figure 2.7: Processing steps for developing a bimodal structure (LUtjering, 1999)
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Fully equiaxed microstructure
Fully equiaxed microstructures can be achieved in titanium alloys by two processing methods

shown in Figure 2.8 and Figure 2.9. The first method is similar to the process used for obtaining
a bimodal structure but the major difference is that the recrystallisation step is followed by a
sufficiently slow cooling rate. In this case, the resultant microstructure has larger equiaxed grains

than the primary alpha of the bimodal structure (Lutjering and Williams, 2007).

The second method involves carrying out a recrystallisation treatment at a temperature low
enough for the volume fraction of primary alpha to be at equilibrium. At the same time, the
recrystallisation temperature is sufficiently high for equiaxed alpha to recrystallise from the
lamellar structure. The mechanism of forming the fully equiaxed structure is similar to that of the
bimodal structure, but in this case, the phenomenon is reversed so that the alpha grains penetrate
into the beta/beta boundaries and break the beta into globules (lvasishin and Lutjering, 1993;
Ltjering, 1998). The important processing parameters for obtaining a fully equiaxed structure is

shown in Table 2.4.
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Figure 2.8: Processing steps for developing an equiaxed structure of a+p titanium alloys
slowly cooled in the bimodal phase region (LUtjering and Williams, 2007).
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Figure 2.9: Processing steps for developing an equiaxed structure of a+p titanium alloys
recrystallised at low temperatures (Lutjering and Williams, 2007).
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Important processing parameters for a fully equiaxed structure (Lutjering and

Table 2.4:
Williams, 2007).
Microstructural features

Important parameters
Cooling rate

I Deformation temperature; deformation
degree; deformation mode

m Slow cooling, low annealing
temperature
TisAl in alpha phase; secondary alpha in

Processing step
Width of alpha lamellae (alpha grain size)

Texture density; dislocation density.

Fully equiaxed structure

Annealing temperature beta

The different processing steps for obtaining the three basic microstructures in o+f alloys have
been briefly described. These steps involve deformation in either the beta or the (a+f) phase
region. This indicates that thermomechanical processing remains a very crucial step for
microstructural control in the development of titanium alloys. The effects of these
microstructures on mechanical properties and overall performance in service are presented in

Section 2.1.7.
In addition to the different processing steps for obtaining the fully lamellar, bimodal and fully
equiaxed microstructures in a+f titanium alloys, as outlined in this section, another important
processing method is the mill-annealing method. Most titanium wrought products such as billets
and slabs are supplied in the mill-annealed condition which provides a wide range of
microstructures. The processing steps are shown in Figure 2.10 where the recrystallisation step
used for obtaining a fully equiaxed structure (Figure 2.8 - 2.9) is omitted. The resultant
microstructure is complex as it is usually undefined. Typical mill-annealed structures in Ti-6Al-
4V are shown in Figure 2.11. The microstructures show partially recrystallised alpha and beta

grains, and deformed alpha lamellae.
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Figure 2.10: Processing steps for obtaining mill-annealed structures (Lutjering and Williams,

2007).
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Figure 2.11: Mill-annealed structure in Ti-6Al-4V alloy (Gil et al., 2001)

While finished titanium alloy components rarely contain this type of complex microstructure, it
can be seen in semi-finished products such as billets, which are then processed into finished
components. Therefore, it is quite important to understand how this complex microstructure
influences the deformation process during conversion of the semi-finished products to final
components. The influence of a complex microstructure on hot deformation behaviour of Ti-6Al-

4V is discussed in detail in Chapter 6.

2.1.7 Correlation between microstructure and properties of a+f alloys

A summary of the correlation between the different microstructural features of the a+p alloys
and the mechanical properties, such as yield strength, tensile ductility, fatigue strength, crack
nucleation resistance, crack propagation resistance and fracture toughness, is presented in this

section.

For a fully lamellar structure, the most important microstructural feature is the size of the alpha
colonies which determines the slip length. The alpha colony size is influenced by controlling the
cooling rate after heat treatment in the beta phase field. At a low cooling rate, coarse lamellae are
formed, while at a very high cooling rate (8000°Cs™), colonies having a typical martensitic

structure are formed (Donachie, 2000).

Sieniawski et al. (2013) reported that the yield strength of o+f titanium alloys increased with
increasing cooling rate. In other words, decreasing the alpha colony size favours an increase in
yield strength. This trend is also consistent with the fatigue strength of the alloys which increased
with a decrease in alpha colony size. Decreasing slip length increases resistance to crack
nucleation and crack propagation in o+ alloys with fully lamellar microstructures. This is
because small alpha colonies are effective obstacles to dislocation motion and crack propagation

when compared with alpha lamellae. With smaller alpha colonies, cracks and dislocation
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branching occurs quite easily and thus increase the yield strength and crack propagation
resistance of the alloys (Hall, 1997; Litjering and Williams, 2007; Ping et al., 2015).

The relationship between cooling rate (which determines the slip length of the alpha lamellae)
and the tensile ductility of different o+p alloys is shown in Figure 2.12 (Sieniawski et al., 2013).
It is seen that increasing cooling rate increased the tensile ductility of the alloys to a maximum

after which there was a drastic drop in ductility with a further increase in cooling rate.
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Figure 2.12: Relationship between cooling rate and elongation of Ti-6Al-4V.

The transition from the region of increased ductility to rapid loss of ductility indicates that there
is an effective alpha colony size for obtaining the optimum ductility in a+f alloys with a fully
lamellar structure (Lutjering and Williams, 2007). The loss of ductility with increasing cooling
rate has been explained by the change in fracture mode as the size of the alpha colony decreases.
The fracture surface of the alloys with alpha lamellae shows a ductile, trans-crystalline type of
fracture with dimples. However, a ductile inter-crystalline simple type of fracture is observed in
alloys with alpha colonies. These fracture modes are dominant at the continuous alpha layers
around the beta boundaries (grain boundary alpha). This same region serves as the preferential
site for crack nucleation.

The amount of ductility loss after peak ductility is reached, is determined by two factors. The
first factor, which had a significant influence on ductility of o+p alloys with a fully lamellar
structure, is the prior beta grain size. The ductility loss in these alloys can be decreased by
reducing the size of the prior beta grains through thermomechanical processing (Brun et al.,
1998). This decreased the slip length and enhanced the ductility of the alloys. The second factor

is the difference in strength between the alpha matrix and the continuous alpha layer on the beta
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grain boundaries. This does not seem to have a significant influence on the ductility of a+p alloys
when compared to high strength beta alloys (Lutjering and Williams, 2007; Sieniawski et al.,
2013). Unlike the high strength beta alloys where there is a large variation between the strength
of the continuous alpha layer and the beta matrix, there is little difference between the alpha
matrix and the alpha layers at the beta grain boundaries (Sieniawski et al., 2013). The influence
of the continuous alpha layer on the properties of high strength beta alloys is not discussed in this

review as this study is centred on the development of a+f titanium alloys.

An increasing a colony size increases the fracture toughness of o+f alloys with fully lamellar
structures. Detailed explanations of the mechanisms are fully described by Lutjering and
Williams (2007).

For o+ alloys with bimodal microstructures, two microstructural features have been considered

important:

e The size of the beta grains which is directly proportional to the distance between the
primary alpha grains

e Alloying element partitioning effects.

To obtain the desired beta grain size, the cooling rate from the beta phase field (shown in step |
of Figure 2.7) must be carefully selected. The size of the alpha colonies in the beta grains of the
bimodal structure is usually smaller than that of the fully lamellar structure. Consequently, the
slip length of o+p alloys with a bimodal structure is smaller than those with fully lamellar
structures (Ltjering, 1998).

When comparing the mechanical properties of the bimodal structure with the fully lamellar
structure on the basis of slip length, it is expected that the alloys with bimodal microstructures
would exhibit better yield strength, tensile ductility, crack nucleation resistance and crack
propagation resistance. However, it has been reported that resistance to crack propagation is
much lower in o+p alloys with bimodal microstructures (Litjering and Williams, 2007). This is
explained in terms of the alloying element partitioning effects which cause elements that are less
soluble in a phase to diffuse preferentially to another phase where they are more soluble. The
partitioning effect of alloying elements has been shown to increase with increasing volume
fraction of primary alpha, and has an effect on both yield strength and crack nucleation resistance
(Latjering, 1998; Rafi et al., 2013; Jadhav et al., 2017). However, its effects on fracture
toughness, ductility and crack propagation are negligible as those are mainly controlled by slip
length and the alpha colony size (Lutjering and Williams, 2007).
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The yield strength of o+p alloys with a bimodal structure is dependent on the contributions of
both alpha colony size and the alloying element partitioning effect. The maximum yield strength
in these alloys is usually attained when the volume fraction of the primary alpha phase is 10 -
20% (Jadhav et al., 2017). Hence, a higher volume fraction of primary alpha would indicate that
the partitioning effect would contribute most to increasing strength, while a lower volume
fraction would result in the dominance of slip length contributions to the yield strength of the
alloys. The crack nucleation resistance in these alloys decreases with an increase in the amount
of primary alpha. The alloying element partitioning effect increases with increasing amounts of
primary alpha, therefore, alpha stabilisers would diffuse from the lamellar alpha in the beta grains
into the primary alpha grains. The alpha lamellae then become less strengthened and more prone

to crack nucleation (Lutjering, 1998).

For a fully equiaxed structure in a+f alloys, the most important microstructural feature is the
alpha grain size, which again determines the effective slip length. Hence, smaller grain sizes
favour a high yield strength, tensile ductility, and resistance to crack initiation compared to large
alpha grains. However, larger grains have a superior fracture toughness compared to small grains
(Lutjering, 1998).

On a commercial scale, it is much easier to develop alloys with a fully equiaxed structure than a
fully lamellar structure for applications where high cycle fatigue strength is required. This is
because a grain size of ~6 um in a fully equiaxed structure has been reported to yield the best
combination of properties (Ltjering and Williams, 2007). To achieve a grain size of ~6 um in
alloys with a fully lamellar structure, a cooling rate of about 1000°C/min is required, which can
only be achieved in very thin sections and not in heavy section profiles. The challenge is similar
in alloys with bimodal structures, because it is quite difficult to achieve primary alpha with an
average grain size smaller than 10 um due to the high recrystallisation temperature (Donachie,
2000).

The resistance of a fully equiaxed structure to crack initiation is higher than that of a fully lamellar
structure when the thickness of the alpha plates in the fully lamellar structure is the same as the
primary grain size in the fully equiaxed structure. In contrast, Wu et al. (2013) showed that a
bimodal structure displayed a higher resistance to crack initiation than a fully equiaxed structure.
They reported that the fully equiaxed structure had a faster crack propagation rate than both the
fully lamellar and the bimodal structures (Leyens and Peters, 2003). This was due to the easy
propagation of cracks through the interconnected primary alpha grains without any obstacles in
the fully equiaxed structure. However, cracks in bimodal and lamellar structures propagate

through the lamellar grains at a much slower rate due to shorter slip lengths. The shorter slip
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lengths serve as obstacles to crack propagation that cause branching of cracks and thus lower the
rate at which the cracks propagate (Broichhausen and van Kann, 1973; Ltjering, 1998; Ankem
and Greene, 1999; Banerjee and Williams, 2013).

In summary, the commercial production of titanium alloys for optimum performance in service
involves selection of appropriate alloying elements as well as a good combination of processing
parameters. This is a complex and expensive task because processing of titanium alloys is time
and energy consuming. The different routes for commercial production of titanium alloys are

presented in the following sections.

2.2 Production of titanium alloys — an overview

To develop lower-cost titanium alloys, it is important to understand the most commonly used
commercial process for production of titanium alloys, which can be divided into three major
sections: the ingot production, primary conversion and secondary conversion processes. Ingots
are produced from melted sponge titanium and other alloying elements. Primary conversion is
the deformation stage where shaping of ingots to mill products is achieved, while the secondary

conversion process is the machining of the mill products.

2.2.1 Ingot production processes

This is the primary method of producing titanium and its alloys. The primary raw materials for
formulating titanium alloys include titanium sponge and other alloying elements (Donachie,
2000). Melting remains the most crucial part of this process because producing a sound ingot
requires adequate control to avoid the introduction of defects. Defects introduced into titanium
alloys during melting can hardly be removed by remelting or subsequent processing methods
such as forging or extrusion. As a result, the production of titanium via the liquid route is much

more expensive (Donachie, 2000; Lutjering and Williams, 2007).

To date, there are two commercial melting methods that are adopted in developing titanium and
its alloys: vacuum arc remelting and cold hearth melting (Donachie, 2000; Ldtjering and
Williams, 2007). The vacuum arc remelting method is the most developed and utilised method
for commercial production of a wide range of titanium alloys. For example, a titanium ingot of
up to 20 000 kg with a diameter of 100 cm can be produced using this method. The larger ingots
are more economic because melting time and reloading of the furnace becomes shorter. In
addition, losses experienced during conversion of ingots to final components are lower with
larger ingots. The ingots are usually cylindrical in shape and are often inverted and melted twice

to improve homogeneity of the alloys (Donachie, 2000; Litjering and Williams, 2007).
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The cold hearth melting is a more recent melting method which was specifically designed to
produce rotor grade titanium alloys (Mitchell, 1998; Akhonin et al., 2003; Zhang et al., 2008).
Either plasma arc melting or electron beam melting is used (Blackburn and Malley, 1993). In
both cases, there is a copper hearth which contains the molten titanium. In the cold hearth melting,
the rate of heat input for melting is balanced against the rate of heat extraction during
solidification; which creates and maintains a thin wall of solid titanium commonly referred to as
the skull. The skull is always in contact with the hearth and prevents the molten alloy from having
contact with the hearth (Lutjering and Williams, 2007).

The cold hearth melting techniques offer some advantages over the vacuum arc remelting
technique (Mitchell, 1998; Zhang et al., 2008). It allows for a refining process which helps in the
dissolution of oxygen- or nitrogen-rich defects. The reuse of titanium scrap and machine turnings
can easily be melted without defects. It introduces gravity separation of high density inclusions
such as tungsten carbide tool bits or tungsten carbide electrode tips when reclaimed scrap is used
as raw materials. These inclusions are trapped in the mushy zone of the skull and are not
transmitted into the ingot. Additionally, non-axisymmetric castings such as slabs and bars of
~12 000 kg can be produced directly. Most importantly, the melting process is amenable to
sensors for real-time process control and detection of process variations during melting (Lutjering
and Williams, 2007).

Despite the advantages of the cold hearth melting technique, rotor grade titanium alloys still
require vacuum arc remelting as a final step, as cold hearth melting could introduce some process
defects into the ingot. For example, aluminium evaporates and condenses on the roof of the
melting chamber during cold hearth melting of titanium alloys (Akhonin et al., 2003; Zhang et
al., 2008). The aluminium can fall back into the melt and form aluminium-rich zones in the
ingots. Vacuum arc remelting helps to homogenise the ingots containing the aluminium rich
spots. In addition, cold hearth melting does not have sufficiently high superheat prior to
solidification, causing the ingot to have a rough surface. Vacuum arc remelting gives a smooth

surface finish that is required in rotor grade alloys (LUtjering and Williams, 2007).

Since vacuum arc remelting remains indispensable to the development of titanium alloys, it is
important to discuss the carefully controlled melting conditions to avoid defects (Donachie, 2000;
Litjering and Williams, 2007). The various defects that can be introduced during melting of
titanium alloys are classified into five different types as shown in Table 2.5 (Litjering and
Williams, 2007).
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Table 2.5:  Melt related defects and their possible causes (Ltjering and Williams, 2007).

Defect Type Possible Causes

Melting and remelting — small water leak, air leak, aggressive grinding during

Type | — Hard alpha or ingot conditioning.

high interstitial | Sponge production — fires during handling or shearing.
defects First melt electrode production — fires during compaction, improperly conditioned
scrap, contaminated master alloy, and contamination during welding.

Type Il — Alpha stabilised

Type Il - High density

Scrap additions: tungsten welding electrodes, tool bits mixed into turnings

inclusions
Type IV - Beta flecks Melting segregation, conversion too close to transus, adiabatic heating effects
Type V - Voids Incorporation of shrinkage pipe

These defects are avoided by ensuring that the following important parameters are frequently

monitored:

The melting environment - to prevent Type | and |1 defects. Air or water leaks in pipes and
vacuum chamber may allow the introduction of nitrogen or oxygen contamination into the
melt. Water leaks may also lead to hydrogen explosion. Molten titanium is very reactive and
nitrogen contamination can lead to the formation of nitrogen-rich TiN. This compound is
very hard and brittle and is commonly referred to as hard alpha, which can fracture under
low stress and can cause incipient cracks in the material (Avyle et al., 1998; Litjering and
Williams, 2007).

The size of the molten pool on top of the ingot - has to be controlled by continuously
adjusting the melt rate. This is achieved by using lower power settings (such as 200 - 275
instead of 400 - 500 kVA) and reducing the ingot diameter from 100 to 75 cm. Controlling
the melt rate prevents freezing segregation which occurs in some alloys such as Ti-17, Ti-
10V-2Fe-3Al and other alloys containing substantial amount of eutectoid forming elements
(Fe, Ni, Cu, Cr). The segregation of these elements causes beta flecks in titanium alloys and
makes the alloys more susceptible to fatigue failures (Avyle et al., 1998; Patel and Fiore,
2016).

The vacuum arc furnaces are equipped with an electrical coil at the top of the ingot mould
to create an electromagnetic field which stirs the molten metal. The coils also help to prevent
the arc from jumping sideways. This improves homogeneity of the alloys (Avyle et al., 1998;
Latjering and Williams, 2007; Patel and Fiore, 2016). The coil also centralises the arc to
prevent hydrogen explosion which is caused by side-wall-melt-through of the water cooled
copper crucible. A titanium melting furnace needs to be built in an explosion proof enclosure

and need to be operated remotely (Poulsen, 2000).
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e As the final section of the ingot is approached, the melt rate is decreased by decreasing the
power in multiple steps. This procedure minimises the extent of shrinkage and type Il defects
at the top of the ingot (Avyle et al., 1998; Lutjering and Williams, 2007; Patel and Fiore,
2016).

2.2.2 Primary conversion process

The end products of the primary production process are billets, bars, sheets, plates and casting
electrodes. Grinding of slabs and turning of round ingot on the lathe are common conditioning
practices that are carried out to ensure a smooth surface finish and adequate removal of stress
concentrators. Additionally, these processes also remove the oxygen-rich layer. These stress
concentrators may initiate cracks during subsequent thermomechanical processing (Sibum, 2003;
Latjering and Williams, 2007)

Among the different primary products, billet and sheet account for about 84%, while bar and
casting electrodes account for 14% and 2% respectively (Litjering and Williams, 2007). Billets
are classified as semi-finished products, while sheets and plates (usually with a thickness
> 25 mm) are finished products. These products are subjected to either forging or rolling for
initial shaping and proper microstructural control. However, casting electrodes are only
conditioned and remelted in the furnace to produce castings of titanium alloys (Donachie, 2000;
Litjering and Williams, 2007).

In general, the thermomechanical treatment in this stage includes the initial step of working the
alloys in the beta phase field to break down the cast structure. This is done at ~150°C above the
beta transus temperature, depending on the type of alloy. This is followed by controlled cooling
and working in the (o+p) phase field at temperatures of ~30-50°C below the beta transus
temperature, which recrystallises the initial lath microstructure. The recrystallised microstructure
is then annealed or stress-relieved, depending on the alloy type and the intended application. For
billets, a recrystallised microstructure makes the alloys amenable to subsequent
thermomechanical processing during shaping of the alloys (Weiss et al., 1986; Dieter et al., 2003;
Wanjara et al., 2005). The different processing steps for achieving the desired microstructures at
this stage have been described in Section 2.1.6. Careful selection of thermomechanical processing
parameters is very important during the primary conversion process to avoid defects in the
products. The main parameters that require adequate control include deformation temperature,
amount of deformation and the rate of deformation (Semiatin et al., 1997; Weiss and Semiatin,
1998). Titanium alloys have poor thermal conductivity which makes them prone to adiabatic
heating during thermomechanical processing. Adiabatic heating is prevalent at high deformation

rates and low deformation temperatures. Defects such as localised deformation within the
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adiabatic shear bands, as well as strain induced porosity are easily introduced into the workpiece.
These defects are nucleation sites for fatigue failures of titanium alloys (Donachie, 2000; Leyens
and Peters, 2003; Ldutjering and Williams, 2007), and are not easily repaired by subsequent
deformation during shaping of the alloys. More information on the defects associated with

thermomechanical processing is provided in Section 2.3.5.

2.2.3 Secondary processing of titanium alloys

This stage involves shaping of primary products, mostly billets, into components for use in
targeted applications. This makes the sales of titanium billets higher than the other products
obtained from the primary processing stage. To shape titanium billets into finished components,
the three different operations that are commonly used are forging, ring rolling and machining
(Latjering and Williams, 2007).

Forging has remained the principal shaping process and has continued to develop since titanium
production began in the 1950s (Leyens and Peters, 2003). During forging, components can be
formed into desired shapes and the microstructures can be controlled for improved in-service
performance (Donachie, 2000). Titanium alloys are forged with hammers or large presses. The
forging hammer is either drop or steam driven, while the forging press is driven by mechanical
screws or hydraulic actuators. The large press is designed for tighter control of important forging
parameters such as strain, strain rate and temperature. It is used for producing components for

high performance applications (Lutjering and Williams, 2007).

Forging of titanium alloys is usually done in a closed or open die (Kuhlman, 2005). Closed die
forging requires the workspace to be laterally constrained, which is not the case in open die
forging (Donachie, 2000). To improve the outputs of these forging methods, different models are
being developed. These constitutive models (which will be discussed in later sections) are now
available in different software packages such as DEFORM (Scientific Forming Technologies
Corporation, 2018) and ABAQUS for optimal control of the deformation process during forging.
The selection of the best forging method is largely dictated by the level of microstructural control
for a particular application (Lutjering and Williams, 2007).

Despite the advances in the forging of titanium alloys, the cost implication of forged components
has remained a subject of concern (Kuhlman, 2005). For example, there are a limited number of
large forge presses available globally. Forging of titanium components for high performance
applications requires very large presses that are capable of providing the pressure matching the
higher flow stresses of titanium alloys. Additionally, components made from titanium alloys are
subjected to multi-stage forging (Jackson and Boyer, 2010) which means several forging dies are

required. Therefore, the forged components from these presses are expensive (Lutjering and
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Williams, 2007). Forged aerospace structures need to be machined to satisfy the light weight
requirement of aerospace components. It is difficult to produce the required microstructure when
forging near-net shaped components. As a result, large components are forged and then machined
into small components that will still retain the desired microstructure. The additional step of
machining the forged titanium components makes it more expensive (Lutjering and Williams,

2007), especially as titanium alloys are difficult to machine.

Ring rolling is used for making products such as cylinders and rings. The difference between
cylinders and rings is the ratio of diameter to axial height, with rings having a higher ratio
(Lutjering and Williams, 2007). The profiles are formed by piercing a hole in the centre of the
billet to create a thick walled cylinder. Unlike forging, ring rolling hardly requires machining.
Ring rolled products are seamless and have good mechanical properties in the circumferential
direction (Welsch et al., 1993; H. Yang et al., 2011)

Machining is an essential processing step in the manufacture of components from titanium alloys.
Starting from ingot conditioning to shaping of finished titanium products, metal removal
operations are always critical (Donachie, 2000). In general, machining of titanium alloys are
considered to be a very difficult and expensive operation when compared with aluminium and
steel (Kahles et al., 1985; Narutaki et al., 1983). Titanium alloys have low thermal conductivity
and as a result, heat is generally not dissipated easily between the tool and the work-piece
interface, which causes tool wear. This problem becomes more aggravated when machining is
done at a very high speed (Narutaki et al., 1983; Davim, 2014; Pramanik, 2014). To reduce tool
wear, titanium alloys are generally rough machined at slow speed compensated with large depths
of cut, then finish machined at higher speeds but much lower depths of cut, usually 0.5 mm.
(Jackson and Boyer, 2010).

There has been a lot of improvement in the development of cutting tools for titanium alloys from
carbides and ceramic materials but these tools are very expensive. Hence, the cost of removing a
unit volume of titanium does not necessarily reduce the total cost of the operation if tool life
extension is incorporated into the calculation (Donachie, 2000; Veiga et al., 2013; Pramanik and
Littlefair, 2015).

During machining operations such as milling and turning, improved coolants provide effective
heat removal. As it is difficult to deliver the required volume of coolant into the bottom of the
deep hole during drilling, special drill bits known as coolant-fed bits are used. This escalates the

cost of drilling titanium alloys (Lutjering and Williams, 2007).
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When machining titanium alloys for applications where high resistance to fatigue is required,
three machining steps are used: drilling, reaming and honing. These steps help to avoid any
surface damage during machining, but are very expensive. To effectively determine the cutting
speed and feed rate during machining of titanium alloys, the type of alloy and the specific
machining operation must be carefully considered. For example, it is generally easier and faster
to machine CP titanium than higher strength alloys such as Ti-6Al-4V (Donachie, 2000; Litjering
and Williams, 2007). Hence, machinability is an important property to consider when developing

new titanium alloys.

Another factor that contributes to the difficulty in machining titanium alloys is the potential of
introducing defects into the machined components, especially when dull or damaged tools are
used (Donachie, 2000). Surface damage is difficult to detect in titanium alloys when compared
with aluminium and steel. This surface damage could have serious consequence when the

components are subjected to loading conditions in service (Lutjering and Williams, 2007).

In summary, titanium alloys are very sensitive to slight changes in composition and processing
parameters during casting, shaping and machining. This makes it extremely important to select
the appropriate parameters during processing if defects and waste of materials have to be
minimised. The complexity of selecting the most appropriate processing parameters makes

titanium alloys very expensive.

2.3 Research on low-cost titanium alloys

As mentioned in the previous sections, the widespread application of titanium alloys is limited
by high cost. There have been several research efforts that are targeted towards cost reduction of
titanium alloys. Froes et al. (2004) reported that the driving force for titanium research is not
necessarily improvement in properties, but cost reduction. The search for alternative
beneficiation techniques to the Kroll process such as the Armstrong process (Gerdemann, 2001)
could be very effective in reducing the cost of titanium. The implication of this is that
beneficiation techniques that are low-cost and continuous would reduce the cost of manufacturing

titanium-based components.

The search for low-cost and continuous beneficiation processes for titanium is still on-going.
Meanwhile, other approaches currently used in the development of cost-effective titanium
components include: the replacement of expensive with less expensive alloying elements,
optimisation of hot working processes for shaping and microstructural control, and determination

of optimum parameters for machining of titanium alloys (Fujii, 1998; Fuijii et al., 2003).
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2.3.1 Substitution of alloying elements

Fujii et al. (2002) reported that the first step to consider while reducing the cost of titanium alloys
is to replace expensive alloying elements with low-cost elements that fulfil similar functions. The
different alloying elements that stabilise either the alpha or beta phase are discussed in Sections
2.1.3 - 2.1.6. Among the alpha stabilisers, aluminium remains the most important element
(Leyens and Peters, 2003). In developing low-cost titanium alloys, the aluminium content has
been decreased or replaced by other cheap alpha stabilisers such as oxygen, nitrogen and carbon
(Fujii et al., 2002). Although aluminium is affordable when compared to titanium, it has been
reported to decrease hot workability of titanium alloys during deformation and consequently

increases manufacturing costs (Fujii et al., 2002) .

Most beta stabilising elements used in titanium alloys, such as vanadium, molybdenum and
niobium, are isomorphous with the beta phase, but are very expensive. To reduce costs,
researchers have replaced isomorphous elements with eutectoid beta stabilisers such as iron,
chromium, and nickel (Fujii and Takahashi, 2002; Bolzoni et al., 2012; Chen and Hwang, 2012;
Bolzoni et al., 2016).

The exact choice and amount of the less expensive alloying elements is determined by the
intended applications for the alloys. Fujii and Takahashi (2002) developed low-cost ternary Ti-
Al-Fe alloys by replacing vanadium with iron. They investigated a wide range of compositions
and proposed that Ti-3.5Al-1Fe and Ti-5.5Al-1Fe alloys could be used as low-cost alternatives
to Ti-3.5Al-2.5V and Ti-6Al-4V respectively. The authors concluded that Ti-5.5Al-1Fe exhibited
unique properties such as a high fatigue strength to ductility relationship, with strength levels up
to 1000 MPa after solution treating and annealing. The major disadvantage of these alloys is the

possibility of forming FeTi when the alloys are used at temperatures above 450°C.

Fujii et al. (2002) developed Ti-Fe-O-N alloys by replacing aluminium with oxygen and nitrogen
and vanadium with iron. The alloys had high tensile strength (up to 1000 MPa), and excellent
workability, corrosion resistance and weldability. The authors concluded that the alloys were

suitable for use in applications where temperatures did not exceed room temperature.

Koike et al. (2005) built on the work of Fujii et al. (2002) by investigating cast Ti-Fe-O-N alloys
for dental applications. The authors evaluated the tensile properties, mould filling capacity,
corrosion characteristics and grindability of the alloys. The results were compared with
commercially pure titanium and Ti-6Al-4V designed for dental applications. They found that the
strength of the alloys was 20% higher than that of commercially pure titanium, but were 30%
lower than Ti-6Al-4V. The Ti-Fe-O-N exhibited superior grindability and wear resistance when

compared to both commercially pure titanium and Ti-6Al-4V.
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Nonchovnaya et al. (2008) improved the work of Fujii et al. (2002) and Koike et al. (2005) to
determine the optimum compositions of Ti-Fe-O-N alloys. They reported that the Ti-1.5Fe-0.490
- 0.05N alloy was the optimum for cold and hot deformation, corrosion resistance and
biocompatibility. This alloy also attracted the interest of Bettles et al.(2011), who investigated
the role of microstructure on the mechanical behaviour of Ti-1.64wt% Fe containing varying
amounts of oxygen and nitrogen as alpha stabilisers. The different microstructures were obtained
by varying the annealing temperature and the oxygen and nitrogen contents. They found that the
room temperature mechanical properties of the alloys were sensitive to slight changes in
annealing temperature and composition of the alloys. The authors concluded that a higher
nitrogen content changed the recrystallised texture of the alloys from basal to prismatic planes.
This change in microstructural feature had good influence on the strength and ductility of the

alloys.

Despite the interesting findings reported on low-cost alloys proposed by Fujii et al. (2002), these
alloys were rarely commercialised. The reasons for this could not be obtained from the literature.
However, it could be that challenges such as segregation of iron during melting, insufficient cost
reduction for titanium industry to invest and limited capacity to produce low-cost alloys for non-

aerospace sectors were the reasons why the alloys were never commercialised.

Kuroda et al. (2005) developed Ti-Fe-Ta beta alloys as low-cost beta alloys which have superior
properties to the Ti-6Al-4V and Ti-6Al-7Nb alloys mostly used for manufacturing of biomedical
components. The authors added up to 10 wt% Fe to the alloys, which were cold rolled and
solution treated at ~745°C for 3600 s. The alloys were also corrosion tested in Hank’s solution.
Their results showed that Ti-8Fe-8Ta, Ti-8Fe-8Ta-4Zr and Ti-10Fe-10Ta-4Zr had ultimate
tensile strengths of 1066 MPa, 1051 MPa and 1092 MPa and ductility values of 10%, 10% and
6% respectively. The alloys had superior strength and corrosion resistance to conventional
biomedical alloys such as Ti-6Al-4V ELI, Ti-6Al-7Nb and Ti-13Nb-13Zr, and they exhibited

equivalent elongation to fracture after annealing.

Wang et al. (2012b) reported that a Cr-Fe master alloy could be used as an alternative to
vanadium in the successful development of low-cost titanium alloys for automobile springs. The
authors produced o+ Ti-3Al-2.1Cr-1.3Fe and Ti-2.1Cr-1.3Fe alloys via vacuum arc remelting
and investigated the effect of cooling rate on microstructure and tensile properties. These results
showed that the cooling rate had a significant effect on the microstructure and tensile properties
of the alloys. In both alloys, a martensitic phase was formed after solution treating above the beta
transus and water quenching. The presence of the martensitic phase increased the tensile strength,

but decreased the ductility in the alloys. Samples subjected to furnace cooling did not contain any
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martensitic phase. The alloys consisted of alpha lamellae embedded within the prior beta grains.
The tensile strength increased with cooling rate, while the ductility decreased. Ti-3Al-2.1Cr-
1.3Fe exhibited superior tensile strength than Ti-2.1Cr-1.3Fe, but had a lower ductility. The

fracture surface of the alloys showed dimples irrespective of the cooling rate and composition.

Zhu et al. (2014) developed a low-cost a+p Ti-4.5A1-6.9Cr-2.3Mn alloy using Cr and Mn as
inexpensive beta stabilising elements. The microstructure and the mechanical properties were
investigated at room temperature. The alloy had a fracture strength of <1191 MPa, yield strength
of <928 MPa and a ductility of <10.7%. The alloys, produced using a split copper crucible, did
not show any segregation of chromium and manganese in the as-cast form. However, segregation
of chromium and manganese was seen at the prior B boundaries after thermomechanical

treatment.

Although most of the studies discussed are on low-cost a-+f alloys, several other low-cost alloys
have been developed by researchers. These alloys were developed by using a combination of two
or more inexpensive elements, or mixing both expensive and inexpensive alloying elements to
stabilise the beta phase. Bhattacharjee et al. (2007), Seagle (1996) and Gunawarman et al. (2005)
developed low-cost titanium alloys by using iron or iron-molybdenum master alloys as beta

stabilisers or strengtheners in titanium alloys.

One important low-cost titanium alloy that became popular in the 2000s was the TIMETAL LCB
(low-cost beta) consisting of inexpensive alloying elements with 4.5 wt% Fe (Ti-4.5Fe-6.8Mo-
1.5Al). This alloy was produced using Fe-Mo master alloy and mostly used as suspension springs
in the 2000 model Volkswagen Lupo FSI, Ford Focus and Ferrari Challenge Stradale due to its
superior strength and sufficient ductility in comparison with other beta alloys. The cold
formability and mechanical properties of the alloy were comparable with that of high strength
steel. The increased use of the Fe-Mo master alloy caused an increase in the cost of Fe-Mo master
alloy; this led to an increase in the production cost of TIMETAL LCB. Consequently, production

of automotive spring using the alloy has reduced (Kosaka et al., 2005; Redmore, 2011).

The low-cost alloys discussed in this section were developed via the conventional casting route.
In the last 15 years, there have been several other low-cost alloys developed using other
processing routes. The motivation is to produce near net-shaped components which will allow
manufacturers to reduce the cost of machining after casting and working. Some of these
processing routes include direct metal deposition and blended elemental powder metallurgy
(Froes, 1998; Leyens and Peters, 2003). Some processing routes have successfully been used to
fabricate commercial Ti-6Al-4V alloys (Dinda et al., 2008; Bolzoni et al., 2012; Safdar et al.,
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2012). Other researchers have explored these routes to produce low-cost titanium alloys and
composites (Liu et al., 2006; Lou et al., 2016; Sharma et al., 2016).

The advancement in the technology of producing titanium metal powders has led to an increase
in the development of powder metallurgy components (Froes, 1998). Commonly used titanium
powders include sponge titanium fines and hydrogenation/dehydrogenation (HDH) powder.
Fujita et al. (1996) investigated the microstructure and properties of the Ti-4.5Al-3V-2Fe-2Mo
(SP 700) alloy produced by blended elemental powder metallurgy for jewellery applications. The
authors compared the microstructure and properties of the alloy made from either titanium sponge
fines or HDH powder as starting materials. Compared to Ti-6Al-4V, the sintered alloy showed
superior sinterability, a more homogenous microstructure, better mechanical properties and better
workability. The enhancement in the microstructural features and properties was attributed to the
addition of iron and molybdenum in the alloy. The HDH titanium powders produced better
mechanical properties than the sponge fines. This was attributed to the lower chlorine content in

the HDH titanium powder.

Chen et al. (2011) developed low-cost Ti-Fe alloys for biomedical applications by replacing
expensive vanadium with iron. The effects of cooling method and iron addition on the alpha
phase formation and mechanical properties of the sintered alloy were evaluated. They found that
using sufficiently high holding temperatures such as 740°C, a large amount of beta phase could
be formed with alpha precipitates within the prior beta grains. This microstructural feature

resulted in a good combination of strength, hardness and elongation.

Carman et al. (2011) investigated the influence of alloying elements on the microstructural
evolution of a near-beta Ti-5AI-5Mo-5V-2Cr-1Fe alloy produced via blended elemental powder
metallurgy. The authors concluded that the addition of fast diffusing elements in titanium
improved homogenisation and the combination of mechanical properties in the alloys.
Molybdenum and vanadium were reported to diffuse slowly, increasing the homogenisation time

during sintering, whereas aluminium and iron promoted rapid homogenisation.

Joshi et al. (2013) developed Ti-6Al-4V and Ti-1AI-8V-5Fe alloys using TiH feedstock.
Production of Ti-1AI-8V-5Fe via the ingot metallurgy route was discontinued because of the
formation of beta flecks caused by segregation of iron at more than 2 wt% in the alloy. The
researchers explored the powder metallurgy approach to develop the alloys and subjected the
alloys to thermomechanical processing. It was concluded that after thermomechanical processing
the alloys showed mechanical properties that matched those of the alloys when produced via the
ingot metallurgy route. The thermomechanical processing helped to reduce the porosity in the

sintered alloys and hence improved the mechanical properties.
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Bolzoni et al. (2012) developed low-cost titanium alloys using blended elemental (BE) powder
metallurgy (PM) and inexpensive alloying elements. In their studies, they substituted vanadium
with spherical powders of 430 stainless steel (Bolzoni et al., 2012) and 85Fe/15Ni (Bolzoni et
al., 2016). The researchers found that the properties of the sintered alloy were comparable to
wrought Ti-6Al-4V commercial alloys. Also, using the PM production route, the formation of an
intermetallic phases in the sintered alloys was suppressed. The authors proposed that the sintered

a+f Ti - 430 stainless steel and Ti-85Fe/Ni alloys were low-cost alternatives to Ti-6Al-4V.

From these studies, it can be inferred that iron remains an important element in the development

of low-cost titanium alloys (Polmear et al., 2017), for the following reasons:

Iron has a capacity to strongly stabilise the beta phase.

Iron is the lowest cost beta stabilising element.

Iron has a high strengthening effect in titanium alloys.

The fast diffusivity in titanium helps to improve sinterability of titanium alloys.

The major disadvantage of using iron in titanium alloys is segregation which could lead to the
formation of intermetallic compounds, such as TiFe, or beta flecks in the alloys (Fujii and
Takahashi, 2002; Bolzoni et al., 2012; Chen and Hwang, 2012; Bolzoni et al., 2016). Although
the emergence of blended elemental powder metallurgy can address this to a large extent, large
and complex-shaped components cannot be made using existing powder metallurgy techniques
(W. Peng et al., 2013a; Souza et al., 2015b).

Therefore, it becomes imperative to use low-cost alloying elements in alloys that can be produced

via conventional casting without the formation of intermetallic compounds.

Apart from the use of low-cost alloying elements, the recent advances in the additive
manufacturing or 3D printing of titanium powders have shown that it will be possible to develop
low-cost and efficient near-net shaped titanium alloy components in the future (Edwards et al.,
2013; Dutta and Froes, 2017). Additive manufacturing of titanium alloys has been reported to
either minimise or eliminate the need for the expensive hot working and machining processes
(Dutta and Froes, 2017).

2.3.2 Optimisation of Hot Working and Machining Processes

To reduce the manufacturing cost of titanium alloys, the second approach is to optimise the
shaping or forming process (Fujii and Takahashi, 2002), which is mostly done by
thermomechanical working, machining or a combination of both. As discussed in Section 2.2.2,
in general titanium alloys are very sensitive to changes in parameters controlling the

thermomechanical and machining processes, so it is essential to optimise these parameters. This
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is quite important as cost-effective shaping of the alloys is not the only benefit realised, but
adequate microstructural control in the final component can also be obtained. Shaping
technologies such as high speed machining is carried out at strain rates that are in the order of
10°s? (Zhang et al., 2016). Some level of deformation and microstructural changes could occur
during this process (Yan et al., 2013; Pramanik and Littlefair, 2015; Sharma et al., 2017). Hence,
controlling microstructural evolution and achieving cost-effective shaping of titanium

components with minimal waste have drawn the attention of researchers.

The research efforts focussing on the optimisation of hot working and machining of metallic
alloys have evolved over time. It commenced with the description of the shape of the stress-strain
curves obtained during simulated deformation tests, such as isothermal compression testing under
plane strain or uniaxial conditions and hot tensile testing (Prasad, 2003). However, the
uncertainties in this method led researchers to develop constitutive equations to describe the
stress-strain curves, make basic predictions, and obtain information about rate controlling
mechanisms during processing. The major disadvantage of this method is that the optimum
processing conditions during shaping cannot be established. Consequently, advances in research
efforts led to the introduction of processing maps (Prasad et al., 2015). Processing maps not only
determine the optimum combination of processing parameters for shaping and microstructural
control, but could also delineate the ‘safe’ and ‘unsafe’ combinations of processing parameters.
In recent times, the combination of constitutive equations and processing maps has been used to
optimise the shaping of metallic workpieces, particularly titanium and its alloys (Chen et al.,
2008; Balasundar et al., 2013a; Fan et al., 2013a; Nayan et al., 2014).

Optimisation based on constitutive modelling

The studies presented in Table 2.6 mostly focused on deformation at elevated temperatures and
a limited range of strain rates (103- 100 s). This does not truly represent shaping by rolling and
extrusion, and metal removal operations (cutting, milling and drilling). Therefore, the models
developed by these researchers only addressed manufacturing operations such as forging. To fill
this gap, Chen et al. (2015) developed constitutive models describing the flow behaviour of Ti-
6Al-4V over a wide range of temperatures (20 - 900°C) and strain rates (10 - 10*s™)
respectively. Their study involved isothermal compression of Ti-6Al-4V samples under quasi-
static and dynamic strains rates using DNS-100 test machines with a load capacity of 100 kN and
an enhanced Split Hopkinson bar. Testing on the DNS was done at strain rates of 0.0001 - 0.01 s’
! while the Split Hopkinson was used at 2500 - 10000 s™. The authors found that the flow
behaviour was temperature dependent. The workability and ductility of the alloy changed at

deformation temperatures above 500°C. Based on their observation, four models: Johnson-Cook
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(Johnson and Cook, 1983), Khan-Huang-Liang (Khan et al., 2000), modified Johnson-Cook and
modified Khan-Huang-Liang (G. Chen et al., 2015), were used to describe the flow behaviour of
the alloy under the different deformation conditions. The variables of the four models were
calculated using a genetic algorithm optimisation method. It was concluded that the four models
could accurately predict the flow stress of Ti-6Al-4V alloy over the entire test range since
standard deviation was within 4 - 13%.

However, the modified Johnson-Cook and modified Khan-Huang-Liang models provided more
accuracy when predicting the flow behaviour of the material under dynamic conditions such as
higher strain rates of 2500 — 10000 s™.

The literature summarised in Table 2.6 showed that different types of constitutive models are
used to describe the flow behaviour of titanium alloys depending on the analyses of the stress-
strain curves. The accurate prediction of flow stress from the models is very important. However,
obtaining an accurate prediction is rather a daunting task, as combining two or more models is

sometimes required (W. Peng et al., 2013a; Souza et al., 2015b).

There are other cases where an additional optimisation step was included to improve the accuracy
and reliability of the predictions from the constitutive models. A succinct description of the
different types of constitutive models is presented in Section 2.3.3 based on the work of Chen et
al. (2015). The different deformation mechanisms such as dynamic recovery and dynamic
recrystallisation suggested by the constitutive analyses are described in Sections 2.3.4 and 2.3.5.
Constitutive models are used as finite element codes in finite element analysis of the
manufacturing processes of titanium alloys. Therefore, these models should not only predict the
flow stress accurately, but be very simple as well. Abakri et al. (2015) developed simplified
constitutive models for describing the hot working behaviour of steels, but the suitability of the

models for describing the hot deformation behaviour of titanium alloys is yet to be reported.
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Table 2.6:

Previous studies on the constitutive modelling of hot working of titanium alloys.

Allo Test parameters
y s e L
Authors type Alloy Model Temperature | Strain rate | Strain Main findings
(°C) (s) (%)
Khan et al . cf. Johnson-Cook Khan-Huang-Liang model - better agreement with experimental data than
' a+p Ti-6Al-4V | and Khan-Huang- -40 - 482 10°-3378 | 30&70
(2004) . Johnson-Cook
Liang
Voetal. . > 1025C: DRV and DRX caused softening.
(2007) Near-a | IMI-834 | Self-consistent 975 - 1100 01&10 80 At lower temperatures, lamellar kinking was observed.
§|0 (nzgogtg) a+B TC11 | Arrhenius Equation 750-900 | 0.1-10 40 & 60 |DRX occurred at 950°C and 1035
Zeng et al Work-hardening: dominant at lower temperatures and higher strain rates.
(2039) ' o CP-Ti | Arrhenius Equation| 400 - 700 103-1 90 Flow softening: higher temperatures and lower strain rates. Materials
constants were functions of strain.
cf. Gao-Zhang-
Gao et al Yang for hcp Gao-Zhang-Yang for hcp metals gave a better prediction of the flow
(2011) ' at+p Ti-6Al-4V metals, 77 -798 1023- 6000 60 stress than Johnson-Cook and Zerilli-Armstrong models. Material
Johnson-Cook constants optimised using multivariable non-linear regression.
Zerilli-Armstrong

. Softening caused by DRV at high strain rates (> 1 s), DRXn caused
ggi‘g)et al Metaétab'e Tioagg | Ahenusand g5y gso | 10263 70 |flow softening at lower strain rates (< 1 5.

g Levenberg-Marquardt algorithm used to optimise materials constants.
Peng et al cf. Arrhenius eqn Softening mechanism changed from DRX at low strain rates (<0.1 s%) to
(20]93b) ' Near- a Ti-60 | & Artificial Neural | 970 -1120 102-10 80 flow localisation and cracking at higher strain rates (> 1 s%). Artificial

Network neural network provided a better prediction of the flow stress.
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The combination of Cingara, Ebrahimi and Shafiei equations predicted

. cf. Cingara, : AN
Pondatawit owtp Ti-6Al-4V Ebrahimi and 900-1050 | 0.1,1& 10 80 the flow strgss t_o a high Qegree of accuracy Whe_n cqmpared with Cingara
et al. (2014) . . or hyperbolic-sine equations alone, as the combination allowed for the

Shafiei equations ; . . : o
incorporation both work-hardening and dynamic recrystallisation.
Softening occurred due to adiabatic heating at higher strain rates, while at
Souza et al Avrami. and lower strain rates microstructural changes such as coarsening of equiaxed
' at+f Ti-6Al-4V . ' - 750 - 920 102-10 80 alpha grains and an increase in beta phase fraction led to flow softening.
(2015b) Estrim & Mecking Lo ., . -
The combination of Avrami’s and Estrim and Mecking’s models gave
better prediction than Estrim and Mecking’s model alone.
cf. Johnson-Cook,
Khan-Huang- The four models were able to predict flow stress under quasi-static and
Chen et al Liang, mod. dynamic strains rates. The modified Johnson-Cook and modified Khan-
(2015) ' a+p Ti-6Al-4V | Johnson-Cook, & 20 -900 102-10% 25 Huang-Liang provided more accuracy when predicting the flow

mod. Khan-Huang-
Liang genetic
algorithm

behaviour of the material under dynamic conditions such as higher strain
rates of 2500 - 10000 s,
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Optimisation based on processing maps

The advances in finite element methods have led to the development of rigid viscoplastic FEM
techniques which paved way for the successful prediction of deformation behaviour of metallic
materials. FEM can be used to establish the constitutive relationships between strain rate, strain
and temperature as an empirical or algebraic equation. This equation helps to identify the rate
controlling mechanism for a given plasticity problem.

However, the difficulty in arriving at a unique or optimum solution to a general plasticity problem
during deformation led to the development of processing maps (Prasad and Seshacharyulu,
1998a). Processing maps help to describe dynamic material behaviour during hot working. The
difficulty in deriving the constitutive relationship for different dynamic restoration processes
dominating deformation is largely overcome by dynamic material models (Prasad, 2003). The
information derived from processing maps could be incorporated into the finite element method
in an explicit manner. This made it possible to obtain a unique solution for any plasticity problem

during deformation (Prasad and Seshacharyulu, 1998a).

Processing maps help to delineate the “safe” and “unsafe” processing regimes during deformation
under different strain rate and temperature conditions. The concept of dynamic materials
modelling and the procedures for developing processing maps from experimental data are
described by Prasad et al. (2015). However, a general overview of the concept is presented in
Section 2.3.4.

Processing maps have been used to optimise processing of a wide range of metallic alloys,
including titanium. Some of the studies are presented in Table 2.7. Most of these studies focussed
on as-cast and wrought titanium alloys. However, a few studies involving titanium alloys

developed via powder metallurgical routes are also presented.
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Table 2.7:

Previous studies on processing maps of titanium alloys.

Author

Alloy
type

Alloy

Test parameters

Temperature
§9)

Strain rate

(s

Strain
(%)

Main findings

Prasad et al. (1984)

a+p

Ti-6242

890 - 1010

103-10

4&60

The optimum condition for forging the alloy was 927°C and 103s™. In the temperature
range of 899°C to 982°C, dynamic recrystallisation and phase transformation were the

dominant mechanisms influencing the efficiency of power dissipation, while at 1010°C
and low strain rates, wedge cracking controlled the power dissipation efficiencies.

Prasad and
Secharchayulu
(1998b)

o, Near-a
and o+f

CP-Ti,
IMI-834 and
at+p Ti-6Al-4V

750 - 1050

103- 100

40&60

The domain of dynamic recrystallisation occurred at 725°C and 0.001 s™*. This domain
shifted to higher strain rates and temperatures when the oxygen content in the pure
titanium was lowered. The alloys with a transformed beta initial microstructure exhibited
spheroidisation of lamellae at lower temperatures and beta superplasticity at high
temperatures when deformed at slow strain rates. In titanium alloys with fully equiaxed
structures, the domain of superplasticity was observed in the (a+f) range, while dynamic
recrystallisation occurred in the beta phase field with about 55% power dissipation
efficiency. A wide domain of instability was caused by adiabatic shear band formation at
high strain rates.

Poletti et al. (2010)

a+p

Ti-6Al-4V
+0.1wt% B
+0.1 wt%C

850 - 1000

103-10

10,
20&30

At low strain rates (<0.1 s%), large values of power dissipation efficiency were obtained,
while at higher strain rates, the power dissipation values were very low. The high power
dissipation was ascribed to superplasticity, especially when deformation was carried out at
950°C.

However, lower dissipation efficiency was ascribed to cracking and debonding of TiB at
low temperatures and porosity evolving at triple grain boundaries at temperatures above
1000°C.

Balaamsubranayam
and Prasad (2002)

Ti-10V-4.5Fe-
1.5Al

650 - 950

103- 102

60

The domain of dynamic recrystallization was between 750 and 850°C. The highest
efficiency of dissipation was at 850°C and 0.01 s.

Regions of unsafe forging were seen at a strain rate of 10 s* and a wide range of
temperatures due to manifestation of flow localisation.
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Author

Alloy
type

Alloy

Test parameters

Temperature
§9)

Strain rate

(s

Strain
(%)

Main findings

Jia et al. (2011b)

Near- o

Ti60

960 - 1100

103-10

60

Dynamic globularisation was the dominant softening mechanism in the (o-+f3) phase field,
while dynamic recovery and dynamic recrystallisation were dominant in the beta phase
field. The unsafe regions to be avoided during processing of the alloy were 960 - 980°C
and 0.3 - 10 s and 990 - 1110 °C and 0.58 - 10 s strain rates.

Zhu et al. (2012)

Metastable
B

TC-21

1000 - 1050

103- 63

30, 45,
60 & 75

Softening was caused by adiabatic heating at strain rates (> 1 s) while dynamic
recrystallisation caused flow softening at lower strain rates (< 1 s*) for samples deformed
to total strains of strain of 30 %, 45 % and 60 %.

For samples deformed to a strain of 75%, flow localisation occurred even at slow strain
rate of 0.001 s** and temperature of 1000°C.

Wang et al. (2012a)

o+p

Ti-3.0Al-3.7Cr-

2.0Fe-0.1B

850 - 950

101-10

70

Dynamic recrystallisation dominated the deformation process at strain rate >1 s and the
degree of recrystallisation increased with increasing strain rate. No region of instability
was obtained in the processing map, since the tested variables were not as broad.

Qu et al. (2012)

o+p

As-cast ATI

950 - 1150

01,1&10

50

Deformation in the (0+f) phase field was dominated by the globularisation of the alpha
platelets, while softening in the (a+f) phase field was dominated by dynamic recovery in
the beta phase. The optimal conditions for ingot breakdown of the as-cast alloy included
temperatures >1000°C and strain rates > 0.1 s. They recommended that a strain > 50 %
should be used to obtain a more recrystallised microstructure in the alloy.

Fan et al. (2013a)

o+p

Ti-6Al-4V

750 - 920

102-10

80

The optimal deformation condition was obtained at ~855°C and 0.01 s with a peak
efficiency of 65%. This region was dominated by dynamic globularisation.

The instability domain to be avoided during processing of the metal was indicated as
deformation occurring at low temperatures and moderate strain rates or high strain rates
(>1 s7), at all temperatures.
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Author

Alloy
type

Alloy

Test parameters

Temperature
§9)

Strain rate

(s

Strain
(%)

Main findings

Bai et al. (2014)

a+p

Ti-6Al-4V

750 - 850

103-1

50

No region of instability was shown on the processing map and the optimal processing
condition for hot working was 850°C and 0.01 s strain rate.

The entire deformation process under the tested condition was dominated by dynamic
recovery and dynamic recrystallization.

Balasundar et al.

(2013Db)

Near-o

TITAN 29

850 - 1100

3x10*- 10

50

The optimum conditions for breaking the as-cast structure were: 1000 - 1070°C and 3x10*
- 1035 with a power dissipation efficiency of 40 - 46% for dynamic globularisation of
alpha phase.

1070 - 1100°C and 1 - 10 s with a power dissipation efficiency of 40 - 50 % for dynamic
recrystallisation of the beta phase.

During ingot breakdown of TITAN 29, working at deformation temperatures of 800 -
980°C and strain rates of 3x10*- 10 s should be avoided. These regions were dominated
by flow instabilities such as wedge cracking and voids.

Balsundar et al.
(2017)

a+p

BT3-1

850 - 1060

3x104-1

60

Deformation was controlled by superplasticity when the alloys were deformed at
temperatures within the (a+p) phase field, while dynamic recrystallisation of the beta
phase dominated the deformation in the beta phase field.

Partial dynamic recrystallisation occurred when the alloy was deformed near the beta
transus temperature with fine globular primary alpha pinning the migrating beta grain
boundaries.

Rao and Pasad
(2010)

v-TiAl

y-TiAl with in
situ carbide and
silicide

800 - 1050

10%-1

80

Safe processing window was 850 - 1025°C and 0.0001 - 0.001 s with a peak power
dissipation efficiency of 52%. The power dissipation efficiency indicated dynamic
recrystallisation as the dominant softening mechanism.

The unsafe region to be avoided when deforming the alloys was 0.0003 s/ 800°C and 0.03
s1/1050°C, as this region is dominated by cracking.
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Test parameters

Author ?}I{Igg/ Alloy Temperature| Strain rate | Strain Main findings
(°C) (sh) (%)
The safe processing window for the alloy was 923 - 1025°C at 0.0001 - 0.001 s and 1023
Ti-46 Al-4Nb- - 1050°C at 0.01 s™*. The peak dissipation efficiency obtained in this region was 50%
Rao et al. (2011) v-TiAl 2Cr-2Mn 925-1050 | 10*-10 80  |which corresponded to dynamic recrystallisation of the a-TiAl phase.
The alloys should not be subjected to hot working at strain rates > 1 s because of the
manifestation of instability such as cracking.
Ti-48Al-2Cr-
2Nb, Ti-48Al- 103,102 &
. 2Cr-2Nb-0.1B 10! The safe processing conditions for all the alloys lay within the temperature range of 950 -
Guptaetal. (2012) |y +a2-TIAl and Ti-48Al- 730 -1250 50 1150°C and strain rates of 0.01 s** with dynamic recrystallisation dominating the region.
2Cr-2Nb-0.1B
alloys
Deformation at higher temperatures in the beta phase field and higher strain rates was
. . ! associated with dynamic recrystallisation of the beta grains. The optimal processing
Kim et al. (2016) at+f Ti-6Al-4V 800 - 1100 | 10%-10 100 . . . q .
condition for the sintered Ti-6Al-4V was 945°C and 0.001 s which had the highest power
dissipation efficiency of 46%.
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From the surveyed literature (Tables 2.6 and 2.7), it can be seen that the hot working process can
easily be optimised using a combination of experimental stress-strain curves, constitutive
modelling and processing maps obtained by dynamic materials modelling. However, the
selection of an appropriate constitutive model to accurately describe the stress-strain behaviour
and the dominant mechanisms requires a detailed understanding of the various constitutive
models that are available, as well as the interpretation of the processing maps. As can be seen in
this section, different alloys may require a single or a combination of constitutive models to
accurately determine the Kinetics of the hot working process. In addition, it can be seen that a
combination of safe and unsafe mechanisms controlling the deformation process changes as the
processing parameters change. Sections 2.3.3 - 2.3.5 provide more information on the types of
constitutive models that are generally used in optimising the hot working process. The
construction of processing maps and the basic interpretation of terminologies such as power

dissipation efficiency are also presented.

2.3.3 Classification of constitutive models

During forming processes such as rolling, extrusion and forging, the response of materials to
imposed variables is described in four different stages of the flow stress as shown in Figure 2.13
(Sajadifar and Yapici, 2014). Stage | is characterised by a rapid increase in flow stress due to
work hardening and dynamic recovery at lower strains. In this stage, the rate of dynamic recovery
is much lower than the rate of work hardening. Stage Il (the transition stage) is characterised by
an increase in the rate of dynamic recovery and the onset of dynamic recrystallisation. The flow
stress still increases but not as steeply as in stage I. The third stage is characterised by a drop in
flow stress, usually attributed to dynamic recrystallisation causing flow softening of the material.
At this stage, flow softening is more dominant than work hardening. The last stage (V) is referred
to as the steady-state stage where the steady flow stress shows that the degree of flow softening

caused by dynamic recrystallisation or dynamic recovery is in equilibrium with work hardening.

An ideal constitutive equation should accurately predict the flow stress at every stage of the
deformation process. The models should describe the dependence of flow stress on strain, strain
rate and deformation temperature, strain rate history, anisotropic and isotropic strain hardening
behaviour. The series of constitutive models developed by previous authors (Section 2.3.2) have
shown that a good prediction of the flow stress can be obtained from the different types of models,
which can be classified into three groups: phenomenological, physical and artificial neural
networks (Lin and Chen, 2011). Regardless of the constitutive model used, the complex nature
of the hot working process has necessitated continuous modification of the models to improve

the accuracy of predictions and kinetic analysis.
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Figure 2.13: Flow stress showing different stages during hot deformation.(Sajadifar and
Yapici, 2014).

Among the various types constitutive models used in the past, Lin and Chen (2011) found that
the phenomenological models remain the simplest and most utilised. The models, developed
using observation and fitting of experimental data, are simple as they require only a few material
constants, can easily be calibrated and used as finite element codes. Conversely,
phenomenological models cannot produce an accurate description of the physical process such
as thermal activation of dislocation movements and thermodynamics. The most common
phenomenological model is the Johnson-Cook model (Johnson and Cook, 1983) while the
Arrhenius model (Sellars and Tegart, 1966) is the simplest form of phenomenological model.
Other models in this category include the Khan-Huang-Liang model (Khan et al., 2004), Voce-
Kock model (Kocks, 1976; Kocks and Mecking, 2003), Khan-Liang-Farrohk (Farrokh and Khan,
2009), and the Fields-Backofen (Jia et al., 2016) model. All these models have been modified
and improved by researchers since they were first developed (Lin et al., 2008; G. Chen et al.,
2015; Lin and Chen, 2011). One common characteristic of phenomenological models is the
relationship between flow stress and other parameters expressed in Equation 2.3 (Johnson and
Cook, 1983; Khan et al., 2004; Farrokh and Khan, 2009; Lin and Liu, 2010; Lin and Chen, 2011;
Lin et al., 2016):

o=1(¢T) Equation 2.3
where o is the stress, ¢ is the strain, & is the strain rate and T is the temperature.
Based on the consulted literature, a hyperbolic sine form of the Arrhenius constitutive model with
the incorporation of the Zener-Hollomon parameter (Zener and Hollomon, 1944) remains the

most utilised phenomenological model for describing hot working of metallic alloys, especially

titanium alloys (Lin and Chen, 2011). This equation has been further modified to compensate for
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strain effects during deformation, thus making it suitable to describe the behaviour of materials
over a wide range of testing temperatures, strain and strain rates ( Lin et al., 2008). Although this
modification was initially made for 42CrMo steel, other researchers have used it to describe the
flow response of titanium alloys (Peng et al., 2013b; Porntadawit et al., 2014).

The different physical models to describe or predict plastic flow during hot working are the:
Zerilli-Armstrong (Zerilli and Armstrong, 1987), Preston-Tonks-Wallace (Preston et al., 2003),
Rusinek-Klepaczko (Rusinek and Klepaczko, 2001) and Estrim-Mecking models (Estrin and
Mecking, 1984). These models use physical quantities such as thermodynamics and thermal
activation of dislocation movement. This has become necessary since phenomenological
predictions cannot accurately describe flow behaviour when there are large changes in internal
microstructure of the material accompanying the deformation process (Lin and Chen, 2011). The
major weakness of these physically-based models is that large material constants need to be
derived and some of the constants need to be measured accurately using high precision facilities.
Consequently, the models become very complex before generated data can be fed as a code into

commercial finite element software (Lin and Chen, 2011).

The artificial neural networks are robust models for solving non-linear problems such as the
constitutive relationship of process variables during hot working. Artificial neural networks have
been used successfully to describe the flow behaviour of titanium alloys during hot working (Lin
and Chen, 2011). However, the major shortcoming of the approach is that the artificial neural
network is dependent on preliminary information from either phenomenological or physically

based models.

2.3.4 Construction and interpretation of processing maps

Prior to the development of processing maps from dynamic materials modelling, the constitutive
relationship between process variables and response of materials during hot working was
described by atomistic and kinetic models (Prasad and Seshacharyulu, 1998a). The limitation of
these models is the inability to describe the mechanism controlling the hot working process in

multiphase metallic alloys and the deformation behaviour of the alloy at high strain rates.

Froes and Ashby (1982) were the first researchers to develop processing maps which involved
plotting stress against homologous temperature of 0.2 - 0.8 Tm (where Tm is the melting
temperature of the metal). It was later reported that this map could only describe deformation
processes carried out at quasi-static strain rates such as creep (Prasad et al., 2015), whereas
industrial processing of metals is carried out at high deformation speeds and higher temperatures.

The high temperature helps to deform the metals to very large strains in a single step without the
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onset of fracture. Consequently, Raj (Prasad et al. 2015) developed a new set of processing maps
based on the work of Froes and Ashby (1982). The map, named after Raj, could show the different
mechanisms dominating a particular region of temperature and strain rate on the map. Therefore,
these maps were able to provide basic information about the ‘safe’ (defect free) and ‘unsafe’
(defect prone) regions during processing (Prasad and Seshacharyulu, 1998a; Prasad et al., 2015).
A typical example of a Raj micro-mechanistic map is shown in Figure 2.14, while the different

models for constructing the map are presented in Table 2.8.

In Figure 2.14, the safe region is marked by dynamic recrystallization (DRX), while the unsafe
regions are marked by cavity, and wedge-cracking. The Raj map is very useful in describing and
optimising the deformation behaviour of pure metals and dilute alloys. However, too much
atomistic data are required for commercial alloys , hence making it difficult and impractical to
develop the Raj maps for commercial alloys (Kutumarao and Rajagopalachary, 1996).

Prasad et al. (1984) built on the work of previous authors and particularly expanded on modelling
the intrinsic workability of metallic materials initiated by Gegel (1980). They sought to answer

the fundamental question of how a material responds to imposed variables during hot working.
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Figure 2.14: Schematic diagram of a Raj map (Kutumarao and Rajagopalachary, 1996).

47



Table 2.8: Models for constructing a Raj map (Kutumarao and Rajagopalachary, 1996).

Mechanism Constitutive equation Condition
2
N8I —v| 1 —2v+- QG 5D/
. . n oD f,
Cavity formation iy = . Ductile fracture if & > &,
(5 )2 kT p?
-V
6
. 80, Q6D
Wedge cracking &, = : Wedge cracking if £ < £,
dkTf,p*
Dynamic recrystallization  ; — Z{:;c,]exp( - E) Not a detrimental mechanism
. . . nRT?pC "
Adiabatic heating i =A'exp| — 2| 2RTeS, Adiabatic shear banding if é > &,
induced localization RT oG

Hot working equipment such as forging, rolling and extrusion dies were considered to be systems
which transfer power obtained from the source as energy to the material (Prasad et al., 1984).
The material in this case is the workpiece undergoing deformation. The material is considered as
another system which responds to the induced power transferred to it. A simple mathematical
expression for describing the instantaneous response of the material to the imposed strain rate at

constant temperature (T) and strain rate history (M) is given in Equation 2.4 (Prasad et al., 1984):
o =KE™|ry Equation 2.4

where & is the instantaneous response of the work piece or effective flow stress; K and m are the
material constants; £ is the applied strain rate.

The workpiece is seen as a non-linear dissipater of power while it undergoes plastic strain to
assume the shape of the dies in the deformation zone. The power dissipated by the workpiece is
divided into two different components: thermal and microstructural changes. The thermal content
of the dissipated power is usually larger than the power dissipated due to microstructural changes.
A schematic representation of a typical non-linear dissipater is shown in Figure 2.15. The total
power dissipated in relation to the instantaneous response of the material is expressed in Equation
2.5 (Prasad et al., 1984):

P=G+]=o0.€ Equation 2.5

where P is total power dissipated; G is a thermal constant; J is microstructural content. Note thatc.&
is the area of the rectangle in Figure 2.15.

The partitioning power between the thermal content and the microstructural content is referred
to as the strain rate sensitivity parameter (m) which changes with changes in temperature and
strain rate. In the dynamic materials model, the microstructural content (J ) reaches a maximum
when m is equal to 1. Therefore, the J content of a material undergoing deformation is usually

compared with Jmax to obtain the power dissipation efficiency (#) expressed in Equation 2.6. The
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power dissipation is expressed in terms of the strain rate sensitivity parameter m in Equation 3.3

(Chapter 3).
Ji Equation 2.6

n:

]max

Power dissipation efficiency values obtained under varying conditions of strain rate and
temperatures can be represented on a contour plot known as a power dissipation map. The power
dissipation values represent the rate of entropy production due to microstructural changes under

the imposed strain rate and temperature at a given strain.

The different microscopic phenomena occurring during hot working dissipate different iso-
efficiency values. Some of the microscopic phenomena are beneficial to hot working, while
others are detrimental. Dynamic recovery, dynamic recrystallisation and superplasticity dissipate
power with unique efficiencies when compared with microscopic phenomena such as flow
localisation, cracking, kink bands, adiabatic shear bands and other detrimental microscopic
phenomena (Prasad et al., 2015). To differentiate between beneficial and detrimental microscopic
phenomena during material forming operations, an instability criterion was developed by Prasad
(2015) based on the extremum principle of irreversible thermodynamics. The mathematical

expression for Prasad’s instability criterion is presented in Equation 3.4.

Any microstructural change which occurs in a material when the instability criterion is negative
will cause instability. The instability values can be represented on a contour plot under varied
temperatures and strain rates to obtain the instability maps. The superimposition of a power
dissipation efficiency map and an instability map is known as a processing map. An example of

a processing map is shown in Figure 2.16 (Rao et al., 2011).
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Figure 2.15: Schematic representation of (a) a non-linear power dissipater and (b) an ideal
power dissipator (Omar and Prado, 2012).

Although Prasad’s instability criterion has been used to develop processing maps for a wide range
of titanium alloys and other metals, other researchers have found that Prasad’s instability criterion
failed to identify unsafe deformation regions in some metals. Consequently other instability
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criteria have been developed by some researchers and have been reviewed by Murty and co-
workers (2002).

Poletti et al. (2010) used Murty’s criterion that was derived based on Zeigler’s continuum
principles to delineate the safe and unsafe regions during deformation of titanium alloys. Murty’s
criterion (Murty et al., 2002) has also attracted the interest of other researchers (Gupta et al.,
2012).

2.3.5 Hot deformation mechanisms- processing maps and microstructural validation

To obtain reliable information from processing maps, deformed samples are subjected to
microstructural investigations to ascertain the mechanisms controlling the deformation process
(Prasad et al., 2015). The power dissipation efficiency values obtained on the processing map is
validated against the microstructural features of the deformed samples. Based on the work of

previous authors, a number of hot deformation mechanisms have been reported.

AZ31-CH Strain=0.5

Log (Strain rate, s!)

Temperature, °C

Figure 2.16: Processing map for AZ31 magnesium alloy showing a region of instability (Rao
etal., 2012)

These mechanisms are either termed *safe’ or ‘unsafe’ for material processing (Kutumarao and
Rajagopalachary, 1996; Murty et al., 2000; Poletti et al., 2010; Rao and Prasad, 2010; Prasad et
al., 2015). This section presents the mechanisms influencing softening during deformation and
corresponding power dissipation efficiency values as described by Prasad and co-workers (Prasad
and Seshacharyulu, 1998b; Prasad, 2003; Prasad et al., 2015). The first sets of mechanisms
discussed are the safe mechanisms which include: dynamic recrystallisation, dynamic recovery
and superplasticity. These domains have been largely identified by several authors during testing

of titanium alloys as presented in Section 2.3.2.
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Dynamic recrystallisation

Dynamic recrystallisation (DRX) is a safe and desirable mechanism, occurring during
deformation as recrystallisation by simultaneous nucleation and growth. DRX does not only
improve the intrinsic workability of materials but also changes the microstructure of the materials
(Poliak and Jonas, 2003). For example, as-cast titanium alloys have a lamellar structure, which
is converted into a globular or equiaxed microstructure that makes subsequent processing of the
material much easier. This conversion of lamellar or acicular structures into globules during
deformation is sometimes called dynamic globularisation or geometric dynamic recrystallisation
(Song et al., 2009; Wu et al., 2011; Song et al., 2014; Li et al., 2015b). Semiatin et al. (1999)
found that local deformation causes rotation of the a-laths, leading to a change in orientation of
up to ~20°. The B phase can then readily penetrate the o/a boundaries created by the lath rotation.
Another explanation was that shearing of the a laths generate low- and high- angle boundaries at
~30°. The existing boundaries created by shear can be readily penetrated by the growing B-phase.
It was emphasised that complete globularisation can occur if the width of the o lath is less than
two times the penetration of the B cusps. Secharchayulu et al. (2002) also explained that dynamic

globularisation occurs in steps (Figure 2.17a) which include:

e shearing of alpha laths due to the applied shear strain;

e generation of dislocations of opposite signs along the line of shear;

e nucleation of a dislocation interface along the line of shear due to cancellation of
dislocations with opposite signs at the intersecting slip planes, and

e migration of the interface by diffusion to minimise the surface energy by forming the

globules.

These explanations emphasise that the creation of an o/a interface by shearing, bending and
rotation of the a-laths and the penetration of B-phase grains into the o/a boundaries are the critical
steps for dynamic globularisation to take place. Figure 2.17b (Balachandran et al., 2017) shows
a bright field image of the initial process of dynamic globularisation of alpha phase grains in a

titanium alloy.

Dynamic recrystallisation usually occurs around the homologous temperature of 0.7 - 0.8 Tm
(where T is the absolute melting temperatures of the metal) and a strain rate of about 0.1 - 1 s
for materials with a low stacking fault energy, whereas the strain rates can be 0.0001 - 1 s* for
materials with a high stacking fault energy (Prasad et al., 2015).
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Figure 2.17: (a) Schematic diagram of dynamic globularisation of alpha laths in Ti-6Al-4V
(Seshacharyulu et al., 2002). (b) TEM image showing an early stage of
globularisation of alpha laths. The arrows show cusping of the alpha phase at
the alpha and beta subgrains (Balachandran et al., 2017).

On the stress-strain curve, dynamic recrystallisation is often indicated by broad peaks and/or
oscillations prior to the steady-state flow stress. However, as unsafe deformation mechanisms
such as cracking also produce flow stress oscillations, DRX must be verified using other
techniques such as processing maps and microstructural examination (Prasad et al., 2015). On
the processing map, the typical power dissipation efficiency values for dynamic recrystallisation
are usually between 30 and 35% for low stacking fault energy metals, such as copper and nickel,
while up to 40 and 50 - 55% can be obtained in medium and high stacking fault energy metals,
respectively. The grain boundaries in dynamically recrystallised structures are usually finer than
the pre-deformed microstructure and the average grain diameter increases sigmoidally with
temperature at the strain rate favouring dynamic recrystallisation. In addition, grain size
decreases with increasing strain rates at dynamic recrystallisation temperatures (Prasad et al.,
2015).

Dynamic recovery

This is another safe deformation mechanism caused by climbing and gliding of thermally
activated dislocations. Quan et al.(2012) and Chen et al .(2014) found that dynamic recovery on
the stress-strain curve occurred when there was steady-state stress without a prior broad stress
peak. This claim has been reported to be inconsistent since Prasad et al.(1984) and Prasad and
Seshacharyulu (1998b) showed that dynamic recrystallisation could also occur even when the

flow stress was in a steady-state. Dynamic recovery occurs at warm working temperatures,
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usually around the homologous temperatures of 0.4 - 0.6 Tm. The process is dominated by
diffusion of rate-controlling atoms during deformation. The microstructure in a deformed sample
contains well-defined subgrains which are free of dislocations. Weiss and Semiantin (1998),
Chen et al. (2008) and Fan et al. (2013b) found serrated grains in lamellar initial structures. These
microstructural features are signatures of dynamic recovery. On processing maps, the power
dissipation efficiency values for dynamic recovery are usually in the range of 10 - 30 % (Prasad
and Seshacharyulu, 1998b).

Superplasticity

Superplasticity can be considered a ‘safe’ deformation mechanism if it is adequately controlled,
otherwise it may cause defects such as wedge cracking or void formation (Prasad and
Seshacharyulu, 1998b; Alabort et al., 2015). Superplasticity occurs by grain boundary sliding
and dislocation accommodated flow at the grain boundary triple junctions (Alabort et al., 2016).
The superplasticity domain on processing maps is shown by higher power dissipation efficiency
values, usually in the order of 60% and a closer iso-efficiency contour line as the strain rate
decreases. Unlike dynamic recrystallisation, superplasticity does not lead to reconstitution of the
microstructure. Superplasticity can be verified by hot tensile testing, where very high tensile
elongations of over 100% occur. This makes the mechanism useful for sheet metal forming or
deep drawing processes. Superplasticity occurs at a homologous temperature of 0.7 - 0.8Tm and
mostly at strain rates lower than 0.01 s (Prasad et al., 1984; Prasad and Seshacharyulu, 1998a;
Seshacharyulu et al., 1999). However, Langdon et al.(1998) and Mabuchi and Higashi (1998)
have found superplasticity at strain rates up to 0.1 s. Superplasticity has been reported to be very
sensitive to initial microstructures (Alabort et al., 2015). For example, beta transformed structures
in titanium alloys restrict superplasticity since the interfaces cannot slide easily, due to their
characteristic crystallographic orientations, whereas superplasticity occurs easily in equiaxed

structures. Detailed information on superplasticity is reported by Alabort et al. (2016).

The second sets of mechanisms that will be discussed are the ‘unsafe’ mechanisms occurring
during deformation, which include: wedge cracking, void formation, intercrystalline cracking,
prior particle cracking and flow instability processes (Prasad et al., 1984; Prasad and
Seshacharyulu, 1998a). Figure 2.18 (Seshacharyulu et al., 1999; Motyka et al., 2012) shows
typical microstructural manifestations occurring in various titanium alloys during hot

deformation.
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Figure 2.18: Microstructural manifestation during hot deformation of aTi-6Al-4V alloy
(Seshacharyulu et al., 1999; Motyka et al., 2012).

Wedge cracking

Wedge cracking occurs when materials are deformed at very low strain rates and higher
temperatures (Prasad and Seshacharyulu, 1998a). Under the conditions of low strain rates and
higher deformation temperatures, grain boundary sliding occurs under shear stress and diffusion
rates are not as fast as required, this leads to the formation of wedge cracking at the grain
boundary triple point junctions. On the processing map, the power dissipation efficiency values
and features of wedge cracking are similar to that of superplasticity, therefore detailed
microstructural examination and tensile ductility testing are used to distinguish between wedge
cracking and superplasticity. Wedge cracking can be avoided by increasing strain rates or

decreasing the deformation temperature (Prasad and Seshacharyulu, 1998a).

Void formation

Voids form at low temperatures and high strain rates, especially when hard particles are present
within the soft metal matrix, as in metal matrix composites or hard inclusions such as tungsten in
titanium and aluminium alloys (Hinode et al., 1989; Rao et al., 1989). The deformation causes
the particle-matrix interface to crack since the soft matrix would flow plastically and the particles
do not deform. At this interface, stress rises to a point where either the particle cracks or the
interface separates, leading to microstructural damage in the material. The void formation domain

should always be avoided during processing.
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Intercrystalline cracking

Intercrystalline cracking usually occurs under the conditions of either high strain rates or high
deformation temperatures. At high strain rates, adiabatic temperature rise may occur, possibly
causing incipient melting which aggravates cracking along the grain boundaries (Whitehouse and
Clyne, 1993). Also, at high temperatures, the diffusion of elements increases and sometimes
causing segregation of alloying elements or formation of low melting point compounds at the

grain boundaries (Prasad and Seshacharyulu, 1998a). This promotes intercrystalline cracking.

Prior particle boundary cracking

Prior particle boundary cracking is common in alloys made via the powder metallurgy route.
This mechanism occurs when starting powders which have picked up impurities or formed
surface oxides or nitrides which serve as crack initiation sites during deformation. When samples
produced via powder metallurgy are deformed at low strain rates and low deformation
temperatures, crack initiation and propagation may likely occur (Rajamuthamilselvan, 2013).
One effective way of preventing prior particle boundary cracking is by deforming at elevated
temperatures where dynamic recrystallisation easily occurs and the prior particles located on the

grain boundaries can be redistributed (Prasad and Seshacharyulu, 1998a).

Flow instability process

The two most common flow instabilities that manifest during deformation are adiabatic shear
band formation and flow localisation. Adiabatic shear band formation occurs at high strain rates
when there is not enough time for heat generated from the plastic work to be conducted away to
the surroundings (Hines and Vecchio, 1997; Xu et al., 2001; Landau et al., 2016). The flow stress
in the deformation band will be decreased and further plastic flow will become localised.
Adiabatic shear bands (ASBs) are nucleation sites for crack initiation and propagation, and could
also cause recrystallisation or phase transformation along the shear planes. ASBs occur at an
angle of 45° to the principal axis. Detailed information on the formation of adiabatic shear bands
and prediction of their occurrence has been reported (Odeshi et al., 2006; Longére and Dragon,
2007; Castellanos et al., 2009; Soltani, 2013). These works considered that adiabatic shear bands
are formed in a material when the decrease in strength due to heating is more than the strength
increase due to the combined effect of strain and strain rate hardening.

Flow localisation is the second most common form of flow instability (Prasad et al., 2015). It is
generally manifested in the form of curved or wavy macroscopic bands which are oriented at ~30
- 40° to the principal axis. Flow localisation mostly occurs when materials are deformed at high

strain rates.
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Other unsafe deformation mechanisms not covered in this review include Liders bands (Dewey,
1965) and kink bands (Hill, 1952). Liders bands occur as a result of dynamic strain ageing when
deformation is done at low strain rates while kink bands occur in textured materials when

deformation is carried out at high strain rates (Prasad and Seshacharyulu, 1998a).

Based on the literature surveyed in this section, dynamic recrystallisation has been largely
reported as the dominant safe softening mechanism over a wide range of titanium alloys that were
considered. Although superplasticity is desirable for sheet metal components used in automobile
and aerospace applications, it requires adequate control to avoid the formation of wedge cracks.
Warm working may be desirable, especially for reducing the cost of energy for bulk processing
of titanium alloys. However, it must be ensured that dynamic recovery dominates the process
since it is the safe mechanism during warm working. All unsafe deformation mechanisms must
be carefully avoided, especially adiabatic shear bands and flow localisation which are the major

unsafe deformation mechanisms.

2.4 Microstructural evolution during hot working

In previous sections, more attention has been paid to the influence of process variables such as
strain rate, strain and temperature on the intrinsic workability of titanium alloys. However, there
are other factors which have a significant influence on the workability of titanium alloys. These
factors include alloy composition and initial microstructures. The influence of alloy composition,
measured in terms of aluminium equivalent, molybdenum equivalent and oxygen content, on the
workability and properties of titanium alloys was briefly mentioned in previous sections. This
section provides a review of literature (Table 2.9) on the influence of pre-deformation
microstructures on the workability of titanium alloys. Emphasis is placed on the microstructural

evolution that occurs during deformation.

The variety of microstructures in titanium alloys has ignited the interest of researchers.
Consequently, researchers investigated the influence of important microstructural features such
as: prior beta grain size, alpha colony size, alpha and beta lamellar thickness, and lamellar spacing

on the general deformation behaviour of titanium alloys.
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Table 2.9: Previous studies on microstructural evolution during hot working of titanium alloys.
Microstructural Test parameters
Author Alloy type| Alloy feature/ Initial | Temperature | Strainrate | Strain Main findings
microstructure (°C) (sh (%)
Domain of dynamic globularisation of o lamellae in prior beta grains
Prior beta grain size: and superplasticity of beta grains - insensitive to prior  grain size.
Prasad et al. (2000) at+p Ti-6Al-4V | (0.5-1 mm) and (2-3 | 750 - 1100 104- 102 60 |Refinement of prior B grains before hot working restricted workability -
mm) widened domains where imposed process variables could cause
potential microstructural damage in the alloy.
L o platelet thickness
Semiantin and atp | Ti6AlAV| (©4-10um). Fully | 22 2%0% | 0990 | 65 |plastic flow was controlled by dislocation glide and climb.
Beiler (2001) 955
Lamellar
Dynamic recrystallisation of alpha phase occurred at 900 - 960°C.

Haung et al. (2009) at+p TC11 Equiaxed 900 - 1060 0.01-10 85 Increasing the total strain beyond 40% at the strain rate of 1 s
increased instability in the form of adiabatic shear bands.

Guan et al. (2012) ot Ti-6AI-4V Lamellar spacing 400 - 700 103-1 90 Finer lamellar spacirTg produced a higher flow stress for a given

[Fully lamellar temperature and strain rate.
Discontinuous dynamic recrystallisation of the beta phase dominated at
980°C.

Chen and Cao . . R .

(2012) at+p TC11 Equiaxed 800-980| 0.01-0.1 75  |Atthe lowest deformation temperature (850°C), the microstructure
showed that dynamically recrystallised alpha grains were dominant at
all strain rates.

Deformation resistance of the alloy with thick lamellae was higher due
Ti-5Al- Thick and thin a- 20. 40 to greater resistance of the thick lamellae to plastic flow, while the

Li et al. (2013) Near- B 5Mo-5V- lamellae/Fully 750 - 800 0.001-0.1 &’70 alloy with thin lamellae had lower resistance to plastic flow. Thin

1Cr-1Fe lamellar lamellae fragmented easily into fine alpha grains.
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Microstructural

Test parameters

Author Alloy type| Alloy feature/ Initial | Temperature | Strainrate | Strain Main findings
microstructure (°C) (sh (%)
Balasundar et al. Near-o acicular 923 - 1030 0.0003 - 65 Glopular alpha increased with increasing temperature and decreasing
(2014) 0.001 strain rate.
Transitional
microstructure: Transitional microstructure transformed to fine equiaxed o grains
. partially equiaxed through dynamic globularisation. Recommended hot working
X l. (2014 + Ti-6Al-4V . - 01-1 . . I .
uetal. (2014) ot -6 agrains, elongated 800 - 950 0.0 0 60 parameters: 820 - 910°C and 0.001 - 0.1 s%, while the instability region
agrains, network of at 800 - 880°C and 0.3 -10 s* should be avoided.
intergranular
Alpha phase volume An increase in the alpha volume fraction would increase the flow
Luo et al. (2015) a+p Ti-6Al-4V |fraction & alpha grain| 860 - 960 0.01-10 80 |stress, while increasing the alpha grain size resulted in a decrease in
size flow stress.
. Dynamic recrystallisation of the elongated alpha phase was responsible
. elongated + equiaxed . . PR .
Ti-5Al- rimarv aloha arains 001 01 1 for flow softening at a strain rate of 0.01 s, while the alloy with the
Li et al. (2015b) a+B 25n-4Mo- | P yap g 770 - 870 R 10-70 |platelet structure showed kinking as the dominant softening
and Widmanstétten &5 . . . .
4Cr mechanism. For both microstructures, deformation heating was
alpha platelets . . 1
dominant at strain rates > 0.0 1 s™.
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Several authors have found that phase transformation contributes to flow softening of titanium
alloys during deformation (Ding et al., 2002; Souza et al., 2015). Roberts et al. (1970) are of the
earliest researchers to report strain induced phase transformation in Ti-6Al-4V. Yang et al. (1991)
studied the mechanical behaviour and microstructural evolution during superplastic deformation
of Ti-6Al-4V. They showed that during tensile testing at temperatures of ~850°C, there was an
increase in the beta phase fraction with increase in strain. The conclusion drawn from the study
was consistent with the work of Roberts et al. (1970), who explained that an increase in vacancy
concentration imposed by deformation, decreased the distance travelled by alloying element
atoms and, as a result, the rate of diffusion of these elements is increased. Since phase
transformation is influenced by the rate of atomic diffusion, the reduction in the distance travelled
by atoms during deformation influenced the deformation-induced phase transformation in Ti-
6AIl-4V.

Koike et al. (2000) investigated the microstructural changes occurring in a+f Ti-5.5Al-1Fe alloys
during superplastic deformation. They found that the beta transus temperature of the alloy

decreased from 997°C to 927°C during superplastic deformation due to:

e The agglomeration of beta phase to grain boundaries perpendicular to the tensile axis

e The increase in volume fraction of the beta phase.

Koike et al. (2000) also found that increasing the stress at the alpha grain boundaries by up to
100 MPa decreased the beta to alpha phase transformation from 997°C to 927°C in the Ti-Al-Fe
alloy. The authors concluded that deformation-induced phase transformation during superplastic

forming could reduce the beta transus temperature by up to 90°C.

He et al. (2012) studied the evolution of microstructure of Ti-6Al-4V alloy during concurrent hot
deformation and phase transformation. The researchers had two sets of samples prepared for heat
treatment and for thermomechanical treatment. The heat treated samples were not deformed but
were heated to 1025°C, held for 180 s and quenched to achieve a single beta phase. Thereafter,
the samples were heated to 800°C, 600°C and 400°C. For comparison, the single phase samples
were subjected to deformation on a Gleeble 3500 thermomechanical simulator at 800°C, 600°C
and 400°C. Concurrent hot deformation and phase transformation reduced the alpha grain size
and increased the kinetics of the beta-to-alpha phase transformation (attributed to strain enhanced
phase transformation since the volume fraction of the alpha phase was higher in the deformed

samples when compared with the heat treated sample).

Degham-Mashandi and Dippenaar (2012) followed a similar procedure to assess the occurrence

of strain induced phase transformation during thermomechanical processing of a Ti-6Al-2Sn-

59



4Zr-6Mo alloy. It was found that strain induced transformation occurred in the alloy and could

be used to refine the microstructure.

2.5 Corrosion behaviour of titanium alloys

25.1 Overview

Corrosion is the degradation of materials which occurs as a result of electrochemical reactions
between the material and the environment. There are different forms of corrosion which include
uniform corrosion, pitting corrosion, crevice corrosion, hydrogen induced cracking, stress
corrosion cracking and microbial induced corrosion (Fontana, 1986; Balasubramaniam, 2009).
Titanium and its alloys are generally known as corrosion-resistant alloys, which is why the
material is used in chemical and biomedical industries (Shoesmith and Noél, 2010). When
compared to steel, aluminium and magnesium, titanium is more corrosion-resistant in most
corrosive solutions due to the chemically inert and tenacious oxide film that is formed on the
surface of the metal (Fontana, 1956; Virtanen, 2012). Titanium reacts aggressively with oxygen
when exposed to air or aqueous solutions, forming either a crystalline or non-crystalline oxide
film. The oxide film exists as either anatase or rutile and the durability of the film has a strong
influence on the corrosion resistance of the alloy (Tomashov et al., 1974). Commercially pure
titanium and near alpha titanium alloys are more corrosion resistant than the other forms of
titanium alloy, i.e. the o+p and the B alloys. This has been attributed to the fact that alloying
elements modify the oxide film, either improving or destroying the protectiveness of the oxide
film (Tomashov et al., 1974; Shoesmith and Noél, 2010). The addition of manganese, vanadium
and aluminium has been found to reduce the protectiveness of the oxide film, while corrosion
resistance of titanium alloys containing noble metals such as palladium and ruthenium has been

increased significantly (Tomashov et al., 1974; Virtanen, 2012).

Apart from the effect of alloying elements on the durability of the oxide film, the type of
environment to which titanium is exposed has an influence on the corrosion resistance
(Shoesmith and Noél, 2010; Virtanen, 2012). Although titanium alloys are resistant to corrosion
in oxidising environments, in strong reducing acids such as hydrochloric and sulphuric acid, the
oxide film of titanium dissolves readily and the alloy is activated and prone to attack (Shoesmith
and Noél, 2010). If the concentration of the acid is strong enough, a titanium hydride film is
formed on the surface of titanium once the oxide film has been dissolved. The titanium hydride
film is equally protective, but it does not form spontaneously like anatase and rutile (Shoesmith
and Noél, 2010). When compared to other conventional metals, the potential at which the oxide
film on the surface of titanium and its alloys dissolves is far from the potential at which natural

corrosion occurs. Therefore, titanium alloys still maintain their corrosion resistance superiority
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over other conventional alloys. The only environment where titanium and its alloys are extremely
susceptible to corrosion is in fluoride-containing environments. This is why titanium dental
components are thoroughly investigated for corrosion resistance in fluoride-containing
environments (Myers et al., 1984; Shoesmith and Noél, 2010).

Passivation occurs in titanium alloys and this makes the alloys prone to localised corrosion such
as pitting, crevice and stress corrosion cracking (Fontana, 1956; Neville and McDougall, 2001;
Schenk, 2001; Shoesmith and Noél, 2010). Investigations have shown that titanium alloys are
resistant to pitting and microbial-induced corrosion, even in strong reducing acids, because of the
spontaneous repassivation of dissolved oxide. However, titanium alloys are highly susceptible to
crevice corrosion and environmentally assisted cracking which promotes corrosion (Fontana,
1956; Shoesmith and Noél, 2010; Virtanen, 2012). The two most common forms of
environmentally assisted cracking in titanium are hydrogen induced cracking and stress corrosion
cracking. Shoesmith and Noél (2010) and Virtanen (2012) found that the spontaneous
repassivation of titanium makes stress corrosion cracking somewhat difficult, but titanium suffers
stress corrosion cracking in halide-containing aqueous environments under the conditions of low
pH, high temperature and high concentration of halides. Near-alpha alloys containing significant
amounts of aluminium and tin are most susceptible to stress corrosion cracking, but addition of
interstitial elements such as C, N and O can be used to control stress corrosion cracking in the
alloys. Detailed information about the stress corrosion cracking of titanium was reported by
Shoesmith and Noél (2010). For hydrogen induced cracking to occur, a substantial amount of
hydrogen has to be absorbed. Since the solubility of hydrogen is very low in the alpha phase, and
the solubility and diffusion of hydrogen in the beta phase is very high, o+p and  alloys are the
most susceptible to hydrogen induced cracking (Schenk, 2001; Shoesmith and Noél, 2010). This
is because in o+p alloys, hydrogen induced cracking is sensitive to the volume fraction and

morphology of the microstructure (Shoesmith and Noél, 2010).

Although titanium alloys are generally considered to be corrosion-resistant, the alloying
elements, microstructure and environmental conditions could make the materials susceptible to
corrosion of the materials in service. Therefore, newly developed titanium alloys which have
been treated to obtain desired microstructures are corrosion tested in environments similar to the
intended applications. A review of the literature on newly-developed and commercial alloys in
different environments is presented in Sections 2.5.2 - 2.5.3 where each section focuses on the
different tested environments. The most common environments considered are the acidic, marine

and physiological solutions.
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2.5.2 Corrosion behaviour in acidic solution

As far back as the 1970s, several researchers were interested in studying the behaviour of the
passive film formed on the surface of titanium alloys when immersed in acidic solutions. The
first set of studies focused on understanding the mechanisms controlling the passivation and

dissolution of titanium alloys.

Brieter (1970) carried out a galvanostatic study of passivity and breaking down of passivity of
titanium in hydrochloric solutions. The electrode potential and impedance were measured as a
function of time when a current of 10 mA was passed through the electrolyte. The alloys were
polished in different reagents prior to immersion. It was found that the anodic current was used
mainly for oxide formation until a maximum was reached. However, the oxide thickness did not
increase with exposure time in the hydrochloric environment. This observation was consistent
even at varied HCI concentrations of between 0.1 and 10 M. Breakdown of passivity occurred at
potentials within the range of 11.5 - 14.5 V. This caused dissolution of the titanium electrode.

The increased dissolution area decreased the electrode potential.

Owen et al. (1972) investigated the dissolution of Ti-6Al-4V in the cathodic potential range in
5N hydrochloric acid. An annealed Ti-6Al-4V sample was polished before exposure to
hydrochloric acid under open circuit potential and a controlled potential of -742 mV (vs. SCE).
Localised corrosion (pitting) occurred preferentially on the uncoated alpha phase because a thin
hydride layer which dissolves readily in hydrochloric acid, was formed on the alpha phase, while
a thick hydride layer was formed on the beta phase. The hydride layer was formed after
dissolution of the protective oxide (TiO2) film in a strong reducing acid environment. The
dissolution of the oxide layer and the activation of the titanium alloy occurred at the potential of
-650+50 mV.

Tomashov et al. (1974) carried out a more comprehensive study on the anodic passivation and
corrosion behaviour of titanium and titanium alloys in non-oxidising acid at elevated temperature.
About 37 alloys containing a wide range of binary and ternary systems were investigated. The
major alloying elements that were added to titanium in different weight ratios included niobium,
tin, manganese, aluminium, zirconium, vanadium, molybdenum, tantalum and palladium. The
different microstructural phases developed in the alloys were: alpha, beta, (a+p), (o+p), (x+p),
with ® and ¥ representing martensite and an intermetallic compound respectively. The
researchers adopted a number of methods in their study including electrochemical, gravimetric,
analytical, metallography, X-ray and electron diffraction techniques. They found that for pure
titanium that was polarised anodically to 1V in 40% sulphuric acid at 80°C, there was an

electrochemical transition of TiO2" as the preferred anodic process. The region of passivity on
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the polarisation curve decreased as the temperature increased from 25°C to 90°C. The thickness
of the passive film formed at the more positive potential was less than the thickness of the passive
film formed at the less positive potential. The protective strength of the oxide film was dependent
more on the structure of the passive film than the thickness of the film. It was explained that the
passive film had two layers: the barrier layer which has the anatase structure, and the porous layer
which has the rutile structure. The anatase layer was found to be dominant when polarisation
occurs at more positive potentials, while the rutile layer, which is porous, was dominant at the
less positive potential (+0.7 V). Therefore, the researchers proposed that the protection offered
by the titanium oxide layer is more effective when the amount of defects in the oxide layer and
its ionic conductivity is reduced. In other words, the anatase layer which is usually in contact
with the metal has less defects and ionic conductivity than the outer rutile layer. Thickening of
the anatase layer on the surface of titanium alloys offers more protection when exposed to

corrosive solutions.

Secondly, the influence of alloying elements in binary and ternary alloys on the dissolution of
the anodic oxide film was evaluated. It was reported that the addition of elements such as
aluminium, vanadium and zirconium increased the rate of anodic dissolution of the oxide layer,
while the addition of manganese and zinc decreased the dissolution rate. The addition of tin to
titanium was found to have no effect on the rate of dissolution of the oxide layer. When the
alloying elements were added in small quantities, the dissolution rate of the oxide layer was
similar to that of the pure titanium, except in Ti-Al and Ti-Zr binary alloys. The rate of dissolution
is largely dependent on the amount of defects and the ionic conductivity induced into the oxide
layer when the alloying element atoms diffuse into the lattice of the oxide (Tomashov et al.,
1974).

The influence of microstructure on the passivation and electrochemical behaviour of high alloyed
titanium was evaluated in 40% sulphuric acid. It was established that a single phase beta Ti-Mo
alloy had a more stable passive region than when the same alloy contained the beta phase with
either the alpha or omega phase. The alpha and omega phases dissolved preferentially to the beta
phase in sulphuric acid when the alloy was in the active potential range. A higher amount of the
Mo-enriched beta phase was observed on the surface of the alloy. In contrast, in 40% sulphuric
acid at the polarisation potential of about +0.74 V corresponding to the transpassive region of the
alloy, the beta phase dissolved preferentially to the alpha and transformed beta (omega) phases
(Tomashov et al., 1974).

The corrosion behaviour of binary Ti-5Cr and ternary Ti-5Cr-15Ta alloy systems were studied

in 5% hydrochloric acid (Tomashov et al., 1974). It was observed that chromium increased the
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dissolution rate of the oxide layer, while the introduction of tantalum decreased the dissolution
rate. Similar to the other binary alloys that were investigated, the alloys containing two phases
had inferior corrosion properties to the single phase alloys in both systems. The formation of
intermetallic compounds such as TiCrz and (TiTa)Crz both increased the dissolution rate of the
oxide layer. Finally, the evaluation of corrosion behaviour in an a+p Ti-20Nb-0.2Pd ternary alloy
in hydrochloric and sulphuric acid showed that the alloy was stable in both environments due to
the high niobium content (Tomashov et al., 1974).

Caprani and Fraynet (1979) developed a reaction model to describe the mechanism of dissolution
and passivation of titanium in concentrated hydrofluoric, fluorinated sulphuric and hydrochloric
acid. They found that titanium dissolved in concentrated hydrochloric acid as Ti (I11) and Ti (1V),
and that the dissolution of titanium was similar in the three acid media. When the current - voltage
graph was analysed, the reaction model, similar to that proposed for fluorinated sulphuric acid,
was consistent with that of concentrated sulphuric acid. However, the model which described the
oxide formation with respect to changes in potential for hydrochloric acid differed from that of

fluorinated sulphuric acid.

Poillieu et al. (1997) investigated the thickness, structure and composition of titanium oxide films
using surface analysis techniques such as X-ray photoelectron spectroscopy, Rutherford
backscattering, X-ray diffraction and atomic force spectroscopy. Although previous authors had
established that films formed on titanium and its alloys were composed of titanium dioxide
(rutile), Poillieu et al. (1997) stated that there had been prior disagreement on the structure and
exact composition of the film. They observed that the passive film was composed of an
amorphous TiOz outer layer of about 10 - 20 nm thick and an intermediate TiOx layer in contact
with the metallic substrate. The composition of the TiOx layer was not easily determined, but they
established that the TiO2 layer was sensitive to the environment, and its thickness decreased with
longer exposure time. The authors recommended a stabilisation procedure which increased the
thickness of the TiO2 outside layer. They concluded that the ability of the TiOz layer to withstand
corrosion depended on the thickness of the layer, and not modification of the surface compound’s

composition, as reported by previous authors.

Marino et al. (2001) investigated the stability of potentially grown anodic oxide films on titanium
alloys in buffered aqueous phosphoric acid solution. This work added to the existing knowledge
on the oxide formation and dissolution of titanium and its alloys in sulphuric and hydrochloric
acid solutions as described by previous authors (Tomashov et al., 1974; Blackwood et al., 1988;
Blackwood and Peter, 1989). The pH of the solution was 1 - 5 and the samples were exposed to

the solution at room temperature and low voltages. The anodisation rate for the oxide film was
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evaluated using electrochemical methods and the oxide film was characterised using X-ray
diffraction and scanning electron microscopy. The authors found that the oxide film was stable
in the phosphoric acid; and the growth rate of the film was 2.5 nm/V, irrespective of the pH of
the solution. The oxide film was free of pores and was very compact. Ageing the oxide film
enhanced its stability and homogeneity. The authors confirmed that traces of monoclinic TizOs
were present in the thicker films when the potential was greater than 3 V. Generally, the oxide

film mainly comprised orthorhombic TiO-.

Giileryiiz and Cimenoglu (2004) proposed that thermal oxidation could improve the corrosion
and corrosion-wear resistance of Ti-6Al-4V. They reported that thermal oxidation treatment at
650 - 650°C produced a corrosion- and wear-resistant surface layer. They confirmed that oxide
thickness and oxygen diffusion depth increased with increasing oxidation depth and time. The
oxide layer mainly comprised anatase and rutile. The optimum oxidation temperature and time
for producing a corrosion resistant surface for Ti-6Al-4V alloy in 5 M hydrochloric acid was
600°C and 60 hours.

From the above studies, it can be seen that several factors influence the formation, structure,
stability and dissolution of the surface oxide film in titanium alloys: temperature, composition of
the alloy, concentration and pH of the acidic solution. Once the role of these factors on the oxide
formation and dissolution behaviour of titanium alloys exposed to acidic media were understood,
researchers then began to examine the corrosion behaviour of titanium alloys produced by
different routes. The influence of production processes was reported and the corrosion behaviour
of the different alloys was compared. The determination of corrosion rates for different titanium

alloys is very important in forecasting the life span of titanium components in service.

Krysa et al. (1997) investigated the corrosion rate of titanium in 1 - 4 M sulphuric acid at
temperatures of 25 - 60°C, and found that corrosion rates increased linearly with increasing
H2SO4 molar concentration. Prior etching with 5% hydrofluoric acid significantly shortened the
time for self-activation of titanium in sulphuric acid. They recommended that during industrial
pre-treatment of titanium alloys with hydrochloric acid or sulphuric acid, an initial step of etching

in 5% HF could help decrease the corrosion rate.

Adijani et al. (2000) investigated the effect of adding a beta-ethyiphenylketocyclohexyl amino
hydrochloride inhibitor to sulphuric acid on the corrosion behaviour of commercially pure
titanium used as heat exchanger tubes. The tubes had a build-up of calcium carbonate and
magnesium hydroxide scales and were usually cleaned by uninhibited sulphuric acid. The
investigation was done under different conditions by immersion, potentiodynamic and Tafel plot

techniques. It was concluded from immersion and polarisation measurements that the corrosion
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rate was negligible when the inhibitor was used, as there was no hydrogen pick-up under the

various testing conditions.

Van der Lingen and Sandenbergh (2001) investigated the influence of ruthenium additions on the
cathodic modification and corrosion performance of titanium in hydrochloric acid. Ruthenium
was chosen because it is the cheapest amongst the platinum group of metals and its suitability for
replacing expensive palladium was evaluated. The tests were carried out in 25% hydrochloric
acid at room temperature. Different titanium alloys containing different additions of ruthenium,
palladium and ASTM Grade 2 titanium were tested. It was observed that a secondary phase
containing 10 wt% Ru and 5 wt% Fe was formed in the Ti-Ru alloys. An additional alloy with
10 wt% Ru and 5 wt% Fe was then developed as a cathodic material to identify the mechanism
controlling the cathodic modification in the Ti-Ru alloy. It was found that ruthenium was a
suitable cathodic modifier in titanium, similar to palladium. The presence of ruthenium in
titanium pushed the corrosion potential to a more positive potential and promoted passivation.
However, it was established that ruthenium acted differently to palladium as the Ti-Ru-Fe
secondary phase acted as the cathodic modifier rather than elemental ruthenium. The authors
concluded that the fine nature of the Ti-Ru-Fe secondary phase caused faster enrichment of the

phase on the surface of the titanium alloy, thereby decreasing the corrosion rate in the alloy.

Magoda et al. (2004) studied the corrosion behaviour of Ti-6Al-4V in concentrated hydrochloric
and sulphuric acid media using open circuit potential (OCP), potentiodynamic polarisation and
electrochemical impedance spectroscopy (EIS) techniques. The concentrations of the electrolytes
were varied from 0.5 -4 M and 1 - 9 M for sulphuric acid and hydrochloric acid respectively. It
was found that SO4* accelerated the active dissolution of Ti-6Al-4V more than CI.
Consequently, the oxide film on the surface of the alloy dissolved faster in sulphuric acid than in
hydrochloric acid. The dissolution of the oxide film increased with increasing concentration of
the electrolytes. Compared with pure titanium, Ti-6Al-4V exhibited slightly higher corrosion
resistance than pure titanium. This contradicted the general experience that corrosion resistance
of pure titanium was higher than in two-phase alloys containing aluminium, vanadium, zirconium
and molybdenum (Tomashov et al., 1974; Shoesmith and Noél, 2010).

Bautisha et al. (2005) developed a lower cost Ti-6Al-4V alloy by powder metallurgy (PM). The
influence of sintering on the corrosion behaviour of the alloy was investigated using
electrochemical impedance spectroscopy in 2 N and 6 N hydrochloric acid solutions. The
oxidation resistance of the PM alloy was studied at temperatures of 900°C, 1000°C and 1100°C
using scanning electron microscopy and X-ray diffraction techniques. In a low hydrochloric acid

concentration, the corrosion resistance of the PM alloy was comparable to that of wrought Ti-
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6Al-4V, but in solutions with higher hydrochloric acid concentrations the PM Ti-6Al-4V alloy
had lower corrosion resistance than CP titanium alloys produced via PM. The oxidation resistance

of the PM alloys was superior to that of the wrought alloys.

Devilliers et al. (2006) investigated the behaviour of titanium in sulphuric acid. Their findings
were similar to previous work (Blackwood and Peter, 1989; Tomashov et al., 1974). The authors
stated that electrochemical methods were not reliable enough to study the dissolution of the TiO2
film on the titanium-electrolyte interface, due to instant passivation of the alloys as dissolution
progressed. They emphasised that it was only when the rate of dissolution was greater than the
rate of passivation that the surface of titanium subjected to active corrosion could be observed
through electrochemical techniques. Building on their claim, it was proposed that an electro-
analytical determination of Ti (IV) species in the acid electrolytic solution was a convenient tool
for detecting in situ dissolution of TiO2 and the corrosion of titanium.

A comparative study on the influence of chloride and sulphate ions on the corrosion behaviour
of CP titanium and Ti-6Al-4V in oxalic acid was carried out by Fekyy (2009). The substrates
were subjected to OCP measurements, polarisation and EIS techniques. The concentration of
oxalic acid, sulphates, chloride ions and temperatures were varied. It was found that corrosion
current density increased with increasing temperature and concentration of the electrolyte for
both alloys. CP titanium had superior corrosion resistance than Ti-6Al-4V under all testing
conditions. This is in agreement with the findings of previous authors (Tomashov et al., 1974;
Virtanen, 2012), except Magoda et al. (2004). The influence of chloride and sulphate ions on the
oxide film resistance (the resistance of the TiO2 formed on the surface of the alloy to anionic
attack in the solution) of pure titanium and Ti-6Al-4V was studied. The oxide film resistance
decreased with increasing chloride ion concentration up to 1 mM but higher Cl'concentrations
led to an increase in the oxide film resistance. In contrast, increasing the concentration of sulphate
ions caused a continuous decrease in the oxide film resistance. This further affirms the claim of
Magoda et al. (2004) that sulphate ions cause a more severe attack on pure titanium and titanium

alloys.

2.5.3 Corrosion behaviour in sodium chloride and physiological solutions

Titanium alloys are used extensively in marine and biomedical applications. Consequently,
titanium alloys are tested in varied concentrations of sodium chloride solutions to evaluate the
performance of the alloys against corrosion when exposed to simulated marine environments.
Apart from the evaluation of corrosion resistance of titanium alloys in both acidic and sodium
chloride solutions, there has been considerable research on the corrosion performance of titanium

alloys in physiological solutions. These solutions are usually simulated body fluids, such as 0.9%
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NaCl solution, Hank’s solution and phosphate buffered solution. The increasing use of titanium
alloys in the manufacture of biomedical components has motivated several studies on corrosion
performance in biomedical environments. Some of the articles published on the corrosion

behaviour of titanium alloys are summarised in Table 2.10.

2.5.4 Summary

From the above-reviewed articles, it can be observed that electrochemical techniques such as
open circuit potential, potentiodynamic polarisation and electrochemical impedance
spectroscopy are the major techniques used in studying the corrosion behaviour of titanium and
its alloys. The corrosion behaviour of titanium alloys depends on the structure and thickness of
the oxide film formed on the surface of the alloy when immersed in corrosive solutions. However,
it is still not clear if it is the thickness or the structure of the oxide film that offered the desired
protection to the substrates. Reports on the formation and dissolution of the oxide film, especially
in reducing acid media, are quite contradictory. From the literature used for this review, it can be
seen that formation and dissolution of oxide films is mostly studied in reducing acid media since
the oxide film is spontaneously formed in oxidising media and thus increase in thickness with

exposure time.

Studies in this literature survey showed that increased concentration of electrolytes and
temperature promotes dissolution of the passive film and also reduces the general corrosion
resistance of titanium alloys. Sulphate ions (SO4*) have been found to be the most potent ions in

reducing acid causing dissolution of an oxide film on the surface of titanium alloys.

The role of alloying elements on the formation and dissolution of the oxide film was surveyed.
According to some studies, the addition of aluminium and vanadium can promote dissolution of
the film in acidic media, while other elements like ruthenium and palladium slow down the rate
of film dissolution. The high cost of ruthenium and palladium has led researchers to also study
the effect of low-cost alloying elements, e.g. molybdenum, chromium and niobium, on the
corrosion resistance of titanium alloys. The results obtained from these studies were positive, as
molybdenum and niobium in particular improved the corrosion performance of titanium alloys.
Interestingly, iron, one of the lowest cost alloying elements in titanium, has been reported to offer
improved corrosion resistance when it is used as a substitute for vanadium in commercial Ti-6Al-
4V alloys. When used as a co-beta stabiliser in B titanium alloys, reports have shown that iron

had no detrimental effect on the corrosion behaviour.

The different processing techniques used in developing titanium alloys results in a wide range of
microstructures. These microstructures respond differently when exposed to corrosive media.

Previous studies have shown that it is beneficial to have a single and homogenous phase rather

68



than combination of phases when developing titanium alloys. Preferential dissolution of the alpha
and martensitic phases in acidic media was found in alloys containing more than one phase. It is

thus important to control the microstructure of newly-developed titanium alloys.

The complexity of corrosive media has an influence on the dissolution of oxide film and the
overall corrosion resistance of titanium alloys. Although physiological fluids are usually complex
solutions containing more than one anion, titanium alloys are generally reported to perform well
in these solutions especially when compared to stainless steel. Other complex solutions such as
mixed HCI and NaCl have an adverse effect on the corrosion performance of titanium alloys
(Sinigaglia et al., 1978). There is a limited number of studies on the corrosion behaviour of
titanium alloys in these complex solutions when compared to the different solutions considered
in this review. Therefore, it becomes imperative to investigate existing and newly-developed

alloys in complex solutions.
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Table 2.10: Previous studies on corrosion behaviour of titanium alloys immersed in sodium chloride and physiological solutions.

Test parameters

Author Alloy type Alloy Treatment | Temperature _ ) Main findings
R Solution Technique
(°C)
Ti-6AL-AV & Slmulate_d OCP & Act_lvatlon of T|—_6AI—4V occurred_after 10 - 15 hours, after
Aragon and ot 3161 stainless i 25 body fluid Potentiodvnamic which the corrosion rate began to increase. The
Hulbert (1972) and bovine . y. dissolution time for Ti-6Al-4V was 176 times slower than
steel Polarisation .
plasma for 316L stainless steel.
. 0.9% NaCl + OCP, . . .
Kobayashi et al. . . o Na . . . The formation of Nb%* cations decreased the concentration
at+p Ti-6Al-7Nb | Alloying (Nb) 37 1.0 lactic Potentiodynamic . L .
(1998) . L of defects in the passive film of the Ti-6AI-7Nb alloy.
acid Polarisation & EIS
Triangular potential
sweep, Potentio- | The addition of palladium improved the corrosion
Ramires and Ti-Pd and Ti- . dynamic polarisation, |resistance of CP-Ti, while the presence of aluminium and
+ .99 . A S .
Gaustalsi (2001) o & otp 6Al-4V Alloying (Pd) 25 0.9% NaCl Electrochemical |vanadium in Ti-6Al-4V showed inferior corrosion
Impedance resistance than the Ti-Pd alloy.
Spectroscopy
Ti-6Al-4V, Ti- The estimated corrosion rates of the alloys were
Choubey et al. o 6Al-4Nb, Alloying (Fe 37 Hank’s Potentiodynamic  |comparable. The corrosion behaviour of Ti-6Al-4V was
(2004) Ti-6Al-4Fe & and Nb) solution Polarisation not affected significantly on substituting vanadium with
Ti-5Al-2.5Fe niobium and iron.
Nishimira et al. B Ti-8Mo-5Fe Alloying (Mo- 25 10 mass% :Er]Lec;;Z(;]r;eemlcal The addition of iron did not affect the corrosion resistance
(2010) Fe master alloy) NaCl P of both alpha and beta phases in Ti-8Mo-5Fe.
spectroscopy
Pl -assisted . . .
phi/ssquIa\S/?psoeur OCP The coated alloy had improved corrosion resistance over
lei l. . . . 5 wt% R h Ti-6Al-4V alloy. The i i
o | e | reomay ot |25 somato| ST | onmoapae [0S T ALY Bl T e et
TIAIN/TIAICIN Polarisation & EIS
: uncoated alloy.
coatings
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Test parameters

Author Alloy type Alloy Treatment | Temperature _ ) Main findings
R Solution Technique
(°C)
Direct metal The addition of aluminium and iron in high amounts
. - , OCP, N .
Pimenova and . deposition + Hank’s . . (>15 wt%) caused heterogeneous distribution of alloying
at+p Ti-xAl-yFe . 25 . Potentiodynamic . . .
Starr (2006) Alloying (Al solution L elements in the microstructure of the alloy. This promoted
Polarisation & EIS . . o
and Fe) the dissolution of titanium alloys.
otp NaCl had a detrimental effect on Ti-6Al-4V when
isak et al(201 Ti-6Al-4V - 2 NaCl | . . . .
Cisak et al(2016) -6 S ac Salt Spray deposited at high temperature in the presence of moist air.
Dai et al, (2016) at+p Ti-6Al-4V Selectivg laser 25 3.5 wt% PotentoioCdF;/’namic SLM Ti-6AI-4V alloy haq Worse corrosion resistance
melting NaCl L compared to its commercial counterpart.
Polarisation & EIS
Simulated OCP, The superior corrosion resistance observed in the alloys
Lu et al.(2016) at+f Ti-6Al-xFe Alloying (Fe) 25 bodv fluid Potentiodynamic  |was explained by the oxides of aluminium and iron formed
y Polarisation & EIS |on the surface of the passive TiO, passive film.

The corrosion behaviour of Ti-24Nb-4Zr-8Sn was

comparable to that of CP-Ti, but Ti-6Al-4V had inferior

corrosion resistance to both CP-Ti and Ti-24Nb-4Zr-8Sn.
Bai et al.(2016) |a,ot+pand B| 4V and Ti- Alloying (Nb) 37 buffered Potentiodynamic oxide film formed on ch surface of the allov iust Iikz that

24Nb-4Zr-8Sn solution Polarisation & EIS vl

of CP-Ti. The formation of Nb%* cations decreased the
concentration of defects in the passive film of the
biomedical Ti-25Nb-4Zr-8Sn alloy and thus decreased
corrosion rate.
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2.6 Summary of the literature review and identifying the research gap

The major factors contributing to the high cost of titanium alloys have been presented in this
literature review. The difficulty in extracting titanium from either ilmenite or rutile, the use of
expensive alloying elements and complex processing techniques during forming and machining
operations were all mentioned as contributing factors to highly priced titanium components. The

research efforts seeking to address these factors that were considered in this review are:

. Seeking to establish a cost effective, efficient and continuous beneficiation process to

obtain pure titanium powder from TiCl4
. The use of inexpensive alloying elements in the design of lower cost titanium alloys, and

. Optimising the forming process parameters to reduce manufacturing costs.

Based on the surveyed literature on o+p titanium alloys, it was observed that in developing low-
cost titanium alloys, most researchers have considered total replacement of expensive
isomorphous beta stabilisers e.g. vanadium, molybdenum and niobium, with iron, chromium, and
manganese that undergo a eutectoid reaction. Although this initiative has shown that the cost of
titanium alloys can be reduced while maintaining good mechanical properties, the major
disadvantage is the formation of intermetallic phases which are generally detrimental to the

mechanical and corrosion properties of a+f titanium alloys.

One way of preventing the formation of these intermetallic phases is to retain some isomorphous
beta stabilisers when introducing low-cost euctectoid beta stabilisers. For example, partial
substitution of vanadium in Ti-6Al-4V with iron could help suppress the formation of
intermetallic compounds. Prior published work on both experimental and commercial a+f alloys
which considered partial substitution of expensive isomorphous beta stabilisers with eutectoid
beta stabilisers is sparse. It is only recently that Yu et al. (2017) investigated the sinterability of
a+p Ti-Al-V-Fe alloys using fine hydrogenated-dehydrogenated titanium powder, Al-V master
alloy and iron powders. From their results, they concluded that the fast diffusion of iron atoms in
titanium: enhanced the sinterability, homogenised the microstructure of the alloy and reduced
microporosity in the alloy. However, the mechanical properties of the alloys were poor due to
oxygen contamination of the as-received powders. No prior work was found on Ti-Al-V-Fe alloys

produced via the ingot metallurgy route.

This research therefore considers the partial substitution of vanadium in Ti-6Al-4V with iron, a

eutectoid former, strong beta stabiliser, and the lowest cost beta stabilising element. The design

72



considerations for the set of low-cost Ti-Al-V-Fe alloys developed in this study are presented in
Section 2.7. The newly-developed alloys were produced via the ingot metallurgy technique.
Thereafter, they were subjected to corrosion and hot deformation testing to provide new
information on the role of the partial substitution of vanadium with iron on the corrosion

resistance and high temperature forming behaviour of the alloys.

It was established from the literature review that the two major methods for optimising the
forming and machining operations of titanium alloys include constitutive modelling and dynamic
materials modelling by processing maps. Since there is no literature available on the Ti-Al-V-Fe
alloys studied in this work, processing maps were used to determine the optimum processing
conditions and the underlying mechanisms during hot working. The information obtained from
this study will be very useful in converting the new Ti-Al-V-Fe alloys from as-cast material to
semi-finished and finished components.

The research approach considered in this study would help to address the challenge of high cost

contributed by expensive alloying elements and complex hot working of titanium alloys.

2.7 Design Consideration

The selection of compositions for the experimental low-cost alloys is based on literature
published on low-cost a+f titanium alloys. Fujii et al. (2002) found that the addition of
aluminium increased hot deformation resistance and decreased hot workability which leads to
several disadvantages including: resistance to rolling mill power, increased labour for removal

of surface defects and reduced yield. Consequently, this adds up to higher manufacturing costs.

Leyens and Peters (2003) found that when the aluminium equivalent is greater than 9 wt% or the
aluminium content exceeded 6 wt%, formation of a brittle TisAl intermetallic phase was highly
favoured. TisAl is detrimental to the properties of titanium alloys, especially when the aluminium
content exceeds 6 wt% (Zhu et al., 2014).

Several articles are available on the total replacement of high-cost vanadium with lower-cost iron
(Esteban et al., 2008; Bolzoni et al., 2012; Wang et al., 2012b). However, no literature on partial
replacement of vanadium with iron in cast a+f titanium alloys has been found. The addition of
iron as an alloying element in the development of lower-cost o+f titanium alloys must not exceed
2% due to segregation effects and compromised homogeneity of the alloy after casting
(Nochovnaya et al., 2008).
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Therefore, this research work focused on developing experimental alloys within the composition

ranges:
o Titanium > 90 wt%

o Aluminium = 4-6 wt%
o Vanadium = 1-4wt%
° Iron = 1-4wth

where the sum of vanadium + iron = 4.

These considerations were adopted in developing the low-cost Ti-Al-V-Fe alloys. The facilities,

techniques and procedures used in achieving this work are presented in Chapter 3.
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Chapter 3: Experimental Procedure

This chapter provides information on the starting materials, consumables, facilities and
experimental methods used in this study. A detailed description is given on the production of the
experimental alloys, characterisation techniques, hot compression testing and corrosion testing.
The modelling techniques used in analysing the stress-strain data obtained from the hot

compression tests are also described.

3.1 Materials

The starting powders utilised in this research work were: aluminium (149 pm diameter), titanium

(149 pum), vanadium (44 um) and iron (44 pm).

3.2 Development of Ti-Al-V-Fe experimental alloys

The steps followed while developing the experimental alloys are presented in Figure 3.1.

3.2.1 Selection of composition for Ti-Al-V-Fe experimental alloys

The design consideration for selection of composition for the new alloys is detailed in Section
2.7. The targeted compositions of the experimental alloys and the corresponding molybdenum
equivalent values obtained from Equation 2.2 are listed in Table 3.1.The experimental alloys

have higher molybdenum equivalent values than the commercial Ti-6Al-4V alloy.

Selection of alloy Thermo-Calc Powder Casti Heat
compositions modelling compaction [ ~3UNY | treatment

Figure 3.1: Procedure for alloy development.

Table 3.1:  Targeted compositions of the experimental alloys, in wt%.

Alloy # Ti Al \Y/ Fe MoOeq
1 90 6 3 1 -1.09

2 90 6 2 2 1.14

3 90 6 1 3 3.37

4 90 6 - 4 5.60

5 91.5 4.5 3 1 0.41

6 91.5 45 2 2 2.64

7 91.5 45 1 3 4.87
Ti-6Al-4V 90 6 4 - -3.32
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3.2.2 Thermo-Calc Modelling

Thermo-Calc modelling was carried out to predict the possible equilibrium phases in the alloys,
determine the amounts of the phases (in atomic percent), transformation temperatures and other

critical temperatures under equilibrium conditions.

The targeted alloy compositions were then entered into the model using the titanium database
(TTTI3) to obtain the desired information. The Thermo-Calc file (.tcm) that was used in the

modelling is presented in Appendix A.

3.2.3 Powder compaction

The Ti, Al, V and Fe starting powders were weighed using an electronic balance in the
proportions given in Table 3.1 to provide a total mass of 10 g for each sample. The powders were
then mixed and cold compacted in a 20 mm diameter die under a pressure 220 kPa using a

hydraulic press. The compacts were then taken for melting.

3.2.4 Casting

The alloy compacts were melted in a water-cooled, copper-crucible electric arc furnace to
produce as-cast button samples and 50 x 50 mm square ingots. The button samples were used to
study the microstructure, hardness and corrosion behaviour of the alloys, while the square ingots
were used for hot compression testing. Prior to melting, a 5 x 10" bar vacuum environment was
created in the melting chamber and purged with argon gas to remove oxygen. The process was
repeated three times. A pure titanium sample which served as an oxygen getter was first melted
to further minimise oxygen contamination before melting the alloy compacts. The as-cast button
samples were turned and melted twice to homogenise the ingots, while the square samples were

turned and melted three times since they were larger than the buttons.

3.2.5 Cutting

The as-cast, annealed and deformed samples were sectioned into two (at the centre) to expose the
cross-sectional area of the alloys. A diamond coated blade fitted on the Struers Secotom-10
precision cutting machine was used to cut the samples, at a rotating speed of 2000 rpm and a feed
rate of 0.025 mm/s. Water was used as the coolant throughout the cutting of the samples to

prevent the samples heating up during the process.

3.2.6 Heat Treatment

Each of the as-cast button samples was sectioned into two. One of the halves was sealed in a
silica glass tube filled with argon gas for heat treatment, while the other half of the as-cast sample

was mounted and prepared for microstructural examination and microhardness testing. The
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sealed samples were solution-treated at 790°C in a muffle furnace for four hours followed by air
cooling. The heat treatment was carried out to homogenise the as-cast samples and to investigate
the effect of annealing on the microstructure and hardness of the alloys. The annealed samples
were also subjected to corrosion testing described in Section 3.5.2. The annealing parameters
were selected based on the recommended annealing treatment for a+f titanium alloys (Gilbert

and Shannon, 1991).

3.2.7 Cost of starting materials

The targeted compositions were used to estimate the cost of stabilising the beta phase by
vanadium and iron in the o+f titanium alloys. Vanadium is about 150 times more expensive than
iron. Table 3.2 shows the price of the elements in the alloys as reported by Sigma-Aldrich in
June, 2017 (note that these prices are based on high purity powders in small quantities for

analytical purposes, so do not accurately reflect bulk commercial alloying costs).

Table 3.2:  Price list for Ti, Al, V and Fe powders.

Sigma-Aldrich Price List 03/07/2017
Element Mass (g) Price (ZAR) Price (ZAR/g)
Ti 99.99%* 50 1330 27
Al 99.5% * 200 3950 20
Y, 99.9% * 50 7320 146
Fe >99.9% * 500 546 1

* trace metals basis

To estimate the potential cost savings from partial substitution of vanadium with iron, a cost
analysis (see Appendix B) was done based on the commercial price of bulk alloying materials
such as ASTM Grade 2 Ti, 60% aluminium - 40% vanadium master alloy and commercially pure
elemental aluminium, vanadium and iron. Table 3.3 presents a summary of the costs of the
experimental alloys in comparison with Ti-6Al-4V alloy and the cost savings in percent. Up to
7% can be saved by partial substitution of 3 wt % vanadium with iron in Ti-6Al-xV-yFe and 6%
can be saved in Ti-4.5Al-xV-yFe alloys.

77



Table 3.3:  Estimated cost of making 100 kg of the Ti-Al-V-Fe alloys.

Alloys Cost per 100 kg Cost savings Cost savings
%) per 100 kg ($) | per 100 kg (%)

Ti-6Al-4V 2500.00 - -

Ti-6Al-3V-1Fe 2441.47 58.53 2.30
Ti-6Al-2V-2Fe 2382.93 117.07 4.70
Ti-6Al-1V-3Fe 2324.40 175.61 7.00
Ti-6Al-4Fe 2263.86 234.14 9.40
Ti-4.5A1-3V-1Fe 2475.50 24.50 1.00
Ti-4.5A1-2V-2Fe 2416.97 83.03 3.30
Ti-4.5Al-1V-3Fe 2358.43 141.57 5.70

3.3 Metallography

The preparation of the samples for microstructural analysis by cutting, mounting, grinding,

polishing and etching is described.

3.3.1 Mounting

The sectioned samples were too small to handle and needed support for polishing, hardness
testing and microscopy. Therefore the samples were mounted in Struers Polyfast resin using an
Opal 410 hot mounting press. This was done at a temperature of 180°C and a pressure of 6 bar

for a period of 6 minutes, with water as the coolant during the entire process.

3.3.2 Grinding and Polishing

Grinding and polishing were done to produce a mirror-like surface finish on the samples for
microscopy and hardness testing. Grinding was done manually on an Imptech grinding machine
using an abrasive silicon carbide paper of different grit sizes, while the samples were polished on
a Struers Tegramin-20® automatic polishing machine using MD-Chem polishing cloths. Detailed
steps that were employed for grinding and polishing of the samples are presented in Table 3.4.
The grinding and polishing procedure was obtained by adapting the recommendations presented
in the application notes on metallographic preparation of titanium alloys (Vander Voort, 1999,
2014; Struers, 2016).

3.3.3 Etching

The polished samples were etched by swabbing with standard Kroll’s reagent for 20 seconds.
The etchant consisted of 92 ml of deionised water, 6 ml of nitric acid and 2 ml of hydrofluoric

acid. After etching, the samples were cleaned with ethanol in an ultrasonic bath and dried with
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compressed air in readiness for microscopy. Since Kroll’s reagent contains hydrofluoric acid,
standard safety precautions described by Koontz (2013) were followed to prevent exposure. The
material’s safety data sheet was read prior to the use of the reagent. The etching was done in a
fume hood with extraction and adequate personal protective equipment such as goggles, face
shield, closed shoes, long trousers, nitrile (22 ml) gloves, and acid resistant aprons were used.
The Kroll’s reagent waste was poured into a chemically compatible container, sealed with a lid,
properly labelled and kept in the space dedicated for waste chemicals in the laboratory. When

etching was completed, a pickup request for the HF waste was placed with the service provider.

Table 3.4:  Grinding and polishing procedure for Ti-Al-V-Fe alloys.

Steps
1 2 3 4 5

Parameters

Abrasive (Silicon
Carbide- P Grade)/ P400 P1600 P2400 P4000 MD Chem
Polishing cloth

Non-crystallising colloidal
Coolant Water Water Water Water silica suspension + 30%
hydrogen peroxide

Platen speed/direction | 320rpm | 320 rpm | 320 rpm | 320 rpm | 150 rpm/contra

Specimen speed - - - -
Force Hand Hand Hand Hand 15N

Time 1 min 1 min 1 min 1 min 20 minutes

3.4 Characterisation of the alloys

The microstructural features of the alloys were analysed using optical and scanning electron
microscopy (SEM), compositions were determined using energy dispersive spectroscopy (EDX)

on the SEM, while the identification of phases was done using X-ray diffraction (XRD).

3.4.1 Microstructural analysis

The microstructures of the as-cast and heat treated alloys were examined using a Leica DM 6000®
optical microscope. The deformed samples obtained from isothermal hot compression testing
(discussed in Section 3.6) were also examined. A high resolution Zeiss Sigma Field Emission
Scanning Electron Microscope (FEG-SEM) equipped with both back-scattered and Oxford
energy dispersive X-ray (EDX) detectors was used to analyse all the samples. The FEG-SEM
was operated in back-scattered electron imaging (BSE) mode at 15 kV to distinguish the phases
present in the alloys. EDX spot and area analyses were performed to determine the compositional
variations in the alloys. The amount of phases present, thickness of laths and average grain

diameters were determined using ImageJ v3.25 freeware (ImageJ, 2018). The microstructures of
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the corroded samples immersed in different corrosive media discussed in Section 3.5.2 were

examined by SEM in secondary electron imaging (SEI) mode.

3.4.2 X-ray diffraction

X-ray diffraction (XRD) patterns of both as-cast and annealed samples were obtained by taking
measurements within the range of 20 = 10 - 110° using a Bruker D2 Phaser® diffractometer, with
a cobalt K, radiation source. The machine was operated at generator settings of 30 kV and 20 mA
at a temperature of 25°C. The patterns obtained were analysed using PANalytical (v3.0e) X’pert
Highscore software.

3.5 Screening of the alloys

After assessing the cost and performing microstructural analyses, the experimental alloys were
screened by assessing the influence of substituting vanadium with iron on the hardness and
corrosion behaviour of the alloys. The results obtained from the tests were compared with
wrought Ti-6Al-4V results and are presented in the subsequent chapters. Based on the results,

only two alloys were selected for hot-compression testing.

3.5.1 Hardness testing

The Vickers hardness of the as-cast and the heat treated experimental alloys was measured using
a FutureTech FM700® microhardness tester fitted with a diamond indenter. The measurements
were taken under a load of 300 g and a dwell time of 10 s according to ASTM standard E92-
17(ASTM E 92-17, 2017). Five readings were taken at different positions on each alloy and the
average HVoz3 and standard deviation were calculated.

3.5.2 Corrosion Testing

Electrochemical corrosion testing was performed only on the heat treated experimental alloys.
The samples were cut, cold mounted in Crystal Clear® resin and allowed to cure for 24 hours.
The exposed surface of the alloys was ground to P2400 grit; the samples were rinsed in distilled
water and dried in air. The surface area of the samples exposed to the corrosive solutions was
0.25cm? A wrought Ti-6Al-4V alloy was also prepared and tested for comparison. A
conventional  three-electrode, electrochemical cell connected to an  AutoLab®
potentiostat/galvanostat was used for the electrochemical testing. A graphite rod was used as the
counter electrode while Ag/AgCI saturated in 3 M KCI served as the reference electrode under
all test conditions. Open circuit potential (OCP) and potentiodynamic polarisation tests were
performed on the samples at ambient temperature in 3.5 M H2SO4, 3.5 wt% NaCl, and 3.5M
H2SO4 + 1.75 wt% NaCl solutions. All the solutions were prepared using analytical grade
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chemicals. The OCP measurements were taken for 3600 s in both H2SO4 and NaCl environments,
while the scan only lasted for 1200 s in the more aggressive H2SO4+NaCl mixed solution. In the
H2S04 and H2SO4+NaCl solutions, linear potentiodynamic scans were performed on the samples
from -0.5 V to 2.5V at a scan rate of 0.2 mV/s. A cyclic potentiodynamic scan was carried out
in NaCl from -0.5 V to 2.5 V at a scan rate of 2 mV/s, to evaluate the susceptibility of the alloys
to pitting corrosion in chloride solutions.

The corrosion current density (icorr) With associated corrosion voltage (Ecorr), and the corrosion
rate was determined by the polarisation technique according to ASTM standard G59-97 (Badea
etal., 2010; ASTM G59-97, 2014).

3.6 Hot compression testing

The commercial Ti-6Al-4V alloy and two experimental alloys: Ti-6Al-1V-3Fe and Ti-4.5Al-1V-
3Fe, were subjected to isothermal compression testing using a Gleeble 3500® thermo-mechanical
simulator. The two experimental alloys were selected for the test based on cost, hardness and

corrosion performance.

Cylindrical samples having dimensions of @8 x 12 mm were machined from the commercial Ti-
6Al-4V alloy, while the experimental alloys in the as-cast + heat treated condition were machined
to 8 x 8 x 12 mm rectangular samples since it was much easier to machine rectangular samples
from the 50 x 50 mm square ingots (Figure 3.2). A few rectangular samples were also machined
from the commercial alloy and were compressed under similar conditions to the cylindrical
samples. All the samples were machined using electrical discharged machining. The dimensions
of the samples were carefully selected to ensure that the aspect ratio of the samples was less than
1.1 as recommended by Roebuck et al.(2006). The stress-strain curves obtained from the tests
carried out on the rectangular and cylindrical samples of the commercial alloy were comparable
(Appendix D).

Prior to hot compression testing, a chromel-alumel thermocouple was welded to the mid span of
the test samples using a spot welder. The samples were then placed on the Hydrawedge
autoloader. Graphite foil and nickel paste were placed between the Iso-T tungsten carbide anvils
and the specimen to reduce the effect of friction during deformation. The test parameters listed
in Table 3.5 were then entered into the Quicksim software using the (.hds) program. The program
was then converted to Gleeble Script Language (.gsl) before running each experiment. A typical
gsl program for the hot compression test is shown in Appendix C. For each test, the samples were
heated directly to the deformation temperature at a rate of 5°C/s, and held at this temperature for

360 s for homogenisation (Figures 3.3 and 3.4). Thereafter, the samples were deformed at the
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specified strain rate followed by compressed air cooling. The isothermal compression schedule
for the test is shown in Figure 3.4.

@8mm

Smm

2) 12 mm b) 12 mm

Figure 3.2: Hot compression samples: (a) cylindrical, and (b) rectangular.

Figure 3.3: Hot compression testing of titanium alloy in the Gleeble 3500®.
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Figure 3.4: Schematic diagram of the isothermal compression testing schedule.

To validate the experiment, the barrelling coefficient of the compressed samples was determined
from Equation 3.1 as defined by Roebuck et al. (2006) and Li et al.(2010). Only the samples with
barrelling coefficients less thanl.1 were accepted:
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Ar Ah Equation 3.1
B=4X—X—
r h
where B is barrelling coefficient; r is initial radius of the sample; h is final height of the sample;
Ah is= reduction in height of the sample after compression; and Ar is the difference between the

maximum radius and the radius of the top of the sample.

In the rectangular sample, Ar, was obtained by dividing the difference between the maximum

width of the compressed sample and the width of the top of the sample by 2.

Table 3.5:  Hot compression testing parameters for the commercial and experimental alloys.

Deformation parameters Temperature (°C)

Strain | Strain rate (s) 750 800 850 900 950
0.6 0.001 AV AV AV AY AY
0.6 0.01 oAV oAV oAV oAV oAV
0.6 0.1 oA Y oA Y oA Y oAV oAV
0.6 1 oAV oAV oAV oAV oAV
0.6 10 oAV oAV oAV oAV oAV

e = Ti-6Al-4V; A= Ti-6Al-1V-3F¢; and ¥ = Ti-4.5Al-1V-3Fe

3.7 Analysis of stress-strain data

The three common methods used to assess the hot deformation behaviour of metallic alloys
include analysing the shape of the stress strain curves, constitutive modelling and processing
maps. The stress-strain data obtained from the hot compression tests were plotted to analyse the
shape of the stress-strain curves and processing maps were developed using the stress-strain data
to obtain the dominant softening mechanisms and optimum hot working conditions for the alloys.
Additionally, the activation energy for hot working of the alloys was determined using the

hyperbolic sine Arrhenius equation (Sellars and Tegart, 1966).

3.7.1 Processing Maps

Processing maps were developed by superimposing power dissipation maps and an instability
maps as described in Section 2.3.5 (Prasad, 2003). The strain rate sensitivity parameter m is
defined as the inverse of the stress exponent n or the increase in stress needed to cause a specific
increase in plastic strain rate at a given temperature. The slope of the In o vs. In € plot was used

to determine m by Equation 3.2. A cubic spline fit was used to determine the intermediate data
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points for m as a function of strain rate in the temperature range of 750 - 950°C. The efficiency
of power dissipation () was obtained from the strain rate sensitivity parameter using Equation
3.3 (Prasad, 2003).

dlno Equation 3.2
m = -
dlné

_ 2m Equation 3.3
T m+1

Using these values, power efficiency maps were plotted to represent the pattern in which power
is dissipated via microstructural changes occurring in the material during deformation, such as
dynamic recrystallisation, dynamic recovery and superplasticity. The instability criterion &
proposed by Prasad et al. (2015) in Equation 3.4 and Murty et al. (2002) in Equation 3.5 were
both used to identify the domain of instability during deformation.

d1n +1 Equation 3.4
_ohnn/m D) g q
dlné

£é

2m Equation 3.5
EE)=—-1<0
n
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Chapter 4. Development of experimental Ti-Al-V-Fe

alloys

This chapter presents the experimental results addressing the first and second research objectives.
The influence of partial substitution of vanadium with iron, reduction in aluminium concentration
and annealing on the microstructure and hardness of the experimental alloys are discussed. A

summary of the experimental findings is also given.

4.1 Thermo-Calc Modelling

Table 4.1 lists the results obtained from Thermo-Calc simulation using the TTTi3 titanium
database. The estimated beta-transus temperature and the predicted volume fraction of the beta
phase at 800°C under equilibrium conditions are presented. The results show that the volume
fraction of the beta phase increased with increasing iron content in the alloys. An inverse
relationship exists between the beta-transus temperature and increasing iron content in the alloys.

The transformation curves for the simulations are shown in Appendix E.

Table 4.1:  Thermo-Calc results for the Ti-Al-V-Fe alloys using the TTTi3 titanium

database.
Composition (wt %) p-transus | Phases present at 800 °C (mol%)
Samples = temp (°C) - .
i Al \% Fe a-Ti (hcp) B-Ti (bce)

Ti-6Al-4V 90 6.0 4 0 944 86 14
Ti-6AI-3V-1Fe 90 6.0 3 1 937 75 25
Ti-6Al-2V-2Fe 90 6.0 2 2 932 68 32
Ti-6Al-1V-3Fe 90 6.0 1 3 925 61 39
Ti-4.5Al-3V-1Fe | 91.5 45 3 1 909 68 32
Ti-4.5Al-2V-2Fe | 915 45 2 2 905 61 39
Ti-4.5Al-1V-3Fe | 915 45 1 3 899 54 46
Ti-6Al-4Fe 90 6 - 4 921 55 45

4.2 Compositional Analysis

The average compositions of both the as-cast and annealed experimental alloys are presented in
Table 4.2 and Table 4.3 respectively. The average compositions were obtained by EDX analysis
on four different locations on the alloys and were compared against the targeted nominal
compositions. It can be seen that the actual compositions of both the as-cast and annealed

experimental alloys were comparable to the targeted nominal compositions.
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Table 4.2:  EDX compositions of as-cast experimental alloys.

Nominal (wt %) Actual (wt %)

Sample Ti Al \% Fe Ti Al \% Fe
Ti-6Al-4V w 90 6 4 - 89.9 6.0 4.1 -
Ti-6Al-3V-1Fe 90 6 3 1 90.2+0.3 5.7+0.1 3.0+0.3 1.1+0.2
Ti-6Al-2V-2Fe 90 6 2 2 89.8+0.1 5.7+0.2 2.3+0.2 2.2+0.2
Ti-6Al-1V-3Fe 90 6 1 3 89.9£0.2 5.8+0.1 1.2+0.2 3.1+0.1
Ti-4.5Al-3V-1Fe 91.5 4.5 3 1 91.2 £0.2 43+0.1 3.3+0.2 1.2+0.1
Ti-4.5Al-2V-2Fe 91.5 4.5 2 2 90.8 £0.1 4.6 +0.2 2.2+0.2 2401
Ti-4.5Al-1V-3Fe 91.5 4.5 1 3 91.2 £0.2 4.3+0.2 1.2+0.1 3.30.1
Ti-6Al-4Fe 90 6 4 89.8 £0.2 6.0 +0.1 - 4.2 +0.2

*w = wrought alloy, composition of the Ti-6Al-4V alloy was obtained from the supplier.

Table 4.3: EDX compositions of annealed experimental alloys.

Nominal (wt %6) Actual (wt %0)
Sample - -
Ti Al V Fe Ti Al \Y Fe
TiBAI4V w 90 6 4 - 89.9 6 4.1 -
1 90 6 3 1 89.8 +0.1 5.7 +0.1 3.7+0.1 0.8+0.1
2 90 6 2 2 89.4 +0.3 5.6 +0.1 2.7+0.1 2.310.3
3 90 6 1 3 89.1+0.2 5.7 +0.2 1.940.1 3.3+0.1
4 91.5 45 3 1 90.8 +0.1 4.2+0.1 3.7+0.1 1.3+0.1
5 91.5 45 2 2 90.4 +0.3 4.4+0.1 2.7+0.2 25+0.2
6 91.5 45 1 3 90.6 +0.1 45+0.1 1.340.1 3.6 +0.2
7 90 6 4 89.4 +0.3 5.9+0.1 - 4.7 +0.2

4.3 Phase Analysis

The phases present in the as-cast and annealed experimental alloys were identified by X-ray
diffraction analyses presented in Figures 4.1 to 4.4 and SEM images presented in section 4.4.
From the XRD results, the dominant phases in all the alloys were a-hcp, B-bcc and TiO: in both
as-cast and annealed conditions. Other phases that were identified in the experimental alloys and
the commercial alloy were iron titanium oxide and vanadium oxide respectively. An unidentified
peak was present in the annealed Ti-6Al-1V-3Fe alloy. The crystallographic data of the detected
phases are presented in Table 4.4. In Figures 4.1 and 4.2, the as-cast and annealed Ti-6Al-3V-
1Fe alloy did not show any peak corresponding to the p-bcc phase. The reason for this is not
known, but Oh et al. (2011) found a similar result for a Ti-6Al-4V alloy.
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Figure 4.1: XRD patterns of as-cast Ti-6Al-xV-yFe and wrought Ti-6Al-4V alloys.
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Figure 4.2: XRD patterns of annealed Ti-6Al-xV-yFe and wrought Ti-6Al-4V alloys.
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Figure 4.3: XRD patterns of as-cast Ti-4.5Al-xV-yFe and wrought Ti-6Al-4V alloys.
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Figure 4.4: XRD patterns of annealed Ti-4.5Al-xV-yFe and wrought Ti-6Al-4V alloys.
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The phases present in the alloys were identified by carrying out EDX spot analyses on four

different spots of the light and dark regions of the SEM images. The average composition of the
phases obtained for Ti-6Al-1V-3Fe from EDX is presented in Table 4.5, with the representative
EDX spectra presented in Figures 4.5 and 4.6. The dark phase was a-Ti which contained Ti, Al

and V, while the light phase marked as ‘interplatelet 3 was B-Ti containing Ti, Al, V and Fe.

The presence of Fe in the light region (Figure 4.6) confirmed that it was the B-Ti phase, because

Fe has a low solubility in the a-Ti phase and thus is rejected from the a-Ti phase to preferentially
settle and stabilise the B-Ti phase where it has a higher solubility (Gil et al., 2001). Safdar et al.
(2012) used a similar procedure to identify the alpha and beta phases in a selective laser melted

titanium alloy. They reported that there was no Fe in the alpha phase, but only in the beta phase

of the alloy.
Table 4.4:.  Crystallographic data of phases present in the as-cast and annealed alloys.
Phase Space group a(A) b(A) c(A) Cell vol. Reference
(no.) (10° pm®)
a-Ti (hep) P63/mmc (194) 2.9505 | 2.9505 | 4.6826 35.30 044-1294
B-Ti (bce) Im-3m (229) 3.3065 | 3.3065 | 3.3065 36.15 044-1288
TiO; (orthorhombic) Pbnm (62) 49010 | 9.4530 | 2.9580 137.04 049-1433
FeOsTi (Rhombohedral) | R-3(148) 5.0884 | 5.0884 | 14.093 316.01 029-0733
V,0s (Tetragonal) PE 14.2590 | 14.2590 | 12.5760 2556.94 045-1074
Table 45:  Composition of a and B phases by EDX, in wt%.
a B
Elements As-cast Annealed As-cast Annealed
Al 7.3+25 6.0 £0.1 5.8+0.1 4004
Ti 89.7 £2.3 91.6 0.1 90.2 0.1 81.4+0.8
\% 3.0+0.2 24402 3.310.1 8.9+£0.5
Fe - - 0.7+0.1 5.7 0.5
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Figure 4.5: EDX spectrum of a phase in Ti-6Al-3V-1Fe alloy.
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Figure 4.6: EDX spectrum of § phase in Ti-6Al-3V-1Fe alloy.

4.4 Optical micrographs and SEM images

The microstructures of the as-cast and annealed samples are presented in Figure 4.7. The
Widmanstitten a-laths were embedded within the large prior B grains. The average sizes of the
prior B grains for the as-cast and annealed alloys were within the range of 300 - 500 pum, which
is consistent with the prior B grain size in a+p Ti-alloys reported by Lutjering and Williams
(2007). Figure 4.8 shows the relationship between the Fe content in the alloys and the average
size of the prior B grains. The relationship does not fit well on a curve, except in annealed Ti-
4.5Al1-xV-yFe alloys. The large error bars indicated that the grain sizes varied over wide ranges,

making it difficult to deduce the effect of iron addition on the prior beta grain size.
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Figure 4.7: Optical micrographs of as-cast and annealed alloys showing Widmanstitten a-
laths embedded within prior beta grains. Blue arrows are pointing to prior beta
grain boundaries.
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Figure 4.8: Relationships between Fe content and prior beta grain size in a) Ti-6Al-xV-yFe
and b) Ti-4.5Al-xV-yFe alloys.

The BSE SEM images (Figures 4.9 - 4.10) confirmed the presence of a-laths and retained
interplatelet B in the alloys. Both contrast and brightness adjustment were used on the SEM BSE
images (left) in an attempt to provide sufficient contrast between the aThe SEM images were
processed using imageJ freeware as there was no distinct contrast between the a and  phases in
the original SEM images. The volume fraction of the B-phase and the thickness of the a-laths
were then estimated from several SEM images taken at different locations on the same sample.
The relationship between the Fe content and volume fraction of B-phase in both as-cast and
annealed alloys is presented in Figure 4.11 and Table 4.6. The volume fraction of B-phase in the
annealed alloys was less than in the as-cast alloys. However, in both conditions, the volume

fraction of the beta phase increased with increase in Fe content.
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using imageJ software (right), showing a laths (dark) and retained interplatelet

(light).

Figure 4.12 shows the influence of Fe content on the thickness of a-laths in both as-cast and
annealed alloys. Again, the large error bars made it difficult to deduce an accurate relationship

between Fe content and the lath thickness of the alloys. However, considering the general trend,
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the lath thickness decreased with increasing Fe content in the as-cast alloys. There was an
increase in lath thickness with increasing Fe content in the annealed samples, except in Ti-5.9Al-

4.7Fe (nominal Ti-6Al-4Fe) where there was a slight decrease in thickness (Figure 4.12a).
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Figure 4.11: Relationship between Fe content and B phase fraction in as-cast and annealed
alloys: a) Ti-6Al-xV-yFe and b) Ti-4.5Al-xV-yFe.
Table 4.6:  Beta phase fraction estimated from the SEM images.
Beta phase fraction (%
Alloy P (%)
As-cast Annealed
Ti-6AI-3V-1Fe 31 12
Ti-6Al-2V-2Fe 38 15
Ti-6Al-1V-3Fe 39 19
Ti-4.5Al-3V-1Fe 32 18
Ti-4.51-2V-2Fe 36 22
Ti-4.5Al-1V-3Fe 43 23
Ti-6Al-4Fe 48 24
a. 25 b. 25
& Ascast & As_cast
W Annealed
24 2 |MAnnealed
$ 15 z s
E E 1.5
£ 17 ; 1 4
0.5 + § 0.5 -
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Figure 4.12: Relationship between Fe content and o lath thickness in a) Ti-6Al-xV-yFe and
b) Ti-4.5Al-xV-yFe alloys.
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45 Hardness

The hardness of the experimental Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe alloys in both as-cast and
annealed conditions is shown in Figure 4.13. The hardness values of the experimental alloys were
higher than those of the wrought commercial Ti-6Al-4V alloy, except for Ti-6Al-3V-1Fe (same
HV) and Ti-4.5Al1-3.3V-1.2Fe (lower HV). The annealed samples had higher hardness values
than wrought Ti-6Al-4V and the as-cast samples. For most of the experimental alloys in both as-
cast and annealed conditions, the hardness increased with increasing Fe content except in Ti-6Al-
1V-3Fe where there was a slight drop in hardness. The increase in hardness with increasing Fe is
not conclusive as the oxygen, nitrogen and carbon levels in the alloys were not measured.
Dissolved oxygen, nitrogen and carbon in titanium alloys contribute significantly to their
hardness (Gil et al., 2001; Simbi and Scully, 1996; Gil and Planell, 2000).
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Figure 4.13: Relationship between Fe content and hardness in a) Ti-6Al-xV-yFe and b) Ti-
4. 5Al-xV-yFe alloys.

4.6 Discussion: Influence of composition and heat treatment

The influence of composition (alloying elements) and heat treatment on the microstructure and
hardness of the experimental alloys is discussed.

4.6.1 Alloying elements — iron and vanadium

From the results in Sections 4.1 - 4.4, for most cases, an increase in iron content and
corresponding decrease in vanadium content increased the volume fraction of the beta phase in
the experimental alloys. The trend in the volume fraction of beta phase predicted by the Thermo-

Calc simulation was comparable to the volume fraction obtained from image analysis of the
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micrographs. The general increase in the beta phase fraction with increasing Fe was due to the
strong beta stabilising effect of Fe (Chen et al., 2011; Pereloma et al., 2012). Based on the
molybdenum equivalent (Equation 2.2), the beta stabilising factor of Fe is about three times
stronger than molybdenum and four times stronger than vanadium (Polmear et al., 2017).
Thermo-Calc modelling (Table 4.1) showed that increasing of the Fe content lowered the beta

transus temperature.

Guo et al.(2005) found that for Ti systems containing more than two alloying elements, the beta
transus temperature (1) obtained by the Thermo-Calc simulation may be underestimated. As a
result, they developed an empirical model (Equation 4.1) using artificial neural network for more
accurate predictions of the beta transus temperature in titanium alloys with more than two

alloying elements:
Br=882+21.1%Al —11.8*V — 15.4 % Fe Equation 4.1

The model was used to calculate the beta transus temperature of the experimental alloys and the
results are listed in Table 4.7. An increase in Fe still decreased the beta transus temperature but
the values were slightly higher than those predicted by Thermo-Calc (T-C), as shown in Figure
4.14. These results show that Fe is a strong beta stabilising element which increased the beta

phase fraction in the experimental alloys.

The beta transus temperatures of Ti-6Al-4V predicted by both Thermo-Calc and Equation 4.1
were lower than the actual beta transus temperature reported in literature. The actual beta transus
temperature of Ti-6Al-4V is usually between 970°C and 1015°C, depending on the composition
(Lutjering et al., 2000; Seshacharyulu et al., 2002; Porntadawit et al., 2014). The presence of
other elements such as oxygen and nitrogen was initially not considered when computing the beta
transus temperature of the commercial Ti-6Al-4V and experimental Ti-6Al-xV-yFe alloys.
Therefore, it is expected that the actual beta transus temperatures of the experimental alloys may
be higher than the temperatures calculated in this study.

The oxygen and nitrogen contents in the experimental alloys were not measured as the facility
needed for the measurement could not be accessed. However, the maximum permissible oxygen
(0.2 wt% O) and nitrogen levels (0.05 wt% N) for the commercial ASTM Grade 5 (ASTM B348
- 13, 2013) Ti-6Al-4V alloy were added to the alloy compositions in Thermo-Calc to assess the
effect of oxygen and nitrogen addition on the beta transus temperatures of the alloys. The results
are presented in Table 4.7 and detailed in Appendix E. As expected, the beta transus temperatures
increased with the addition of oxygen and nitrogen. However, the Thermo-Calc prediction that
the beta transus temperature would increase with increasing iron content in the experimental

alloys was anomalous.
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Table 4.7:  Beta transus temperatures, using Equation 4.1 and Thermo-Calc.

All Beta transus: Eqn 4.1 (°C) Beta transus T-C (°C)
oys
Nominal As-cast Annealed NoO &N O, N added
Ti-6Al-4V 961 - - 944 1032
Ti-6Al-3V-1Fe 958 952 945 937 1040
Ti-6Al-2V-2Fe 954 943 939 932 1049
Ti-6Al-1V-3Fe 951 941 928 925 1065
Ti-6Al-4Fe 947 944 935 921 1080
Ti-4.5Al1-3V-1Fe 926 917 906 909 1008
Ti-4.51-2V-2Fe 923 916 905 905 1021
Ti-4.5Al-1V-3Fe 919 907 909 899 1035
970 ~
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Figure 4.14: Beta transus temperatures obtained from Equation 4.1 and Thermo-Calc,
without O and N.

The relationship between iron content and the prior beta grain size showed a poor linear fit except
in the annealed Ti-4.5Al-xV-yFe alloy (Figure 4.8). There were also large variations in the prior
beta grain sizes as indicated by the large error bars. These observations indicated that Fe addition
did not directly translate to either refining or coarsening of the prior beta grains. The effect of
solute elements on the prior beta grain size of titanium alloys has been studied by Dobromyslov
and Elkin (2001); Baloyi (2011); Pereloma et al. (2012) and Kopova et al. (2016), but studies on
the influence of iron addition have been inconsistent. Liu et al. (2006) and Pereloma et al. (2012)
found that in powder metallurgy titanium alloys, iron addition caused grain coarsening of the
prior beta grains due to fast diffusion of Fe in Ti. The diffusion of iron in Ti is faster than the
self-diffusion of Ti (Nakajima et al., 1996a, 1996b). Since iron is more stable in the beta than the
alpha phase, with a maximum solubility of 22 at.% Fe (Matyka et al., 1979; Kopova et al., 2016),
its fast diffusion promoted grain coarsening of the beta phase. Dobromyslov and Elkin (2001)

and Baloyi (2011) found that Fe refined the grains of the beta phase due to iron’s smaller atomic
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radius of 0.124 nm in comparison with titanium (0.145 nm). The substitution of Ti with Fe atoms
would therefore cause a reduction in the beta lattice parameter and consequently refine the grains.
Similar observations were reported for alloying elements such as vanadium, chromium and
manganese (Baloyi, 2011; Dobromyslov and Elkin, 2001). Based on these reports, it appears that
two competing phenomena - the rate of diffusion and the change in lattice parameter - control the
prior beta grain size of iron-added titanium alloys.

The disparities between the conclusions drawn from other studies may be due to the difference
in production routes i.e. casting and powder metallurgy. However, in the work of Bermingham
et al. (2008), theoretical solute-based analysis was used to study the effect of aluminium and
vanadium on the grain refinement mechanism in cast titanium alloys. The theory is described in
Equation 4.2 and 4.3, where the relationship between the solute concentration and the grain
restriction factor is given in Equation 4.2 and the dependence of grain size on the grain restriction
factor is given in Equation 4.3. Solute atoms with a higher grain restriction factor would cause
more grain refinement in titanium alloys. Bermingham et al. (2008) found that vanadium and
aluminium had insignificant effects on the grain restriction factor in titanium alloys, while boron,
oxygen and iron had significant grain restriction factors, so addition of these elements would

refine the prior beta grains.

Q =myc,(k—1) Equation 4.2
1 b, AT, Equation 4.3
Cwrta
p-f

where Q is the grain restriction factor, m; is the slope of the liquidus, ¢, is solute concentration in
binary alloys, k is the partition coefficient, d is the grain size, p is density of nuclei, f is the fraction
of particles activated, b; is a constant and AT, is is undercooling necessary to activate nucleation.

In this study, the titanium alloys contained both vanadium and iron as beta-stabilising elements.
These elements both have smaller atomic radii than titanium, so refinement of the prior beta
grains was expected. Increasing iron should cause more grain refinement since it has a smaller
atomic radius than vanadium (0.132 nm) and Fe has a significant effect on the grain restriction
factor in titanium. To verify if vanadium and iron caused refinement of the prior beta grains, the
lattice parameter of the bcc phase was calculated from the XRD results using Bragg’s law (Bragg
and Bragg, 1913):
nAd = 2dpy,; sin Equation 4.4

= a Equation 4.5
where nequals 1, 2, 3..., 1 is the wavelength, dnk, is the d-spacing, a is the lattice parameter and
@ is the diffraction angle.
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The peak of the beta phase on the XRD spectra (Figures 4.3 — 4.4) was observed at the position
where the intensity was 100%, which corresponded to the (101) plane. The calculated lattice
parameters of the bcc phase in the alloys are listed in Table 4.8. The lattice parameters for most
of the alloys were marginally larger than the standard lattice parameter for beta-Ti (a = 3.3065 A).
This suggests that iron and vanadium additions did not refine the prior beta grains. Kopova et al.
(2016) found that Fe additions did not cause a noticeable difference in the grain size of a Ti-Nb-
Zr-Ta-Sr-Fe biomedical beta alloy. The marginal increase in the lattice parameter of most of the
alloys in the current study indicated that a possible increase in the prior beta grain size may have
occurred due to the fast diffusion of iron in titanium.

However, it is thought that the presence of vanadium in the alloys impedes the excessive
coarsening of the beta grains since the diffusion of vanadium in titanium is slower than iron
(Pereloma et al., 2012).

The increasing hardness with increasing Fe content observed in the experimental alloys (Figure
4.13) could be attributed to the increase in the amount of beta phase in the alloys. An increase in
beta phase decreased the lath thickness of the alpha phase as seen in Figure 4.12. Filip et al.
(2003) and Carman et al. (2011) found that o lath refinement occurred with increasing beta phase
fraction. The movement of dislocations through thin laths is much more difficult than in coarse
laths (Gil et al., 2001). The branching of dislocations in thin laths demands more energy for
dislocations to move, thereby increasing the strength and hardness of the alloys. In addition, iron
has been reported to induce solid solution strengthening effects in titanium alloys due to the large
difference in the atomic radii of iron and titanium (Leyens and Peters, 2003; Ltjering and
Williams, 2007; Polmear et al., 2017). This solid solution strengthening effect of Fe could have
also contributed to the increased hardness of the experimental alloys with increasing Fe content.
Baloyi (2011) reported that the hardness of binary Ti-Fe and Ti-Mn alloys increased with increase

in iron and manganese additions respectively.

Table 4.8:  Lattice parameters of bcc beta phase in the experimental alloys.

Lattice parameter a (A)
Alloys
As-cast | Annealed

Ti-6Al-4V wrought 3.283 A

Ti-6Al-3V-1Fe 3.326 3.294
Ti-6Al-2V-2Fe 3.306 3.306
Ti-6Al-1V-3Fe 3.308 3.315
Ti-4.5A1-3V-1Fe 3.318 3.299
Ti-4.5Al-2V-2Fe 3.320 3.318
Ti-4.5Al-1V-3Fe 3.325 3.318
Ti-6Al-4Fe 3.315 3.301
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4.6.2 Alloying element - aluminium

Aluminium stabilises the alpha phase and raises the beta transus temperature (Polmear et al.,
2017). A reduction in aluminium should reduce the beta transus temperature and consequently
increase the proportion of the beta phase. This is confirmed by the Thermo-Calc modelling results

(Table 4.1) as well as the empirical model developed by Guo et al. (2005), in Table 4.7.

However, experimental results (Figure 4.15) did not show a significant difference between the
beta volume fractions in the as-cast alloys containing 6 wt% Al and 4.5 wt% Al. After annealing
(Figure 4.16), the alloys with lower Al content showed an increase in the beta phase fraction due
to alloying element partitioning. This will be discussed further in Section 4.6.3. Some of the error

bars in Figures 4.15 and 4.16 are not visible, as the errors are small and are covered by the symbol.

As mentioned in Section 4.6.1, the influence of aluminium on the prior beta grain size was
investigated by Bermingham et al. (2008). The authors explained that despite the marginal
decrease in the beta grain size with increasing aluminium additions, an undetected element
present in the as-cast alloys caused the decrease in grain size. They made their conclusion from
theoretical solute-based analysis which revealed that the grain refining power of aluminium in
titanium is negligible when compared with other elements such as boron and oxygen. It was
emphasised that the grain refinement of prior beta grains in Ti-6Al-4V alloyed with boron was
based on the assumption that aluminium and vanadium have no significant grain refinement
power on titanium alloys. Otherwise, the Ti-6Al-4V alloy which contains a total of 10 wt% solute
elements would not have been refined with boron if aluminium and vanadium had significant

grain refinement power on titanium.

Figure 4.17 shows the influence of aluminium content on the prior beta grain size of the as-cast
experimental alloys. The large error bars made it difficult to establish any accurate relationship
between aluminium content and prior beta grain size. However, by considering the general trend,
the average grain size of the alloys containing 6 wt% aluminium was slightly larger than alloys
containing 4.5 wt% Al. If aluminium had refined the prior beta grains, it was expected that alloys
containing more aluminium should have had smaller beta grains, but the opposite was observed.
This supports the conclusion that the grain refining power of aluminium on the prior beta grains

of these titanium alloys was insignificant.
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The amount of aluminium influenced the hardness of the experimental alloys. As shown in Figure

4.18, an increase in aluminium content from 4.5 to 6.0 wt% Al increased the hardness of the

experimental alloys. This was expected, as it has been reported that the hardness of o+ titanium

alloys is the sum of the hardness of the individual phases (Liu and Welsch, 1988). The increase

in hardness with higher aluminium content can be attributed to the solid solution strengthening

effect of aluminium which is predominant in the alpha phase of the alloys (Leyens and Peters,

2003). This effect is caused by the large difference in the atomic radii of titanium and aluminium
(Leyens and Peters, 2003).
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Figure 4.18: Comparison between the hardness of Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe alloys.
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4.6.3 Annealing

Annealing the experimental alloys decreased the beta phase fraction, but increased the a lath
thickness and the hardness of the alloys due to alloying element partitioning (Liu and Welsch,
1988) and possible oxygen and nitrogen uptake. The experimental alloys were cast on a water-
cooled copper hearth which led to rapid solidification and a short cooling time. The fast cooling
rate would not give enough time for transformation of bcc-p to hep-a phase. Hence, more beta
phase was retained at room temperature, since the weight fraction of the beta stabilisers in the
alloys was high enough to retain the phase. This is clear in the SEM images of the as-cast samples

(Figure 4.9), where more bcc-p (light) phase was seen than in the annealed alloys (Figure 4.10).

Annealing increased the diffusion time, promoting the diffusion-controlled bcc-pB to hep-a
transformation. This decreased the amount of bcc-f retained in the alloys at room temperature,
and also promoted the growth of the a-laths. Annealing and a slow cooling rate increase the phase
fraction and thickness of a-laths in a+f titanium alloys (Ahmed and Rack, 1998; Gil et al., 2001;
Jovanovi¢ et al., 2006). The aluminium atoms trapped in the beta phase during casting would
diffuse to the alpha phase during annealing, while iron and vanadium would be rejected from the
alpha phase to preferentially stabilise the beta phase (Lutjering and Williams, 2007).

Figure 4.15 shows that, in the as-cast condition, no significant difference was observed in the
beta phase fraction between the experimental alloys containing 4.5 wt% and 6 wt% aluminium.
This is probably due to the rapid solidification and high cooling rate on the water-cooled copper

hearth, which trapped atoms of Al, V and Fe in the phases where they have low solubility.

In the annealed experimental alloys containing 4.5 wt% Al, the rejection of Al, V and Fe from
the phase where they have low solubility and the diffusion to the phase where they have higher
solubility, led to a higher beta phase fraction compared to experimental alloys containing
6 wt% Al (Figure 4.16). This was expected, as aluminium is an alpha phase stabiliser. The higher
beta phase fraction in the 4.5 wt% Al experimental alloys concurs with the trend in beta transus
temperature (Table 4.7). The alloys containing 4.5 wt% Al had lower beta transus temperatures,
which indicates that the alloys were expected to have higher beta phase fractions than those with
6 wt% Al.

The reason for the increase in hardness of the experimental alloys due to annealing is not clear,
as an increase in thickness of the alpha laths and a decrease in hardness were expected. However,
the hardness increase could have been due to an increase in volume fraction of the alpha phase
in the annealed samples. The alpha phase is known to be harder than the beta phase in titanium

alloys except under aging conditions (Liu and Welsch, 1988; Lin, 2015). Additionally, the
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hardness increase after annealing could have been due to an increase in dissolved oxygen during

annealing, which is discussed in Section 4.6.4.

4.6.4 Oxygen as an impurity element

Oxygen is a very important alloying element in titanium, as it stabilises the alpha phase and
increases the strength and hardness of titanium alloys (Liu and Welsch, 1988; Leyens and Peters,
2003; Liitjering and Williams, 2007). The amount of oxygen in titanium alloys must be controlled
because of its detrimental effect on ductility (Liu and Welsch, 1988; Leyens and Peters, 2003;
Liitjering and Williams, 2007).

In this study, the experimental alloys were produced and heat treated under an inert (argon)
atmosphere to prevent oxygen contamination. However, XRD patterns (Figure 4.1 - 4.4) showed
oxide peaks (TiO2 and FeOsTi) in both as-cast and annealed experimental alloys. Oxygen
contamination could have been introduced as surface oxide layers on the starting Ti, Fe, V and
Al powders or during casting and heat treatment. The influence of oxygen on the microstructural
features could not be evaluated from the optical and SEM images, but the XRD spectra show that
the oxide peak intensity increased with increasing amount of iron in both the as-cast and annealed
Ti-6Al-xV-yFe alloys. The oxide XRD peaks were more distinct in the Ti-6Al-xV-yFe alloys
(Figures 4.1 - 4.2) than in the Ti-4.5A1-xV-yFe samples (Figures 4.3 - 4.4).

It is likely that the presence of oxygen in the alloys contributed to the hardness, as the hardness
increase correlated with an increase in relative intensity of the oxide peaks. The hardness of the
annealed Ti-6Al-xXV-yFe alloys increased despite these samples containing coarse laths. The as-
cast Ti-6Al-3V-1Fe, with no observable oxide peak, had the lowest hardness while the other

alloys containing 2 and 4wt % Fe had higher hardness values.

Dissolved oxygen in the annealed samples seems to have contributed substantially to the
increased hardness. The oxide peaks in the diffraction patterns (Figure 4.2 and 4.4) confirmed
that oxygen contamination had occurred. Kahveci and Welsch (1986) and Liu and Welsch (1988)
investigated the influence of oxygen on the hardenability of titanium alloys. They concluded that
oxygen caused hardening effects in both alpha and beta titanium alloys. Liu and Welsh (1988)
found that the hardening effect of oxygen in alpha and beta phases was the same, and that the

hardness increase of the alpha and beta phases was additive in a+f titanium alloys.
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4.7 Summary of results

The influence of alloy composition by partial substitution of vanadium with iron, and reduction
of the aluminium content and annealing on the microstructure and hardness of experimental Ti-

6Al-xV-yFe and Ti-4.5A1-xV-yFe alloys was investigated.

The as-cast and annealed experimental alloys contained mostly a and B phases, with minor
amounts of TiO2, FeO3Ti and V205 oxides at room temperature. The B-phase fraction increased

with increasing iron concentration in the as-cast alloys, but decreased after annealing.

In the as-cast condition, changing the aluminium content from 6 to 4.5 % Al had an insignificant
effect on the beta phase fraction. After annealing, decreasing the aluminium concentration

increased the beta phase fraction, since there was less Al to stabilise the alpha phase.

It is likely that annealing caused partitioning of alloying elements by allowing enough time for
diffusion-controlled bee-f to hep-a transformation to take place. The volume fraction of the alpha

phase in the annealed samples was higher than in the as-cast samples.

The as-cast and annealed microstructures contained Widmanstitten o-laths within the prior -
grains. There was no obvious relationship between the concentration of iron and the prior B grain
size due to the large error bars. There was also no evidence of grain refinement with increase in

aluminium, iron or vanadium.

Hardness increased with increasing iron content in all 6 wt% Al and 4.5 wt% Al samples. The
sample with the highest hardness was Ti-6Al-4Fe. Decreasing the aluminium content from 6 wt%
to 4.5 wt% decreased the hardness. The relationship between iron content and lath thickness was
difficult to deduce because of the large error bars. However, the general trend indicated the
possibility of lath refinement with increasing iron content in the experimental alloys. Lath
refinement, and solid solution strengthening by iron, aluminium and dissolved oxygen may have

increased the hardness of the alloys in both as-cast and annealed conditions.
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Chapter 5: Corrosion behaviour of Ti-Al-V-Fe

experimental alloys

This chapter addresses the third research objective. The results obtained from open circuit
potential (OCP) and linear polarisation scans of the Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe
experimental alloys in three solutions: 3.5M H2S04, 3.5 wt% NaCl and a mixed solution of 3.5M
H2SO4+1.75wt% NaCl are presented in Sections 5.1 to 5.3. The behaviour of the alloys was
compared with commercial grade Ti-6Al-4V alloy supplied in wrought form. A detailed
discussion of the results is presented in Section 5.4 and the influence of alloying elements on the

corrosion behaviour of the alloys is discussed and summarised.

5.1 HSO4 Environment

The open circuit potentials of Ti-6Al-4V and the annealed experimental Ti-6Al-xV-yFe and Ti-
4 5Al-xV-yFe alloys traced for 3600 s in 3.5 M sulphuric acid solution at ambient temperature
are presented in Figure 5.1. The OCP of Ti-6Al-4V increased towards anodic values throughout
the exposure time, while the Ti-6Al-xV-yFe and Ti-4.5Al-xVV-yFe experimental alloys decreased
towards the cathodic region. In the Ti-6Al-xVV-yFe series (Figure 5.1a), the OCP of Ti-6Al-3V-
1Fe was the highest of the experimental alloys, and decreased gradually toward the cathodic
region for the entire period of immersion. The OCP values of Ti-6Al-2V-2Fe, Ti-6Al-1V-3Fe
and Ti-6Al-4Fe (with > 1wt% Fe) decreased rapidly to -600 mV in less than 200 s of immersion

and remained stable for the rest of the exposure time.
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Figure 5.1: Variation of open circuit potential measurement in 3.5 M H,SO,4 with time for
a) Ti-6Al-xV-yFe and b) Ti-4.5Al-xV-yFe alloys.
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In the Ti-4.5Al-xV-yFe series alloys (Figure 5.1b), the Ti-4.5Al-2V-2Fe alloy had the highest
OCP value throughout the immersion period and showed a gradual decrease in OCP. The Ti-
4.5AI1-1V-3Fe and Ti-4.5Al-3V-1Fe alloys showed a sharp decrease in OCP to about -600 mV
after 200 s and 2100 s respectively.

The SEM images obtained from the immersed alloys at OCP are presented in Figure 5.2. The
SEM images taken at lower magnification are presented in Appendix |. These images were
obtained prior to the cleaning of the samples. The representative EDX spectra obtained from the
area analyses of the immersed samples before cleaning are presented in Figure 5.3. The presence
of oxygen in the EDX spectra of various samples confirmed the formation of an oxide film on
the surface of the immersed alloys. However, the oxygen peak was masked by the presence of
other elements and it was difficult to adequately quantify the oxygen presence. It can be seen in
Figure 5.2 that the inherent oxide films formed on the surface of the iron-added experimental
alloys with both 6 wt% Al and 4.5wt% Al were not as protective as that on the Ti-6Al-4V. The
severity of corrosion attack, as indicated by the amount of corrosion product formed on the alloys,
increased with increasing Fe content in both Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe. This is most
apparent in the Ti-6Al-4Fe alloy where Fe was the only beta stabilising element. More corrosion

product was seen on the surface of Ti-6Al-4Fe than on the other experimental alloys.

Figure 5.4 shows the SEM images of selected samples of the experimental alloys that were
cleaned in distilled water and dried in air after the OCP scan in 3.5 M H2SOa. It can be seen that
the Ti-6Al-4Fe (Figure 5.4c) and Ti-4.5Al-1V-3Fe (Figure 5.4e) alloys with a higher amount of
Fe suffered severe corrosion attack. However, there was no severe attack on Ti-6Al-3V-1Fe and
Ti-4.5Al-2V-2Fe samples. Figures 5.6 and 5.7 show that selective corrosion attack on the Ti-
6Al-4Fe occurred in the beta phase where the solubility of Fe is high. Also, there are visible pits
on the Ti-4.5Al-1V-3Fe alloy due to corrosion attack. This observation is corroborated by the
EDX spectra obtained for the selected experimental alloys (Figure 5.5). The EDX spectra of Ti-
6Al-4Fe and Ti-4.5Al-1V-3Fe (Figures 5.5b and d) show the presence of oxygen peaks together
with what appears to be grain boundary cracks. This suggests that the rather thick oxides or
corrosion products were not easily removed after cleaning the samples as a result of the severe
attack. The Ti-6Al-3V-1Fe and Ti-4.5Al-2V-2Fe samples with less corrosion attack did not show

any oxygen peaks, indicating easy removal of corrosion products.
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Figure 5.2: SEM-SE images showing the surface of samples after immersion in 3.5 M H>SO,
at OCP for 3600 s, before cleaning: a) Ti-6Al-4V, b)Ti-6Al-3V-1Fe, c)Ti-6Al-2V-
2Fe, d) Ti-6Al-1V-3Fe, e) Ti-6Al-4Fe,f) Ti-4.5Al-3V-1Fe, g) Ti-4.5Al-2V-2Fe and
h) Ti-4.5Al-1V-3Fe.
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Figure 5.3: EDX spectra of selected experimental alloys after immersion in 3.5 M H>SO4 at
OCP for 3600 s, before cleaning: a) Ti-6Al-3V-1Fe, b) Ti-6Al-1V-3Fe, ¢) Ti-6Al-
4Fe and d) Ti-4.5Al-2V-2Fe.
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Figure 5.4: SEM-SE images showing the surface of selected samples after immersion in
3.5 M H,SO4 at OCP for 3600s, after cleaning: a) Ti-6Al-4V, b) Ti-6Al-3V-1Fe,
c) Ti-6Al-4Fe, d) Ti-4.5Al-2V-2Fe and e) Ti-4.5Al-1V-3Fe.
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Figure 5.5: EDX spectra of selected experimental alloys after immersion in 3.5 M H>SO, at
OCP for 3600 s: a) Ti-6Al-3V-1Fe, b) Ti-6Al-4Fe, c) Ti-4.5Al-2VV-2Fe and d) Ti-
4.5Al-1V-3Fe (after cleaning).
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Figure 5.6: EDX spot analysis on the uncorroded a-Ti phase (i.e. with no Fe) in Ti-6Al-4Fe
experimental alloy.
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Figure 5.7: EDX spot analysis on the corroded B-Ti phase (i.e. with Fe) in Ti-6Al-4Fe
experimental alloy.
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Figure 5.8 shows the linear potentiodynamic polarisation curves of the Ti-6Al-4V and the
experimental 6 wt% Al alloys obtained after OCP scanning in 3.5 M H2SO4 for 1200 s. The
response of the alloys during polarisation showed that the corrosion behaviour of the alloy was
sensitive to the presence of the beta stabilising elements in the alloys. The corrosion behaviour
of the two alloys which both contain one beta stabilising element, i.e. commercial Ti-6Al-4V and
experimental Ti-6Al-4Fe, were comparable, while the experimental alloys containing V + Fe as
beta stabilisers followed a different trend. All the alloys displayed active-to-passive transition
behaviour and Ti-6Al-1V-3Fe had the lowest critical current density. The icorr Values of the
experimental alloys containing both Fe and V as beta stabilising elements were much lower than

the alloys with either Fe or V. The lowest icorr Was observed in Ti-6Al-1V-3Fe.

The passivation current density (ip) and breakdown potential (Eb) of the experimental alloys
containing both Fe and V were ~10° Acm™ and 1.8 V, respectively. Conversely, Ti-6Al-4V and
Ti-6Al-4Fe with one beta stabilising element did not show a breakdown potential at 1.8 V. This
suggests that these two alloys would grow a more stable passive film in the anodic region than
the other experimental alloys. Unlike Ti-6Al-4V, the anodic passive film of Ti-6Al-4Fe showed
transient currents immediately after the active nose, indicating the breaking and rebuilding of the
passive film. Also, the passivation current of Ti-6Al-4Fe was lower than Ti-6Al-4V at potentials
above 0.4 V.
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Figure 5.8: Potentiodynamic polarisation for 6 wt% Al alloys immersed in 3.5 M H,SO4
solution at 25°C.The arrows point to transient currents.
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Table 5.1 presents the corrosion parameters determined from the potentiodynamic curves. The
corrosion potentials (Ecorr) of all the alloys were in a narrow range of -0.581 V to -0.527 V, but
the corrosion current densities (icorr), polarisation resistance (Rp) and corrosion rates showed

substantial differences.

Ti-6Al-4V exhibited the highest corrosion current density and corrosion rate, slightly higher than
the experimental alloys Ti-6Al-2V-2Fe and Ti-6Al-4Fe, while the alloys Ti-6Al-3V-1Fe and Ti-

6Al-1V-3Fe had the lowest corrosion rate.

The corrosion rate of 1.59 mm/y obtained for the wrought Ti-6Al-4V sample was lower than the
corrosion rate of 140 mpy (=3.6 mm/y) reported by Magoda et al. (2004) in 3.5 M H2SQO4. The
difference in corrosion rates may be due to the different alloy compositions and to differing

microstructures (Mogoda et al., 2004).

Table 5.1:  Electrochemical parameters obtained for 6Al alloys immersed in 3.5 M H,SO4
solution at 25°C.

Alloys E(\}/Ui\_/alent Ecorr OCP1200s icorr i Rp Corr. rate
eight (V vs. Ag/AgCl) | (V vs. Ag/AgCl) (LA/cm?) (mml/y)
Ti-6Al-4V 11.82 -0.562 -0.578 182 142 1.59
Ti-6Al-3V-1Fe 11.81 -0.570 -0.658 76 338 0.67
Ti-6Al-2V-2Fe 11.83 -0.528 -0.603 168 154 147
Ti-6Al-1V-3Fe 11.83 -0.581 -0.571 72 195 0.63
Ti-6Al-4Fe 11.80 -0.579 -0.546 167 155 1.46

The polarisation curves of the 4.5 wt% Al alloy series immersed in 3.5 M H2SOa is shown in
Figure 5.9. The corrosion behaviour of the alloys followed a similar trend to the 6 wt% Al alloys,
also showing sensitivity to the number of beta stabilising elements. Alloys containing both Fe
and V displayed lower passivation currents and critical current densities than Ti-6Al-4V. Ti-
4.5Al-2V-2Fe and Ti-4.5Al-1V-3Fe had similar Ecorr Values to Ti-6Al-4V and displayed active
to passive transitions similar to the commercial alloy. However, in Ti-4.5Al-3V-1Fe, transient
currents can be seen at anodic potentials (-0.35 to -0.1 V) just above the corrosion potential of
the alloy. Ti-4.5Al-3V-1Fe showed a higher Ecorr and lower icorr than Ti-6Al-4V and the other
experimental alloys. The electrochemical parameters obtained from the polarisation curves for
the 4.5 wt% Al alloy series are listed in Table 5.2. The corrosion current densities and the
corrosion rates of the experimental alloys were all lower than for Ti-6Al-4V. The Ecorr Of Ti-
4.5AI1-3V-1Fe (-0.348 V) was much higher than that of Ti-6Al-4V, the 6 wt% Al alloys and the
other 4.5 wt% Al experimental alloys, and had the lowest corrosion rate of 0.08 mm/y.
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Figure 5.9: Polarisation curves for 4.5 wt% Al alloys immersed in 3.5 M H,SO, solution at
25°C. Arrow points to transient current.

Table 5.2:  Electrochemical parameters obtained for 4.5 wt% Al alloys immersed in 3.5 M
H>SO, solution at 25°C.

Alloys Eye?gﬁlem (E 57(/5 Ag/AgCl) I(ﬁ:&/cmz) Rp E:rr? rrr:/yr) rare
Ti-6Al-4V 11.82 -0.562 182 142 1.59
Ti-4.5Al-3V-1Fe 11.93 -0.348 9 2867 0.08
Ti-4.5Al-2V-2Fe 11.92 -0.591 56 462 0.49
Ti-4.5Al-1V-3Fe 11.93 -0.566 71 365 0.63

5.2 NaCl Environment

The variation of OCP with exposure time for commercial Ti-6Al-4V and experimental Ti-6Al-
xV-yFe and Ti-4.5Al-xV-yFe alloys immersed in 3.5 wt% NaCl are shown in Figure 5.10. The
OCP of Ti-6Al-4V increased and became more noble with increasing exposure time. In the Ti-
6Al-xV-yFe series, except for Ti-6Al-3V-1Fe, the iron-containing experimental alloys showed a
slight increase in OCP with increasing exposure time. When 1 wt% Fe substituted 1 wt% V (Ti-
6AIl-3V-1Fe), the lowest OCP value was recorded and the curve fluctuated throughout. These

fluctuations have been reported to indicate the dissolution and repassivation of the protective
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TiOz layer (Parkhutik, 2006). The OCP values of the experimental alloys containing 2 - 4 wt%
Fe were similar at 3600 s.

The OCP values of the experimental Ti-4.5Al-xV-yFe alloys were lower than Ti-6Al-4V. Similar
to Ti-6Al-4V, the OCP of the Ti-4.5Al-3V-1Fe showed a steady increase with increasing
exposure time. The higher OCP value of the commercial alloy indicates that the oxide layer was
more stable than those formed on the experimental alloys. Both Ti-4.5Al-2V-2Fe and Ti-4.5Al-
1V-3Fe displayed a slight increase in OCP with exposure time. Ti-4.5Al-2V-2Fe had the lowest
OCP, with breakdown and forming of the oxide layer after ~3300 s immersion in 3.5 wt% NaCl.
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Figure 5.10: Variation of OCP measurements for a) Ti-6Al-xV-yFe and b) Ti-4.5Al-xV-yFe
alloys in 3.5 wt% NaCl solution at room temperature.

The cyclic polarisation curves for Ti-6Al-4V and the experimental 6Al alloys in 3.5 wt% NaCl
are presented in Figure 5.11. The active nose seen in the alloys when polarised in sulphuric acid
solution was not seen in the 3.5 wt% NaCl tests. This indicates that the passive film was formed
spontaneously during anodic polarisation in 3.5 wt% NaCl solution. A clearly defined Tafel slope
in the anodic region was not seen in all the alloys, similar to the behaviour of Ti-6Al-4V in 3.5
wt% NaCl reported by Dai et al. (2016). The reverse scan of all the alloys moved in an
anticlockwise direction, indicating resistance to pitting corrosion. Yu and Scully (1997) found
that titanium alloys were resistant to pitting corrosion in aerated chloride environments. Ti-6Al-
4V exhibited stable pitting at anodic potentials of 5.9 Vsce (~5.5 Vagiager) in 5 M HCI at 37°C.
Seah et al. (1998) also found that a sintered Ti-6Al-4V alloy exhibited high pitting resistance
when polarised in a dilute NaCl solution. However, the concentration of the NaCl solution was
not reported.
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The passivation currents for the experimental alloys containing iron were comparable, but higher
than that of the commercial Ti-6Al-4V alloy. The breakdown potential of Ti-6Al-3V-1Fe was
the lowest among the tested alloys. In the alloys containing more than 1wt% Fe, the current
density in the transpassive region was lower than that of Ti-6Al-4V and Ti-6Al-3V-1Fe.

The corrosion parameters determined from the polarisation curves are listed in Table 5.3. The
Ecorr Values of the alloys were similar and the icorr Values were in the same decade as Ti-6Al-4V,
except for Ti-6Al-3V-1Fe, where the high icorr gave the highest corrosion rate of 0.0039 mm/y.
Ti-6Al-3V-1Fe also had the largest transpassive region, indicating its inferior corrosion
resistance to the other alloys in NaCl. There were traces of transient currents in the passive region
of this alloy which indicate instability of the formed anodic passive film. The polarisation results

were in agreement with the OCP results from Figure 5.10.
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Figure 5.11: Polarisation curves for Ti-6Al-xV-yFe alloys immersed in 3.5 wt% NaCl
solution at 25°C. Arrow points to transient current.

The polarisation curves for the Ti-4.5Al-xV-yFe alloy series immersed in 3.5 wt% NaCl are
presented in Figure 5.12. The alloys showed some similarities in corrosion behaviour to the Ti-
6Al-xV-yFe alloys, displaying spontaneous passivation in NaCl solution with the reverse scans
of the polarisation curves moving in an anticlockwise direction. This indicated that the Ti-4.5Al-
xV-yFe alloys were also resistant to pitting corrosion in NaCl environment. Additionally, distinct
transpassive behaviour was seen in the alloy Ti-4.5Al-3V-1Fe, but was suppressed in the other

experimental alloys.
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Table 5.3:  Electrochemical parameters for 6 wt%Al alloys immersed in 3.5 wt% NaCl at

25°C.

Alloys E?/:/Je:/; rﬁnt (v vs.E,&ogr;AgCI) (uAI\C/OCr;nZ) Rp C(cr)r:rrn/;?';e
Ti-6AI-4V 11.82 20.246 0.087 299029 0.0008
Ti-6AI-3V-1Fe | 1181 20.297 0.450 58455 0.0039
Ti-6Al-2V-2Fe | 1183 20.324 0026 | 1000000 0.0002
Ti-6AI-1V-3Fe | 1183 20.293 0.067 388993 0.0006
Ti-6Al-4Fe 11.80 20.300 0.050 505245 0.0005

The difference in the corrosion behaviour of the 6Al and 4.5Al alloys can be seen when
comparing the passivation current of the experimental alloys. In the 4.5Al alloys, the passivation
current decreased with increasing Fe content, whereas the passivation currents were similar in
the 6Al alloys. Unlike the 6 wt% Al alloys, which all showed higher passivation currents than
Ti-6Al-4V, only the Ti-4.5Al-3V-1Fe and Ti-4.5Al-2V-2Fe alloys had a higher passivation
current than Ti-6Al-4V. The passivation current for Ti-4.5Al-1V-3Fe was lower than that of Ti-
6Al-4V. Table 5.4 shows the electrochemical parameters obtained from the polarisation curves
in Figure 5.12. The Ecorr Values are quite different, unlike in the Ti-6Al-xV-yFe alloys. The
highest corrosion current density and highest corrosion rate was observed in Ti-4.5AI-3V-1Fe.
The alloy also had the least polarisation resistance. Similar corrosion current densities and
corrosion rates (0.0002 mm/y) were obtained in Ti-4.5Al-2V-2Fe and Ti-4.5Al-1V-3Fe alloys,
which were lower than that of commercial Ti-6Al-4V (0.0008 mm/y).

25

15

e Ti-6A1-4V

e Ti-4.5A1-3V-1Fe
Ti-4.5Al-2V-2Fe

=== Tj-4.5Al-1V-3Fe

0.5

Potential (V vs Ag/AgCl)

-0.5

'1 T T T T T
1E-10 1E-08 0.000001 0.0001 0.01 1 100

Curent density (Acm?)

Figure 5.12: Polarisation curves for Ti-4.5Al-xV-yFe alloys immersed in 3.5 wt% NacCl
solution at 25°C. The red arrow points to distinct transpassive behaviour, while
the black arrow points to suppressed transpassive behaviour.
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Table 5.4:

Electrochemical parameters for 4.5 wt% Al alloys immersed in 3.5 wt% NacCl at

25°C.
Equivalent Ecorr icorr Corr. rate
Alloys Weight (V vs Ag/AgCI) (LA/cm?) Rp (mmly)
Ti-6Al-4V 11.82 -0.246 0.087 299029 0.0008
Ti-4.5Al-3V-1Fe 11.93 -0.090 3.150 8238 0.0300
Ti-4.5Al-2V-2Fe 11.92 -0.294 0.027 959899 0.0002
Ti-4.5Al-1V-3Fe 11.93 -0.112 0.026 1000000 0.0002

5.3 Sulphuric Acid + Sodium Chloride Environment

Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe were selected for testing in the mixed solution of 3.5 M
H2SO4+ 0.75 wt% NaCl. This selection was based on the advantage of cost over the other
experimental alloys, as well as the corrosion performance of these alloys in the individual 3.5 M
H2SO4 and 3.5 wt% NaCl solutions. The corrosion performance of the alloys was compared
against Ti-6Al-4V and the experimental Ti-6Al-4Fe alloy. The OCP curves for the alloys in the
mixed H2S04+NaCl solution are presented in Figure 5.13. The OCP of both Ti-6Al-4V and Ti-
4.5AI1-1V-3Fe alloys decreased towards the cathodic region, indicating the dissolution of the
inherent oxide film formed on the alloy surfaces. Although the OCP of Ti-6Al-1V-3Fe and Ti-
6Al-4Fe were comparable, the OCP of Ti-6Al-4Fe fluctuated throughout the period of
immersion. This fluctuation indicated the dissolution and repassivation of the oxide layer on the

surface. The OCP values at 1200 s for the commercial and experimental alloys were similar.

The polarisation curves of the selected alloys in the H2SO4 + NaCl solution are shown in Figure
5.14. The potentiodynamic curves of Ti-6Al-4V, Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe followed
similar trends in the mixed solution, showing similar Ecorr, active to passive transitions and a
range of passivity prior to dissolution of the passive film in the transpassive region. The
breakdown potential of Ti-6Al-4V (Eb= 2.1 V) was slightly higher than that of Ti-6Al-1V-3Fe
and Ti-4.5Al-1V-3Fe (Eb= 1.8 V). Unlike these alloys, the potentiodynamic polarisation curves
of the Ti-6Al-4Fe alloy showed erratic behaviour, and the results were not easily reproducible.

The Ecorr of Ti-6Al-4Fe was higher than of the other alloys. Ti-6Al-4Fe did not show a distinct
active to passive transition but the passivation current was higher than that of Ti-6Al-4V, Ti-6Al-
1V-3Fe and Ti-4.5Al-1V-3Fe. There were small transient currents in Ti-6Al-1V-3Fe and Ti-
4.5Al1-1V-3Fe, while transient currents dominated the Ti-6Al-4Fe curve in the anodic region.
This shows that Ti-6Al-4Fe suffered considerable breakdown and formation of the protective
oxide film. This observation is in agreement with the OCP curves presented in Figure 5.13.
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The corrosion parameters listed in Table 5.5 show that the Ecorr Values obtained for the Ti-6Al-
4V and Ti-6Al-1V-3Fe alloys were comparable, and the corrosion current density and corrosion
rate of the experimental alloy were ~2.5 times higher. For Ti-4.5Al-1V-3Fe, the Ecorr was slightly
higher than that of Ti-6Al-4V and the corrosion current density and corrosion rates were ~1.8
times higher. Only the electrochemical parameters of Ti-6Al-4Fe alloy have error bars because
the polarisation curves were not reproducible after multiple measurements. The polarisation

curves of other alloys were reproducible.
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Figure 5.13: Variation of OCP for Ti-6Al-4V and selected experimental alloys in 3.5M
H,SO4+1.75wt% NaCl at 25°C.
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Figure 5.14: Polarisation curves for Ti-4.5Al-xV-yFe alloys immersed in 3.5 M H,SO, +
1.75 wt% NaCl solution at 25°C.
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Table 5.5:  Electrochemical parameters for alloys immersed in 3.5 M H,SO4+1.75 wt%

NaCl at 25°C.

Alloy EC\]/\L;:E\I/;Letnt Ecorr (V) icorr (uA/cmZ) Rp C(c:,:;l;n;’;)te
Ti-6Al-4V 11.82 -0.512 39 669.1 0.34
Ti-6Al-1V-3Fe 11.83 -0.586 96 270.2 0.84
Ti-6Al-4Fe 11.80 -0.376 £0.1 | 1786.5+276.5 14.7£2.3 15.6 £2.4
Ti-4.5AI-1V-3Fe 11.93 -0.431 68 384.0 0.60

5.4 Discussion

The good corrosion resistance of titanium and its alloys in many corrosive environments has been
attributed to the spontaneous formation of a stable and adherent passive film on the surface of
the metal (Atapour et al., 2010, 2011). The oxide film has two layers, the inner anatase (TiO)
layer close to the metal, and the outer rutile (TiOz) layer of the exposed samples (Ciszak et al.,
2016; Pouilleau et al., 1997). When titanium is alloyed with other metallic elements, the oxides
of these elements are also found in small quantities in the main titanium oxide layers (Atapour et
al., 2011; Ciszak et al., 2016). Hence, the stability of the oxide film can be influenced by alloy
composition in addition to factors such as the concentration of corrosive solution, temperature,

immersion time and complexity of the anions in the solutions (Atapour et al., 2010).

The OCP measurement was used to evaluate the passivity of the oxide film formed on the surface
of Ti-6Al-4V and the experimental alloys in different solutions. Ti-6Al-4V showed an increase
in OCP towards nobler values in both 3.5 M H2SO4 (Figure 5.1) and 3.5 wt% NaCl (Figure 5.10)
solutions. This increase in OCP has been attributed to the growth of the oxide layer on the alloy
(Atapour et al., 2010b). However, the experimental alloys showed different behaviour in 3.5 wt%
NaCl and 3.5 M H2SOs solutions. Dissolution of the oxide film, known as self-activation
(Caprani and Frayret, 1979; Devilliers et al., 2006), was seen in 3.5 M H2SO4, while a gradual
increase in the OCP was seen in 3.5 wt% NaCl solution. Ti-6Al-4V, which displayed increased
OCP values in both solutions, showed a decrease in OCP towards more active values in the mixed
3.5 M H2S04 + 1.75 wt% NaCl solution. The variations in the OCP behaviour of the alloys
confirmed that the alloys are sensitive to composition and corrosive solutions. Tomashov et al.
(1974) reported that alloying elements like Al, V, Mo, Zr and Nb promoted the anodic dissolution
of a passive film in sulphuric acid by increasing the defects and ionic conductivity of the film
when the alloying elements enter the lattice of the film. Addition of aluminium to titanium
promotes the dissolution of TiO2 oxides (Aragon and Hulbert, 1972; Choubey et al., 2004). The
anodic reaction governing the dissolution of titanium is well reported (Caprani and Frayret, 1979;
Mogoda et al., 2004; Atapour et al., 2010a):
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Ti —i**+3e Equation 5.1

The dissolution of the TiO2 film formed on the experimental alloys in solutions containing
sulphuric acid was in agreement with the previous research (Mogoda et al., 2004; Devilliers et
al., 2006). The protective film formed on titanium alloys rapidly dissolves in concentrated
reducing acids such as sulphuric, oxalic and hydrochloric acid (Owen et al., 1972; Sinigaglia et
al., 1978; Fekry, 2009).

There was no evidence of dissolution of the Ti-6Al-4V alloy after 3600 s immersion in sulphuric
acid at OCP, while the experimental alloys containing Fe showed dissolution. The experimental
alloys with 2 - 4 wt% Fe attained a stable OCP of -600 mV ag/agci after exposing for 3600 s, close
to the stable potential of about -660 mVsce (-621 mVag/agci) of pure titanium after self-activation
in strong acids (Devilliers et al., 2006). The dissolution of the iron-containing alloys was
confirmed in Figure 5.2. The dissolution of the alloys was evidently increasing with increasing
Fe content in the alloys. When 3 wt% Fe was added, substituting 3 wt% V in the experimental
alloy, the SE image (Figure 5.2d) showed that the alloy was already in the active state. Evidence
of corrosion attack was seen in the alloy containing 4 wt% Fe as the sole beta stabilising agent.
In a mixed solution of H2SO4 + NaCl, the OCP recorded at 1200 s for both commercial and
selected experimental alloys were similar. The dissolution of the passive film on the alloys can
be attributed to the complexity of the SO4> and Clions in the solution (Atapour et al., 2011).

Based on the OCP results, it can be concluded that the experimental alloys were more stable in
NaCl than in H2SO4 and H2SO4 + NaCl solutions. The potentiodynamic polarisation results
presented in Figure 5.12 and 5.14 and Table 5.2 - 5.5 showed the superior corrosion resistance of
all the alloys in NaCl solution than in the other test solutions. The behaviour of the experimental
alloys in the different solutions is consistent with the work of Magoda et al.(2004) and Atapour
et al.(2011), which indicated that titanium and its alloys are susceptible to corrosion in sulphide
containing solutions, but are more corrosion resistant in sodium chloride solutions. In addition,
increasing the iron content increases corrosion rates when corrosion rates exceed 130 um/y
(Donachie, 2000).

When comparing the corrosion performance of the commercial Ti-6Al-4V alloy and the
experimental Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe alloys, it was insufficient to draw conclusions
from the OCP measurements. This is because the behaviour of the oxide film formed on the alloy
surface when exposed to corrosive solutions at OCP differs from the oxide film grown during
anodic polarisation (Blackwood et al., 1988). Blackwood and Peter (1989) reported that an oxide
film can be grown on titanium through anodic polarisation in 3 M H2SO4 and the dissolution of

the resultant film is uniform and very slow compared to the oxide film that is formed at OCP.
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Therefore, the electrochemical parameters obtained from anodic polarisation of both commercial

and experimental alloys were compared to describe the corrosion behaviour of the alloys.

In an H2SO4 solution, the experimental alloys containing both Fe and V as beta stabilising
elements had better corrosion resistance than the alloys containing only one beta stabilising
element, i.e. either Fe or V, including commercial Ti-6Al-4V. With comparable Ecorr values, the
passivation current of the experimental Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe alloys containing
Fe and V was ~10 times lower than that of the commercial alloy. Additionally, the corrosion rates
and the critical current densities for passivation were lower in the experimental alloys containing

Fe and V than in the commercial alloy.

In 3.5 wt% NaCl, all the experimental alloys except Ti-6Al-3V-1Fe had lower corrosion rates
than commercial Ti-6Al-4V (Table 5.3 and Table 5.4). The lowest corrosion rate was observed
in the experimental alloys containing equal amounts of the two beta stabilising elements (Ti-6Al-
2V-2Fe and Ti-4.5Al-2V-2Fe). From these results, it would appear that the partial substitution of
vanadium with iron is beneficial for corrosion resistance. It is still unclear how iron contributes
to the low corrosion rates observed in the experimental alloys, but previous work on iron-
containing titanium alloys have shown improved corrosion performance over commercial Ti-
6AIl-4V (Kuphasuk et al., 2001; Choubey et al., 2005; Pimenova and Starr, 2006).

Lu et al.(2016) reported that Ti-6Al-4Fe showed a lower corrosion rate in simulated body fluid
(pH = 7.4) due to a compact layer of aluminium and iron oxide which protected the TiO2 film
from dissolving. Fujii et al. (2002) also reported that Ti-1%Fe-0.3%0-0.04%N had higher
corrosion resistance than Ti-6Al-4V in a boiling NaCI+HCI solution. They proposed that the
presence of dissolved nitrogen in the alloy could have improved the corrosion resistance.
Kuphashuk et al. (2001) reported that commercially pure Ti and iron-containing alloys such as
Ti-5Al-2.5Fe and Ti-4.5Al-3V-2Mo-2Fe (SP 700) had lower corrosion rates than Ti-6Al-4V and
NiTi alloys in a 37°C Ringer’s solution. A detailed experimental study on the kinetics and
stability of the passive film that grows during anodic polarisation of the experimental alloys is

needed to fully understand mechanisms influencing the passivation behaviour.

In mixed 3.5 M H2S04+1.75 wt% NaCl solution, the experimental alloys containing two beta
stabilisers (Fe and V) showed higher corrosion rates and lower breakdown potentials than the
commercial Ti-6Al-4V alloy, despite having comparable Ecorr values. This suggests that the
alloys were sensitive to the multiple anion types present in the solution. Ti-6Al-4V was also
sensitive in this combined solution, as it showed a large active to passive transition nose (Figure

5.14) compared to the active nose displayed in the 3.5 M H2SQOg4 solution (Figures 5.8 and 5.9).
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The active to passive transition behaviour in titanium alloys has been reported to be a sign of
incomplete passivation (Atapour et al., 2011) , which would result in vacancies in the oxide film.
Anions such as CI- and SO4* can fill these vacancies and cause corrosion attack on the metal.
The experimental alloy containing only Fe as the beta stabiliser had a very high corrosion rate
and transient current in the passive region when polarised in the mixed H2SO4 + NaCl solution.
This makes Ti-6Al-1V-3Fe a preferred choice over Ti-6Al-4Fe if any of the low-cost options was

to be applied in this environment.

To assess the influence of Al reduction on the corrosion performance of the experimental alloys
in the sodium chloride and sulphuric acid solutions, the corrosion rates of the experimental alloys
for each solution were plotted against nominal %Fe (Figures 5.15 and 5.16). In a sulphuric acid
solution (Figure5.15), the corrosion rates of the experimental alloys containing 4.5 wt% Al were
lower than those of the alloys with 6 wt% Al for most cases. However, the corrosion rates of
experimental Ti-6Al-1V-3Fe, Ti-6Al-3V-1Fe and Ti-4.5Al-1V-3Fe were very similar.

The experimental alloys containing 4.5 wt% Al had lower corrosion rates than the 6 wt% Al
alloys in sulphuric acid. This observation concurs with the reports of Choubey et al. (2004) who
have found that an increase in Al content in titanium alloys is detrimental to corrosion
performance (Choubey et al., 2004). The corrosion rates of alloys immersed in the sodium
chloride solution are shown in Figure 5.16. The reduction in Al content had little influence on
the corrosion performance of experimental alloys containing >2% Fe. However, Ti-4.5-Al-3V-

1Fe had the highest corrosion rates of the experimental alloys, followed by Ti-6Al-3V-1Fe.

Ti-4.5Al-1V-3Fe had a lower corrosion rate than Ti-6Al-1V-3Fe (Table 5.6) in the mixed sodium
chloride and sulphuric acid solution. The lower corrosion rate of the experimental alloys
containing less Al indicates that higher aluminium is detrimental to the corrosion performance of

the alloys.
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5.5 Summary of Results

The experimental alloys showed good corrosion resistance, similar to commercial Ti-6Al-4V in
3.5 wt% NaCl solutions. The partial substitution of V with more than 1 wt% Fe (Ti-6Al-2V-2Fe,
Ti-6Al-1V-3Fe, Ti-4.5Al-2V-2Fe and Ti-4.5Al-1V-3Fe alloys) yielded lower corrosion rates
than that of Ti-6Al-4V.Based on their corrosion performance, these alloys could be studied
further for potential use as low-cost replacements for the Ti-6Al-4V alloy in marine industries,

i.e. in NaCl environments.

In 3.5M H2SO4, the experimental alloys containing both Fe and V as f stabilisers (Ti-6Al-3V-
1Fe; Ti-6Al-2V-2Fe and Ti-6Al-1V-3Fe) showed better corrosion resistance than Ti-6Al-4V,

with lower corrosion rates, critical current densities and passivation currents.

In a mixed solution of 3.5 M H2SO4+ 1.75 wt% NaCl, commercial Ti-6Al-4V displayed superior
corrosion resistance to the experimental Ti-6Al-1V-3Fe, Ti-4.5Al-1V-3Fe and Ti-6Al-4Fe
alloys. However, when considering a lower cost alloy than Ti-6Al-4V in the mixed solution, Ti-
6Al-1V-3Fe and Ti-4.5Al-1V-3Fe would be preferred over Ti-6Al-4Fe.

A slight decrease in aluminium content (e.g. from 6 to 4.5 wt% Al), with the addition of Fe and
V as beta stabilisers (e.g. totalling 4% in a combination of 3-1, 2 - 2 or 1 - 3 wt%) could slightly

reduce the corrosion rate of the experimental alloys in all of the tested environments.
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Chapter 6: Influence of a complex initial micro-
structure on the hot deformation behaviour

of commercial Ti-6Al-4V

In this chapter, the results obtained from isothermal compression testing of commercial Ti-6Al-
4V alloy bar with a complex initial microstructure are presented. This study became necessary
since it was ascertained from the literature survey that previous studies on the hot deformation of
Ti-6Al-4V alloy have focused on either fully lamellar, fully equiaxed or bimodal initial
microstructures. In addition, it was important to carry out preliminary hot forming on a readily-
available commercial titanium alloy before testing the experimental alloys. Results from testing
of Ti-6Al-4V served as the basis upon which the compression testing parameters for the
experimental alloys were selected. The deformation behaviour of Ti-6Al-4V was evaluated using
stress-strain curves and processing maps. The microstructural evolution as a function of

deformation temperature and strain rates is also presented.

6.1 Scope

This chapter is divided into two parts: Sections 6.2 - 6.4 cover the analysis of flow stress and
correction of adiabatic heating and the development of processing maps. Section 6.5 covers the
microstructural evolution that occurred during deformation and the summary of the results is

presented in Section 6.6.

6.2 Flow stress

The stress-strain curves obtained from uniaxial compression testing of the Ti-6Al-4V alloy under
different deformation temperatures and strain rates are presented in Figure 6.1. The trends of the

stress-strain curves are discussed below.

6.2.1 Strain rate of 0.01s?

The flow stress (Figure 6.1a) increased to an initial sharp peak, followed by a sudden drop at a
strain of ~0.02. A second peak was seen at all testing temperatures at a strain of ~0.05, but was
barely noticeable at 950°C. At deformation temperatures of 800, 850 and 900°C, the second peak
was lower than the first, and was higher when tested at 750°C. Continuous flow softening was
observed at deformation temperatures below 900°C, while at 950°C a steady-state flow stress

was observed. No previous reports of the initial peak phenomenon in Ti-6Al-4V were found by
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the author, but it has been reported in other titanium alloys (Duan et al., 2007; Jia et al., 2011a).
The initial peak observed at this strain rate is more than likely misleading, as it was caused by a
change in strain rate at very low strain (~0.02), as opposed to a phenomenon driven by
microstructural changes. The strain vs. time profiles for the sample deformed at 750°C/0.01 s
are shown in Figures 6.2 a — d. A change in strain rate was evident at very low strain ~0.02
(Figures 6.2a and b). The strain rate obtained at strain values higher than 0.02 (Figure 6.2c) was
the intended strain rate of 0.01 s, whereas a higher strain rate of 0.07 s** was obtained at strains
below 0.02 (Figure 6.2d).

In comparison, the strain vs. time profile of the sample deformed at 950°C/0.01 s (Figures 6.2e
— f) shows that there was no change in strain rate, and no associated initial peak on the stress-

strain curve.

The strain versus time profiles of samples deformed at strain rates higher than >0.01 s* did not

show any change in strain rate.

6.2.2 Strain rate of 0.1 s

The initial peak phenomenon accompanied by a drastic drop in flow stress, as observed at a strain
rate of 0.01 s* (Section 6.2.1), only occurred at 900 and 950°C at this strain rate (Figure 6.1b).
This was due to a change in strain rate at low strain (~0.02). A slight increase in flow stress at
strain values of ~0.25 - 0.50, followed by quasi-steady flow stress in the range of 0.05 - 0.20
strain is discernible on the flow stress curves. Steady-state stress was attained at strains higher
than 0.50 for testing temperatures from 750 - 900°C, while continuous flow softening was
observed at 950°C.

6.2.3 Strain rates of 1 stand 10 st

The flow curves for tests carried out at higher strain rates (1 and 10 s™*) are shown in Figure 6.1 ¢
and d respectively. There was a distinct dip in the stress-strain curves at 800 - 950°C at a strain
rate of 1 s, but it was much less pronounced at 10 s™*. The flow stress at both strain rates reached
a peak, followed by an oscillating flow stress for all test temperatures at the strain rate of 0.1 s™,

and test temperatures >750°C at the strain rate of 10 s™.

The oscillatory behaviour was more pronounced at 1 s™. Also at 1 s, the oscillation at 900°C
and 950°C appeared to be steady, while continuous flow softening accompanied the oscillating
flow stress at temperatures lower than 900°C. At the strain rate of 10 s and strain of ~0.4, a
similar trend was observed for temperatures lower than 950°C, while steady-state stress was
observed at 950°C.
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Generally, the flow softening trends observed in the stress-strain curves in Figure 6.1 were:

o Continuous flow softening at temperatures below 950°C,
o The appearance of oscillating flow stresses at 0.1 - 1 5%, and

. Steady-state flow stress at 950°C.

The oscillatory flow stress behaviour and broad peaks suggest dynamic recrystallisation (Luton

and Sellars, 1969; Huang and Logé, 2016).

The steady-state stress suggests either dynamic recovery or dynamic recrystallisation (McQueen
and Bourell, 1987; McQueen and Jonas, 1975). Continuous flow softening suggests adiabatic
heating or dynamic globularisation of alpha plates (Seshacharyulu et al., 2002; Fan et al., 2013b),
flow localisation, and wedge cracking as the likely softening mechanisms dominating the hot
working process (Prasad and Seshacharyulu, 1998b). As already noted, flow stress is dependent
on strain rate and deformation temperature. This is further emphasised in Figure 6.3, where the
peak stress increased with increasing strain rate and with decreasing deformation temperature.
Further microstructural analysis was necessary to determine the dominant softening mechanism,

and is discussed in Sections 6.4 and 6.5.
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Figure 6.1: True stress-strain curves obtained by uniaxial compression testing of Ti-6Al-4V
alloy in the temperature range of 750 - 950°C and at strain rates of: (a) 0.01 s,
(b) 0.1s?, (c)1stand (d) 10 s™
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Figure 6.2: Strain versus time profile showing that strain rates changed at low strain (~0.02)

when the Ti-6Al-4V sample was deformed at 750°C/0.01 s™.
The arrow in Figure 6.2d indicates a strain rate of 0.07 s, which is much higher than the
required strain rate, which was attained in Figure 6.2c.

6.3 Adiabatic Heating

During hot working at lower temperatures (<850°C) and strain rates above quasi-static strain

rates of 103s? (Kara et al., 2013), Ti-6Al-4V experiences a temperature increase due to plastic

working like many other metallic alloys (Goetz and Semiatin, 2001; Jia et al., 2011b). The heat

generated due to plastic work is not all transferred from the workpiece to the anvils and then
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dissipated to the environment. As a result, the measured temperature is higher than the
programmed temperature, and the flow stress is lower than expected for the programmed
temperature. As the reliability of processing maps depends largely on the validity of the flow
stress values, the flow stresses obtained under adiabatic conditions need to be corrected for the
increase in temperature. The temperature increase during this adiabatic heating can be estimated
by Equation 6.1 (Goetz and Semiatin, 2001):

0.95 x 1 Equation 6.1
AT = —f ode

p Gy
where AT is change in temperature, 7 is adiabatic correction factor (otherwise known as the
Taylor Quinney factor), p is density, Cp is specific heat capacity, and [ o8¢ is area under the

stress-strain curve. The values of 7 are: 0.25 (strain rate of 0.01 s%), 0.50 (strain rate of 0.1 s}),
0.75 (strain rate of 1 s) and 1.0 (strain rate of 10 s*) (Goetz and Semiatin, 2001).
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Figure 6.3: Effect of testing temperature and strain rate on the peak stress of Ti-6Al-4V.

Adiabatic heating occurred during deformation of Ti-6Al-4V for tests at: 750°C (0.1 - 10 s™),
800°C (0.1 - 10 s%) and 850°C (0.1 - 10 s, and 900°C (1 - 10 s%). The stress-strain curves for
these tests (Figure 6.1) showed continuous flow softening which could be due to adiabatic
heating. The microstructural manifestation of deformation heating is discussed in Section 6.5.2.

Figure 6.4 shows the differences between the programmed (expected) temperatures and the actual
(measured) temperatures against strain for the 750°C/10 s** and 800°C/1 s™ tests. Other graphs
showing the differences between the programmed and actual temperatures are presented in
Appendix F. The actual temperature, measured by a chromel-alumel thermocouple, steadily

increased over the duration of the compression test segment to higher than the programmed
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temperatures.

Comparison between the calculated temperature increase using Equation 6.1 and the measured
temperature increase obtained from the chromel-alumel thermocouple (highest and average) is
presented in Figure 6.5. Equation 6.1 cannot be used to predict the temperature increase for these
Gleeble tests, as it overestimated the adiabatic heating under all conditions except at 800°C/1 s
where it was lower. Castellanos et al.(2009), Longere and Dragon (2007), Soltani (2013) and
Zaera et al. (2013) found that the adiabatic correction factor either consistently underestimated
or overestimated the adiabatic heating. Longére and Drango (2007) and Soltani (2013) noted that
Equation 6.1 assumes absolute adiabatic conditions, whereas in reality, some heat is still
transferred to the thermocouple and jaws or anvils. Hence, the temperature increase due to
adiabatic heating is always specific to the equipment being used.
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Figure 6.4: Programmed (expected) temperatures vs. the actual (measured) temperatures as a
function of strain for deformation of Ti-6Al-4V at: a) 750°C/10 s* and
b) 800°C/1 s for the alloy Ti-6Al-4V.
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Figure 6.5: Measured temperature increase against programmed deformation temperatures
at strain rates of: a) 1 s*and b) 10 s for the alloy Ti-6Al-4V.
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As the differences between the temperatures predicted using Equation 6.1 and the
actual/measured temperatures from the thermocouple were significant, the flow stress was
corrected using linear interpolation between Ino and 1000/T (in K) based on the actual
temperature increase measured directly by the thermocouple. This was done to ensure that the
stress values obtained at the programmed temperatures and strain rates could be compared. The
differences between the corrected and uncorrected stresses are shown for 750°C/10 s and
800°C/1 s in Figure 6.6.

Continuous flow softening was still noticeable after correction and therefore cannot be solely
attributed to adiabatic heating. This suggested that the probable mechanisms responsible for flow
softening were dynamic recrystallisation; dynamic recovery or flow localisation. The corrected
flow stress values as a function of deformation temperature and strain rate are presented in
Appendix G-1. These corrected stress values were used to develop the processing maps in Section

6.4, and also to determine the activation energy for hot working in Chapter 8.
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Figure 6.6:  Stress-strain curves for corrected and uncorrected flow stress at a) 750°C/10 s
and b) 800°C/1 s for the alloy Ti-6Al-4V.

6.4 Processing maps and microstructural validation

The major benefit of processing maps is their usefulness in identifying the most advantageous
region for hot working of metallic alloys. The stable and unstable regions for a Ti-6Al-4V alloy
with a complex initial microstructure were determined and are discussed in this section.
Processing maps provide an explicit description of a material’s response to applied deformation
parameters. This response is expressed in terms of microstructural evolution obtained during hot
working (Prasad et al., 2015).

Power dissipation values represent the rate of entropy production due to microstructural changes

under the imposed strain rate and temperature at a given strain (Prasad and Seshacharyulu,
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1998a). Figure 6.7 shows the power dissipation map generated for Ti-6Al-4V at a selected strain
of 0.2. The major domains of dynamic recrystallisation (DRX) were observed on the map,
corresponding to regions where the power dissipation efficiencies (i) were between 0.35 - 0.50
(35 - 50%) which is typical of DRX for low stacking fault energy metals (Prasad and
Seshacharyulu, 1998a). The peak power dissipation efficiency was obtained at a deformation
temperature and strain rate of ~940°C/1.7 s (n = 49%). The criteria for instability described in
Equation 3.4 and 3.5 were not met at this strain, therefore no region of instability was observed.
Similar behaviour was observed in processing maps constructed for strains of 0.1, 0.3 and 0.4,

which are given in Appendix G-2.

To validate the processing map constructed for a strain of 0.2 (Figure 6.7), Ti-6Al-4V alloy
samples were compression tested to a maximum strain of 0.2 at deformation temperatures of
780°C and 920°C, which were initially not tested. These regions on the map are marked as A
(780°C/1 s1) and B (920°C/1 s) where In (1s*) =0 in Figure 6.7.

The microstructures of the as-received Ti-6Al-4V alloy (Figure 6.8) and samples deformed in
regions A and B (Figure 6.9) were compared. The observed features were consistent with the
power dissipation efficiency values. The as-received alloy consisted of a mixture of elongated
alpha, partially equiaxed alpha and a network of intergranular beta. The microstructures of the

sample deformed in regions A and B (Figure 6.9) differed from the as-received microstructure.

The sample tested under region A conditions (780°C/1 s*) contained long serrated a grains, well-
defined a subgrains and intergranular 3 (Figure 6.9a). This suggests that flow softening in region

A occurred mainly by dislocation glide and climb (Chen et al., 2008).

The sample tested under region B conditions (920°C/1 s*) showed fully globular o grains and an
increased amount of beta phase (Figure 6.9b). Balasundar et al., (2013b) reported that globular a
grains formed by a type of dynamic recrystallisation, which provided the flow softening

mechanism in region B.

It was expected that restoration due to dislocation climb (Chen et al., 2008) would be the
dominant softening mechanism in region A, with a corresponding power dissipation efficiency
of ~18%. It was also anticipated that dynamic recrystallisation corresponding to the power
dissipation efficiency of ~43% would be the main softening mechanism in region B. Prasad et
al. (2015) stated that significant reconstitution of microstructure was evidence of dynamic
recrystallisation. As expected from Figures 6.7 and 6.9, dynamic recovery was the softening
mechanism in region A, while dynamic recrystallisation was the softening mechanism in regions
B.
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Figure 6.7: Power efficiency map at a strain of 0.2.

AN SR LA UG Sy T ~
R R e

4 .
- --5?;.:-1 AN

10 pra Mag= 200KX Signal A = NTS BSD Date 16 Mar 2018
WD = 86 mm EHT = 15.00 k' Tine 114:35:06
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Figure 6.9: Optical micrographs of Ti-6Al-4V deformed to a total strain of 0.2: a) region
A:780°C/1 s and b) region B:920°C/1 s, showing lath bending and serrated
alpha in a) and globular alpha in b).
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Figure 6.10 shows the processing maps for Ti-6Al-4V at total strains of 0.5 and 0.6 respectively.
The regimes on these maps differ from those at a strain of 0.2 (Figure 6.7), as both stable and
unstable deformation regions occurred at 0.5 and 0.6 strains due to non-steady state conditions

with increasing strain. The stable and unstable regions are discussed in Sections 6.4.1and 6.4.2.

The variations in the processing maps at different strains can be attributed to the transient flow
stresses observed under different deformation conditions in Figure 6.1. Seshacharyulu et al.
(2000) reported that the processing maps obtained at different strains for Ti-6Al-4V with either
fully lamellar or equiaxed initial structures were similar at all strains during deformation. Similar
results were found by Fan et al. (2013b) in a Ti-7333 near-beta alloy and Huang et al. (2009) in
a+f Ti-6.5Al-3.5Mo0-1.5Zr-0.3Si alloy with an equiaxed microstructure. So, it is concluded that
the complex initial microstructure of the Ti-6Al-4V alloy considered in this study contributed to
the transient flow stresses and the different processing maps obtained at different strains.

6.4.1 Stable deformation region

There is a wide processing window for safe deformation (¢ >0) as shown in the processing maps
at strains of 0.5 and 0.6 (Figure 6.10) under different deformation conditions. At a total strain of
0.5, a region with peak efficiency of 67% was identified at 945°C/0.4-1.5 s and is hatched in
Figure 6.10a. This hatched region represents a domain of either dynamic recrystallisation or

superplasticity.

At a strain of 0.6 (Figure 6.10b), an area representing the domain of dynamic recrystallisation or
superplasticity was seen with a peak efficiency of 76% at 940°C/0.4-1.7 s*. As the power
dissipation efficiency at ~940°C/0.4-1.7s™ was higher than 60%, this could be a domain of
superplasticity (Seshacharyulu et al., 2000). However, the conditions for superplasticity in alloys
must satisfy the following: strain rates lower than 0.01 s (Prasad et al., 2015) to allow grain
boundary sliding (Alabort et al., 2016), power dissipation efficiencies higher than 60% and closer
contour lines with decreasing strain rate. Unlike dynamic recrystallisation, where large scale
reconstitution of microstructure occurs, microstructural reconstitution does not occur during
superplastic deformation (Prasad et al., 2015). The strain rates at which these high power
dissipation efficiency domains were observed are too high to accommodate grain boundary
sliding. Also, as the iso-efficiency contour lines in Figure 6.10 are widely spaced and do not get
closer with decreasing strain rate, it is proposed that dynamic recrystallisation or globularisation

was the main flow softening mechanism during deformation.
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Figure 6.10: Processing maps of Ti-6Al-4V alloys at total strains of: a) 0.5 and b) 0.6, showing
the safe (hatched) and unsafe (red) deformation areas.

Figure 6.11 shows the optical micrographs and corresponding secondary electron SEM images
of samples deformed in the stable region (900°C/0.01 s and 950°C/1 s), the green spots in
Figure 6.10b. The microstructure was different to the initial microstructure and contains globular
alpha grains. The mechanism of dynamic recrystallisation which formed globular a grains from
the elongated a grains has been attributed to localised, high energy shear bands generated within
the alpha lamellae which allow the penetration of beta phase at the o/a interfaces (Seshacharyulu
et al., 2002; Sen et al., 2010; Guan et al., 2012). This eventually separates the lamellar alpha
grains into smaller segments (Semiatin et al., 1997). Globular alpha grains are seen in Figure
6.11.

The volume fraction of beta phase in the samples deformed at 900°C was 37% and at 950°C was
64%. This indicated that the a to B phase transformation also contributed to flow softening at
high temperatures. An increase in the amount of beta phase makes deformation easier, since the
beta phase is softer than the alpha phase at higher temperatures (Weiss and Semiatin, 1998). The
beta phase has a bcc structure which has more slip planes available for deformation than the hcp
alpha phase (Lutjering and Williams, 2007). The steady-state flow stress observed at higher
temperatures (Figures 6.1a, ¢ and d) indicated easier deformation due to an increase in the beta
phase fraction. The influence of different strain rates and deformation temperatures on the two
flow softening mechanisms identified here, dynamic globularisation and phase transformation,

are discussed further in Section 6.5.
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Figure 6.11:  Optical micrographs (a & b) and SEM-BSE images (¢ & d) of Ti-6Al-4V
microstructures deformed in the stable region: a & c) 900°C/0.01 s, b&
d) 950°C/1 s*. The red arrows show globular alpha grains, while the blue
arrows show transformed beta.

6.4.2 Unstable deformation region

The regions of instability (£ < 0) were observed at tempertures above 935°C/0.05-0.1 s at 0.5
and 0.6 strains, as well as 750-810°C/1-2.7 s™ at a strain of 0.6 (regions shaded in red in Figure
6.10). The microstructure of the sample deformed at 950°C/0.1 s and to a strain of 0.6 is
presented in Figure 6.12. The exact flow instability in this region cannot be clearly defined from
the optical and SEM micrographs in Figure 6.12 due to transformation during cooling from the
deformation temperature (Luo et al., 2009). However, features such as non-equiaxed grains and
suppressed recrystallisation within islands of recrystallised grains indicate that heterogeneous
deformation occurred in this region. These unstable regions should be avoided during processing

of Ti-6Al-4V with a complex initial microstructure.

The processing maps obtained in this study were compared to those of Ti-6Al-4V with either
lamellar (Seshacharyulu et al., 2002) or equiaxed (Seshacharyulu et al., 2000) starting
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microstructures. The safe and unsafe domains on the maps in this study (Figure 6.5) are different
from those with a fully equiaxed starting microstructure. Also, regimes identified as unstable by
Seshacharyulu et al. (2000) and Seshacharyulu et al. (2002), fall within the stable deformation
region in this study. The regime of instability observed in this study was absent in their work on
Ti-6Al-4V with fully lamellar or fully equiaxed structures. The variations in the region of
instability exhibited by the Ti-6Al-4V alloy has been attributed to different strains and initial

microstructures of the alloy (Luo et al., 2009).
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Arrows point to non-equiaxed grains

Figure 6.12: Microstructure of Ti-6Al-4V deformed in the unstable region, showing non-
equiaxed grains as an indication of heterogeneous deformation: a) optical
micrograph and b) SEM-BSE image.

6.5 Microstructural Evolution

The dominant softening mechanisms during deformation in both stable and unstable regions were
established from the processing maps in Section 6.4. The role of other softening mechanisms
such as phase transformation and deformation heating has also been mentioned. In this section,
selected post-deformation microstructures are critically examined to assess the influence of

deformation temperatures and strain rates on the flow softening mechanisms.

During thermomechanical processing of titanium alloys, the occurrence of flow softening is
largely attributed to one or more of the following mechanisms: deformation heating, dynamic
recovery, dynamic globularisation and phase transformation (Prasad and Seshacharyulu, 1998b;
Huang et al., 2009; Li et al., 2015b). These mechanisms can be readily identified from the
microstructure of the deformed samples. The optical micrographs of samples deformed at
different strain rates and deformation temperatures are shown in Figure 6.13.
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The different features in the micrographs show that the deformation parameters influenced the
microstructure of the samples, as discussed under the following sub-headings: dynamic

globularisation, deformation heating and phase transformation.

6.5.1 Dynamic globularisation of alpha grains

Strain rate of 0.01s*

Figure 6.13 presents the micrographs of samples deformed over the range 800 - 950°C and at a
constant strain rate of 0.01 s™. Dynamic recovery and dynamic globularisation both influenced
the deformation process at this strain rate. The elongated alpha grains were either rotated or
serrated at deformation temperatures below 900°C. This is in agreement with previous studies on
titanium alloys where serrated and rotated alpha grains were found (Semiatin et al., 1997; Jia et
al., 2011b; Li et al., 2015a; Kim et al., 2016).

The rotation of a grains, formation of sub-grains with low angle boundaries, dislocation climb
and glide are all indicative of dynamic recovery occurring during hot deformation (Wanjara et
al., 2005; Jia et al., 2011a; Lin and Liu, 2010). Zhu et al. (2012) and Fan et al. (2013a) found
that when TC 21 and Ti-7333 alloys were deformed, respectively, serrated grains (irregular grain
boundaries) gave microstructural evidence of dynamic recovery. The serrated grains occurred
due to interaction of dislocations with the boundaries of the alpha lamellae and the elongation of
the lamellae with increasing strain. At a certain critical strain, which is high enough to cause
dynamic globularisation, the serrated alpha grains fragmented into small globules (Semiatin et
al., 1997).

Traces of fine dynamically globularised alpha grains at 800°C and 850°C were found (Figures
6.13 a and b). This indicates that incomplete dynamic globularisation seemed to have started at
800°C and progressed when deformation was carried out at 850°C. The average grain sizes of
the globularised alpha grains were 5.7+1.7 um at 800°C and 8.3+2.3 um at 850°C. Also, the
aspect ratio of the elongated o lamellae increased from 4.3+£2.3 um to 6.8+3.6 um. This shows
that a low deformation speed and increasing deformation temperature led to grain growth of the
alpha phase.

When the deformation temperature was increased to 900°C, there was near-complete
globularisation of alpha grains (Figure 6.13 c). Large globular grains were visible in the
microstructure, indicating grain growth of the equiaxed alpha phase due to a long deformation
time at a low strain rate. Transformed B in the form of o’ martensite can be seen within the prior
beta grains at 950°C (Figure 6.13 d). The transformed 3 is more visible in the Figure 6.16a SEM

image.
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Figure 6.13: Optical micrographs of Ti-6Al-4V samples deformed at a strain rate of 0.01 s
and temperatures of: a) 800°C b) 850°C c¢) 900°C and d) 950°C showing
serrated a, large and fine globular o at temperature <950°C (light phase- red
arrow) and transformed p at 950°C (dark phase- blue arrow).

Strain rate of 1 s*

Figure 6.14 shows the microstructures of samples deformed at a moderate strain rate of 1 s, The
samples deformed at 800°C - 950°C contained large globular alpha grains. Some of the elongated
grains at 800°C (Figure 6.14a) were serrated because of incomplete dynamic globularisation or
dynamic recovery. The large alpha grains are evidence of grain growth during deformation.
Figure 6.14 b - d show that the proportion of the large alpha grains decreased as the deformation
temperatures increased above 850°C. The presence of fine globular alpha in Figure 6.14 b and ¢
show that the process of dynamic globularisation was almost complete in samples deformed at
temperatures above 800°C. All the elongated grains in the initial microstructure were fragmented

into smaller grains.

Since dynamic globularisation was evident at all deformation temperatures for the strain rate of
15, it was easier to examine the relationship between the deformation temperature and average

grain size. The average grain sizes for large and small globularised a-grains from Figures 6.14 b
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- d are listed in Table 6.1. The average size of the small alpha grains decreased with increasing
deformation temperature, but there was no significant influence on the large alpha grains at
deformation temperatures between 800°C and 900°C. The large alpha grains of the sample

deformed at 950°C/1 s were the smallest.
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Figure 6.14: Optical micrographs of Ti-6Al-4V samples deformed at 1 s strain rate: a)
800°C b) 850°C c) 900°C and d) 950°C. The red arrows show globular a, while
the blue arrows show transformed p.

Table 6.1:  Average grain size of alpha phase at a strain rate of 1 s™.

Temperature (°C) Average grain size (um)
Small Large

800 6.12+1.3 16.95+4.6

850 5.92+1.3 17.46+1.6

900 5.32+1.0 17.72+4.5

950 4.63+1.0 14.36+3.3

146



The reduction in grain size with increasing deformation temperature can be ascribed to the
concurrent transformation of alpha to beta phase occurring during deformation. This
phenomenon inhibits grain growth (Ding et al., 2002; Luo et al., 2015). Ding et al. (2002)
reported that concurrent alpha to beta phase transformation that occurred during deformation of
the Ti-6Al-4V alloy suppressed the grain growth of the existing alpha grains at elevated

temperatures.

Strain rate of 10 s*

Figure 6.15 shows the microstructures of samples deformed at 800°C, 850°C, 900°C and 950°C
and a high strain rate of 10 s™. Similar to 1 s™, large serrated alpha grains were present at 800°C
(Figure 6.15a), showing grain growth. It is not clear why grain growth occurred during
deformation at 1s? and 10 s?. However, the two likely reasons for grain coarsening are
deformation heating, discussed in Section 6.5.2, and nucleation controlled dynamic
recrystallisation reported by Sakai and Jonas (1984).

Sakai and Jonas (1984) established that the two mechanisms influencing dynamic
recrystallisation are growth-controlled and nucleation-controlled mechanisms. The growth-
controlled mechanism is associated with single peak stress which is normally observed when low
stacking fault metals are deformed at high strain rates, while nucleation-controlled mechanism is
associated with cyclic peak stress (oscillation) seen during deformation at low strain rates. The
single peak is indicative of grain refinement during DRX, while the periodic flow stress is
indicative of grain coarsening (grain growth) (Doherty et al., 1997). The argument of Sakai and
Jonas (1984) could be used to explain some of the trends observed in this study. For example, the
sample deformed at 900°C/1 s showed oscillatory flow stress (Figure 6.1c) and the
corresponding microstructure showed coarse o globules. However, at 900°C/10 s (Figure 6.1d),
the flow stress showed negligible oscillation and can be likened to a single peak where grain
refinement was expected. The corresponding microstructures obtained at 900°C/10 s (Figure
6.14c) and 900°C/1 s (Figure 6.15c) showed that the a globules were refined at 900°C/10 s,
while grain coarsening occurred at 900°C/1 s™. At lower deformation temperatures (800°C and
850°C) and both strain rates (1 s and 10 s), it was difficult to conclude from the microstructures
(Figures 6.14 and 6.15) if oscillatory flow stress resulted in grain coarsening. Further studies will
be required to fully understand the factors influence grain growth at medium to high strain rates

in this alloy.

At deformation temperatures above 800°C, full dynamic globularisation of the alpha phase was
discernible (Figures 6.15b - d). However, the grains were much finer at 900°C (Figure 6.15c) than
at 800°C, 850°C and 950°C, which appear to be the temperature favourable for dynamic

147



globularisation of the alpha phase. The fine globularised o grains confirmed that the deformation
was optimal at 900°C for all strain rates. Similar to the strain rate of 1 s, globularised a-grains
were retained at 950°C with an average grain size of 13.89+4.12 um. The large grains of samples
deformed at 950°C/10 s (Figure 6.15d) were similar in size to those obtained at 950°C/1 s
(14.36+3.29 um) (Figure 6.14d). At 950°C and 1 and 10 s strain rates, there was sufficient
energy and time for easy consumption of the small alpha grains by the o - B phase transformation.
However, the large retained o grains remained due to insufficient time for complete

transformation at these higher strain rates.

The microstructures of the deformed samples in Figures 6.13 and 6.15 showed that elongated
alpha grains were likely reduced to smaller grains by dynamic globularisation. This appeared to
be consistent in all the microstructures, especially when deformation was carried out at
temperatures above 800°C and strain rates higher than 0.01 s™*. Dynamic globularisation has been
reported to be a form of dynamic recrystallisation which is dominant in Ti-6Al-4V with either a
lamellar or lath-type alpha phase (Balasundar et al., 2013a; Li et al., 2015b). The mechanism has
been explained by Weiss et al.(1986), Semiatin et al.(1997), Semiatin and Bieler (2001), and

Guan et al.(2012) in a number of ways:

1  Local deformation causes rotation of a-laths which leads to a change in orientation up to a
magnitude of about 20°. The § phase can then readily penetrate the a/a boundaries created

by the rotation of the laths.

2. Shearing of the alpha lath generates low- and high- angle grain boundaries across the alpha
phase. The mis-orientation angles between the alpha phases vary from a few degrees up to
~30°. The existing boundaries created by shear can be readily penetrated by the growing [3-
phase. Complete globularisation occurs if the width of the a-laths are less than twice the

penetration distance of the B cusps.

Seshacharyulu et al. (2002) proposed that the mechanism of dynamic globularisation occurred in
four steps (Figure 2.17):

1. Shearing of laths due to imposed shear strain: This process is strain dependent and may reach
completion at larger strains. Initially, a few colonies that are favourably oriented with respect
to the applied stress will participate in the shearing process, which will rotate the

neighbouring colonies to favourable orientations facilitating further shear.
2. Generation of dislocations having both signs along the line of shear.

3. Simultaneous recovery by cross-slip leading to annihilation of opposite sign dislocations on
intersecting slip planes, leaving behind groups of dislocations with the same sign to develop

an interface along the line of shear.
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4. Migration of interfaces by diffusion to minimize the surface energy forming the globules.

These explanations all emphasise the creation of an o/a interface by shearing, bending and
rotation of a-laths as critical steps for dynamic globularisation to take place. The presence of
globular alpha in Figure 6.14 indicated that dynamic globularisation had occurred during

deformation.
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Figure 6.15: Optical micrographs of deformed Ti-6Al-4V samples at 10s™ a)800°C, b)850°C,
€)900°C and d) 950°C. The green arrows point to serrated a grains, red to
globular a and blue to transformed p.

6.5.2 Deformation Heating

Deformation heating has been identified as one of the mechanisms responsible for continuous
flow softening when metallic samples are deformed at strain rates higher than 0.001 s* (Goetz
and Semiatin, 2001). In Ti-6Al-4V alloys, it has been observed during deformation in the (a+p)
phase region (Balasundar et al., 2014; Prasad et al., 2015). The actual temperature of the samples
increases and does not have enough time to dissipate to the surroundings due to the high

deformation speed. For titanium alloys, this usually occurs when deforming at strain rates
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>0.0001 s (Goetz and Semiatin, 2001). As discussed in Section 6.3, adiabatic heating was

significant when deforming at temperatures lower than 900°C and strain rates higher than 0.01 s°
1

Although deformation heating can be confirmed by checking for adiabatic shear bands in the
micrographs of the deformed samples (Semiatin and Lahoti, 1981; Balasundar et al., 2014), no
shear bands were seen in the deformed sample micrographs examined in this study, as also
reported in Ti-6Al-4V by Ding et al. (2002). However, adiabatic heating could manifest as an
increase in volume fraction of the beta phase due to a to B phase transformation that occurred
with increasing temperature (Yang et al., 2011; Zhan et al., 2015). It could also manifest as an

increase in the size of the primary o grains.

The micrographs in Figures 6.14 and 6.15 show that there was abnormal grain growth of some
alpha grains at strain rates of 1 and 10 s™ and the low deformation temperature of 800°C. There
was less grain growth at higher deformation temperatures. This indicated that the abnormal grain
growth of these alpha grains may have been caused by deformation heating, and became less
apparent as the deformation heating effect became negligible at higher testing temperatures. At
800°C, there was no excessive alpha grain growth at the lowest strain rate of 0.01 s (Figure
6.13). Grain growth and phase transformation are influenced by temperature and time, and the
energy required for grain growth and globularisation is lower than the energy required for the
alpha to beta phase transformation (Ding et al., 2002; Humphreys and Hatherly, 2002). Therefore,
the actual temperature increase due to deformation heating of the samples may have favoured
grain growth of the alpha phase, especially at the strain rate of 0.01 s™. However, this seems very
unlikely at the higher strain rates of 1 s* and 10 s™, since grain growth is a diffusion-driven
process which is time-dependent. The time involved at these strain rates would have been too

short for grain growth to occur.

The appearance of abnormal grain growth has been reported in metallic materials, especially
aluminium alloys that are subjected to post-deformation annealing and the phenomenon has been
attributed to the presence of second-phase precipitates or impurities of high concentations, high
anisotropies in the grain boundary energy and high chemical inequilibrum (Humphreys and
Hatherly, 2002; Chang et al., 2010). There are no evidences to prove that any of the above-
mentioned causes led to the appearance of abnormal grain growth in the Ti-6Al-4V alloys
deformed at low temperature (800°C) and high strain rates (1s*and 10s™). However, it is
thought that the appearance of the abnormal grain growth may possibly be favoured by variations
in the grain boundary energy of the alpha grains at high strain rates rather than strain induced

phase transformation of alpha to beta.
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6.5.3 Phase Transformation

Table 6.2 lists the volume fraction of beta phase obtained by image analysis from the micrographs
in Figures 6.13 - 6.15. The volume fraction of beta phase increased with increasing temperature
at a given strain rate. Ding et al. (2002), Momeni and Abbasi (2010) and Souza et al. (2015)
found that the alpha to beta phase transformation occurred simultaneously with either dynamic
recrystallisation or dynamic recovery during deformation of the Ti-6Al-4V alloys below the beta

transus temperature.

The relationship between the formed beta phase and applied strain rates did not follow a
consistent trend at deformation temperatures below 950°C. However, at 950°C (Figure 6.16), the
volume fraction of beta phase increased with decreasing strain rate. At 950°C/0.01 s, the
microstructure (Figure 6.13d) consisted only of transformed B (o' martensite) that formed on
cooling to room temperature. It is assumed that the volume fraction of o' martensite equalled that
of the beta phase prior to cooling (Yang et al., 1991). The temperature profile of the sample
deformed at 950°C/0.01s™ is presented in Appendix F-2, where it can be seen that the
temperature was approximately 948°C. This was done to assess whether the temperature control
of the Gleeble was giving a misleading result, as the reported values for the beta transus
temperature of Ti-6Al 4V is usually in the range of 980-1015°C.

Table 6.2:  Volume fraction of beta phase at different temperatures and strain rates.

Temperature Volume fraction of § phase (%)
(°C) 0.01s* 1st 10s?
800 32 24 29
850 30 31 31
900 33 37 34
950 100 71 64

EHT = 15.00 kW Time :-.1‘;,'222‘“1ﬂ ﬁ :‘*Dﬂ:a.s‘:; ES::: :S.UUT:!ESD ?:;ﬂ;mm ﬁ
a) 100% transformed b) Dark phase: globular o and light

region: transformed f
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Figure 6.16: SEM-BSE images of Ti-6Al-4V samples deformed at 950°C at strain rates of a)
0.01 sb) 1 sand c) 10 s showing primary a (globular - red arrow) and
transformed B - blue arrow.

The complete transformation observed in Figures 6.13d and 6.16a suggests that the deformation
lowered the beta transus temperature of the Ti-6Al-4V alloy by ~45°C. Koike et al. (2000)
reported that the beta transus temperature in a Ti-5.3Al-1.4Fe a+p alloy was decreased by 21°C
when subjected to superplastic deformation in the (o+p) phase region. This phenomenon is
referred to as deformation (strain) induced phase transformation (Roberts et al., 1970; Koike et
al., 2000; Yang et al., 1991). Deformation promotes the diffusion of elements that stabilise the 3
phase, hence reducing the B-transus temperature (Roberts et al., 1970; Koike et al., 2000; Yang
et al., 1991). Deformation-induced phase transformation usually occurs only under certain
conditions of strain rates and deformation temperature. Based on Roberts et al. (1970) and Yang
etal. (1991), and the deductions from this current study, it can be concluded that this phenomenon
occurred mostly at low strain rates (<0.01 s?) in Ti-6Al-4V, as there was enough time for

complete alpha to beta transformation.

Deformation induced phase transformation of a+f titanium alloys at a low strain rate involves

two concurrent processes (Roberts et al., 1970; Yang et al., 1991):

e The first process is controlled by strain, and involves shearing of elongated a grains into
smaller grains which reduces the diffusion distance of beta-stabilising elements and
generates vacancies for the solute beta-stabilising elements (vanadium, iron, molybdenum
etc.) to occupy.

e The second process is driven by deformation temperature, and involves an increase in the

mobility of the beta stabilising elements which increases with increasing temperature.

At astrain rate of 0.01 s, strain induced transformation was not as apparent in samples deformed

at lower deformation temperatures < 950°C (Figures 6.13a - ¢) as in samples deformed at 950°C
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(Figure 6.13d). This may be due to slow diffusion of vanadium at lower deformation

temperatures.

6.6 Summary

The stress-strain behaviour showed a dependence of flow stress on strain rate, deformation
temperature and strain. Oscillation of flow stresses was seen after the peak stress at higher strain
rates. Continuous flow softening occurred at all strain rates and deformation temperatures below
950°C. These trends show the general transient behaviour of flow stress under varied deformation

conditions.

Processing maps revealed stable processing regions at total strains of 0.2, 0.5 and 0.6. These
regions were validated by testing at 920°C/1 s (0.2 strain) and 950°C/1 s (0.6 strain), while
regions of instability were identified at strains of 0.5 and 0.6, at temperatures higher than 935°C
and strain rates of 0.05 - 0.1s™. The region of instability was validated by the test done at
950°C/0.1 s, Additionally, another unstable deformation region was observed at 750 - 810°C /1
- 2.7 st at a strain of 0.6. These regions should be avoided during processing of Ti-6Al-4V with
a complex initial microstructure. Three optimum processing conditions for stable deformation

were found to be:

~940°C/0.4 - 1.7 s (¢ = 0.2; n = 49%)

~945°C/0.4 - 1.7 s (= 0.5, n = 67%)

~940-950°C/0.4 - 1.7 s (e = 0.6; n = 76%).

These optimum processing conditions were interpolated data obtained from the processing maps.

The transient flow stress behaviour caused differences in the processing maps obtained at
different strains. Since similar features have not been reported in work on Ti-6Al-4V with fully
lamellar or with fully equiaxed initial microstructures, the transient behaviour can be attributed

to the complex initial microstructure of the Ti-6Al-4V alloy considered in this study.

Microstructural analysis showed that dynamic globularisation of alpha was the dominant
softening mechanism during the deformation of the alloy under optimum conditions. Other
phenomena which contributed to softening include deformation heating and phase
transformation. It was difficult to explain the reason why grain growth was observed in samples
deformed at temperatures below 900°C and high strain rates (1 and 10 s*). This observation was
explained by nucleation controlled DRX (Sakai and Jonas, 1984) and deformation heating, but

further studies may be required to provide an accurate explanation. Deformation-induced phase
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transformation lowered the beta transus by approximately 45°C when the Ti-6Al-4V alloy was
deformed at 950°C and 0.01 s strain rate. Increasing the deformation temperature led to higher
volume fractions of the beta phase but the influence of strain rate on the volume fraction of beta
phase formed was inconsistent.
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Chapter 7. Hot working of experimental Ti-6Al-1V-3Fe
and Ti-4.5Al-1V-3Fe alloys

This chapter presents the results obtained from isothermal hot compression testing of the two
selected experimental alloys containing 1 wt% V and 3 wt% Fe: Ti-6Al-1V-3Fe and Ti-4.5Al-
1V-3Fe. The microstructural characteristics and corrosion behaviour of these alloys were
reported in Chapters 4 and 5. These two alloys were selected because of their higher ratio of iron
to vanadium and their good corrosion resistance in both acidic and saline environments. The
results presented in this chapter will be useful in addressing some of the challenges faced by the
metal processing industries during primary conversion of titanium alloys to mill products. The
results include analysis of flow stress, development of processing maps and microstructural

evolution of the deformed samples.

7.1 Scope

This chapter is divided into five sections. Section 7.2 describes the stress-strain curves obtained
from the isothermal compression testing and the correction for adiabatic heating. Section 7.3
describes the use of stress-strain data in developing processing maps for obtaining the optimum
processing parameters for deforming the alloys. Section 7.4 shows the microstructural evolution
which resulted from the deformation process. Finally, the summary of results is presented in
Section 7.5.

7.2 Analysis of flow stress for experimental Ti-Al-V-Fe alloys

The flow stress curves obtained from isothermal compression testing of Ti-6Al-1V-3Fe and Ti-
4.5AI1-1V-3Fe alloys at different strain rates and deformation temperatures are presented in
Figure 7.1 (Ti-6Al-1V-3Fe) and Figure 7.2 (Ti-4.5Al-1V-3Fe). In general, the flow stress
increased with increasing strain rate and decreasing deformation temperature for both alloys. The
relationship between flow stress and strain rate was explained by Mitchell et al. (2002) and Zong
et al. (2009). This is described in Equation 7.1 and Equation 7.2 where an increase in strain rate
will result in an increase in the speed of mobile dislocations, as well as the flow stress.
& = pbAc™ Equation 7.1
v=Ac™ Equation 7.2

where ¢ is strain rate, p is dislocation density, b is burgers vector, v is average dislocation
velocity, A is a constant, ¢ is flow stress and m is strain rate sensitivity parameter (Mitchell et
al., 2002).
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As seen in the Ti-6Al-1V-3Fe samples in Figure 7.1, at low strain <0.05, there was a rapid
increase in flow stress. This was due to generation and multiplication of dislocations which work
hardened the material (Chen and Cao, 2012). With further increase in strain beyond 0.05, the
flow stress dropped continuously or assumed a near steady-state due to flow softening. Similar
stress-strain behaviour has been reported by Balasubrahmanyam and Prasad (2002) and Zhang et
al. (2012). Continuous flow softening occurs when the rate of softening exceeds the rate of work
hardening, while steady-state flow stress is observed when the rate of work hardening is at

equilibrium with the rate of flow softening (Guo-Zheng et al., 2013; Sakai et al., 2014).

The distinct features on the flow curves in Figure 7.1 include continuous flow softening at
temperatures less than 950°C and all strain rates. However, at 950°C and for all strain rates, the
flow stress attained a near steady-state after the peak stress was reached. At a constant strain rate
of 10 s and all temperatures, broad peaks were observed. The peaks became narrower at lower

strain rates.

The flow curves of samples deformed at 1 s showed slight oscillations at all deformation
temperatures, while the samples deformed at 0.01 and 0.001s™ showed discontinuous yielding at
all deformation temperatures. This behaviour was quite apparent at a strain rate of 0.01 s, with
a rapid increase in flow stress until a sharp distinct peak at very low strain, followed by a second
peak stress prior to flow softening. As discussed in Chapter 6, this discontinuous yielding
phenomenon has not been reported in pure titanium or commercial Ti-6Al-4V alloys deformed
in the beta phase, but has been found in beta titanium alloys (Philippart and Rack, 1998; Weiss
and Semiatin, 1998; Balasubrahmanyam and Prasad, 2002). The magnitude of discontinuous
yielding has been attributed to the type and concentration of the beta stabilising elements (Weiss
and Semiatin, 1998).

However, in this case, the discontinuous yielding was not caused by microstructural phenomena,
but was due to a change in strain rate at a low strain of ~0.02. This was similar to the case of the
Ti-6Al-4V alloy mentioned in Chapter 6 where actual strain rates higher than the planned strain
rates were observed at a strain of ~0.02. The high strain rates at the start of deformation led to
the sharp initial peaks observed on the flow curves. An example of the strain vs. time profile
showing the higher strain rate at ~0.02 is presented in Appendix H-8. This change in strain rate
was noticeable when all the alloys were compression tested at <0.01 s™. Although the overall
strain rate was not affected by this variation, the misleading initial peaks were definitely not a
consequence of microstructural response to the imposed parameters, but were likely due to

variations in the movement of the hydraulics controlling the jaws.
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Figure 7.1: True stress-strain curves obtained by rectangular axial compression testing of Ti-
6AIl-1V-3Fe in the temperature range of 750 - 950°C and at strain rates of: a)
10st b)1s?t ¢)0.1s?, d)0.01stande)0.001s™

Figure 7.2 shows the stress-strain curves for Ti-4.5Al-1V-3Fe alloy at different strain rates and
deformation temperatures. The trends of the curves were similar and comparable to Ti-6Al-1V-
3Fe (Figure 7.1) at all temperatures and strain rates. However, the major difference in the flow
curves of the two alloys was that the reduction in aluminium content from 6 wt% to 4.5wt% Al
decreased the flow stress under all deformation conditions. Additionally, the sample deformed at
950°C and 0.001 s showed unexpected behaviour at strains of 0.48 - 0.6. There was an abrupt
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increase in flow stress accompanied by oscillations. This behaviour could be as a result of flow

instabilities manifesting during deformation (T Seshacharyulu et al., 2000).
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Figure 7.2: True stress-strain curves obtained by rectangular axial compression testing of
Ti-4.5Al-1V-3Fe in the temperature range of 750 - 950°C and at strain rates of:
a)10s?, b)1st ¢)0.1s? d)0.01stande)0.001 s

The influence of test parameters on the peak flow stress of both alloys shown in Figure 7.3. The

peak stress generally decreased with a reduction in aluminium content under all deformation

conditions, except at 950°C and 0.001 s (Figure 7.3 b), where a higher peak stress and peak

strain was observed. Increasing the aluminium content in titanium alloys has been shown to
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increase the flow stress of the alloys due to substitutional solid solution strengthening (Weiss and
Semiatin, 1998; Fitzner et al., 2016).
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Figure 7.3: The effect of testing temperature and strain rate on the peak stress of: a) Ti-6Al-
1V-3Fe and b) Ti-4.5Al-1V-3Fe alloys.

Weiss and Semiatin (1998) compared the influence of the total amount of solute elements on the
flow behaviour of beta titanium alloys, showing that alloys with a higher solute content had a
higher flow stress. The higher aluminium content and the total solute elements in Ti-6Al-1V-3Fe
favoured higher peak stresses compared with Ti-4.5Al-1V-3Fe. Semiatin et al. (1997) reported
that the flow stress is dependent on strain, strain rate, deformation temperature and alloy
composition. In the preliminary studies of this work, varying the amount of Fe in the Ti-6Al-xV-
yFe experimental alloys influenced the flow stress (Prozesky et al., 2017). At a deformation
temperature of 900°C and strain rate of 1 s, partial substitution of vanadium with iron caused a
significant drop in flow stress, which was attributed to the higher proportion of B phase in the
iron-added alloys. It was also found that flow softening was influenced by adiabatic shear bands,
lamellar rotation and dynamic recrystallisation of the prior beta grains. The formation of adiabatic
shear bands in the Ti-6Al-xV-yFe experimental alloys increased with an increase in the total

deformation strain (Appendix H).

Apart from the effects of solute content on the flow stress of titanium alloys, another critical
factor that affects the flow stress is the initial microstructure before deformation (Prasad and
Seshacharyulu, 1998b; Perumal et al., 2016). In this study, the flow stress of the Ti-6Al-1V-3Fe
experimental alloy was higher than those of the commercial Ti-6Al-4V alloy presented in Chapter
6 and other commercial o+f titanium alloys (Seshacharyulu et al., 2000; Seshacharyulu et al.,
2002). In the current study, the as-cast experimental alloys had an initial Widmanstatten basket-
weave structure (Figure 7.6). The wrought commercial Ti-6Al-4V alloy investigated in Chapter

6 had a complex initial microstructure (Figure 6.8), which consisted of mostly coarse, elongated
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alpha grains, partially equiaxed alpha and a network of intergranular beta. Sechacharyulu et al.
(2002) found that the flow stress of a lamellar microstructure was higher than that of an equiaxed
microstructure in Ti-6Al-4V deformed under similar conditions. Li et al.(2013) evaluated the
influence of thin and thick lamellae on the flow stress of a Ti-5Al-5Mo-5 V-1Cr-1Fe near-f
titanium alloy, and found that the flow stress was higher for thicker lamellae when deformed

under the same conditions.

The higher flow stress observed in the experimental Ti-6Al-1V-3Fe alloy than in the commercial
Ti-6Al-4V alloys can be attributed to the initial basket-weave Widmanstétten initial
microstructure. Sieniawski et al. (2013) found two-phase titanium alloys with a basket-weave
Widmanstatten structure exhibited higher strength than those with either equiaxed or colony
structures. This was ascribed to dislocations finding it more difficult to move due to the increased

branching in the basket-weave structure.

The shape of the stress-strain curves have been used to suggest the various softening mechanisms
dominating the deformation of metallic alloys. In Figure 7.1 and 7.2, the flow curves show work
hardening by the increase in stress at low strains. Also, broad peaks were observed at the high
strain rate of 10 s, which could be attributed to dynamic recrystallisation or globularisation of
either one or both constituent phases. The near steady-state stress at the highest deformation
temperature could have been due to dynamic recovery or superplasticity, while continuous flow
softening observed at lower deformation temperatures could have been a result of dynamic
globularisation or manifestation of flow instabilities, such as adiabatic shear bands or cracking.
Continuous flow softening indicates dynamic globularisation of titanium alloys with a fully
lamellar or an acicular initial microstructure (Wu et al., 2011; Li et al., 2013; Song et al., 2014).
The oscillations at 1 s™ could be due to dynamic recrystallisation or cracking in the material (Bai
etal., 2014). It was quite difficult to determine the exact flow softening mechanism based on the
shape of the stress-strain curves. Further analyses would be needed to substantiate the dominant
softening mechanism of the alloys during hot working. These are discussed in the subsequent

sections.

To obtain a more accurate prediction from processing maps, it is important to correct the flow
stress obtained from the experiments for adiabatic heating and frictional effects. The barrelling
coefficients of the deformed samples were determined after each compression test to validate the
results, and were all less than the maximum permissible limit of 1.1 (Roebuck et al., 2006).
Therefore, correction for friction was not done, as the graphite foil and nickel paste between the

samples and the anvils provided sufficient lubrication to mitigate friction during deformation.
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7.2.1 Adiabatic corrections

The flow stress obtained from isothermal compression testing was corrected for adiabatic heating
following the procedure explained in Chapter 6. Adiabatic heating was observed in Ti-6Al-1V-
3Fe and Ti-4.5Al-1V-3Fe samples deformed at temperatures <950°C and strain rates of 1 s and
10 s, Figure 7.4 shows selected plots of measured and programmed temperatures against strain
for Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe. From Figure 7.4a, for Ti-6Al-1V-3Fe deformed at
750°C and a strain rate of 10 s, there was a rise in deformation temperature to ~810°C as the
strain increased. Similarly, in Ti-4.5Al-1V-3Fe a temperature rise of ~33°C was observed in the
sample deformed at 800°C and a strain rate of 1s™. As the temperature rise had a significant

effect on the flow stress, adiabatic correction was necessary.
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Figure 7.4: Measured and programmed temperature against strain for (a) Ti-6Al-1V-3Fe at
750°C/10 s* and (b) Ti-4.5AI-1V-3Fe at 800°C/1 s™.

Figure 7.5 show the comparison between the measured and corrected flow stresses in Ti-6Al-1V-
3Fe and Ti-4.5Al-1V-3Fe alloys. As expected, the corrected flow stress was higher than the
measured stress, due to the influence of adiabatic heating on the flow stress. Also, the corrected
flow stress still exhibited continuous flow softening, which implies that flow softening
mechanisms other than adiabatic heating were in operation. Graphs for the other testing
conditions which also show temperature increase and corrected flow stresses against strain are
presented in Appendix H.

The validity of processing maps depends largely on the accuracy of the flow stress (Prasad et al.,
2015). The corrected flow stresses used for developing the processing maps are presented in
Appendix H. Having corrected the flow stress, the processing maps could be established with
higher accuracy.
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Figure 7.5: Corrected and measured flow stress as a function of strain for: a) Ti-6Al-1V-3Fe
at 750°C/10 s and b) Ti-4.5AI-1V-3Fe at 800°C/1 s,

7.3 Processing maps and validation

In Chapter 6, processing maps were used to establish the ‘safe” and ‘unsafe’ deformation regions
in commercial Ti-6Al-4V with a complex initial microstructure. In this section, the processing

maps for the experimental Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys are presented.

7.3.1 Power dissipation maps

The optimum processing conditions for hot working of Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe
alloys were determined from the power dissipation efficiency maps presented in Figures 7.6 and
7.7. As mentioned in Section 2.3.4, during deformation, the workpiece responds to the imposed
working parameters (strain rate, strain and temperature) by dissipating power in the form of heat
and microstructural evolution. The power dissipated as heat is usually larger than that of the
microstructural changes occurring in the workpiece during deformation (Prasad et al., 1984,
2015). The strain rate sensitivity parameter (m) describes the power dissipated as heat and as
microstructural evolution in the workpiece. The efficiency of power dissipation is therefore

obtained solely from the strain rate sensitivity parameter, as described in Equation 3.3.

The power dissipation efficiencies of the two alloys resulting from the different deformation
parameters are represented on the power dissipation maps in Figures 7.6 and 7.7. The yellow and
red areas correspond to regions with the lowest power dissipation, while the white areas
correspond to regions with the highest power dissipation efficiencies. The yellow regions with
low power dissipation are the regions where hot workability is poor while the white regions are

considered as the regions with optimum conditions for hot workability of the alloys. The optimum
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working conditions for the alloys at each strain are summarised in Table 7.1 (Ti-6Al-1V-3Fe)
and Table 7.2 (Ti-4.5Al-1V-3Fe).

The power dissipation efficiency values were correlated with the microstructural manifestation
in deformed samples. For titanium alloys, power dissipation efficiency values between 35% and
50% are typical of dynamic recrystallisation or globularisation, while superplasticity and
dynamic globularisation has been reported to dissipate power efficiency above 50% during
deformation (Prasad, 2003; Prasad et al., 2015). Power dissipation efficiency between 20% and
30% correspond to dynamic recovery, while power dissipation efficiency less than 20% indicated
possible flow instability (Prasad et al., 2015). The regions on the maps (Figures 7.6 and 7.7)
shaded in green and white have power dissipation efficiency values greater than 35%, hence
dynamic recrystallisation and/or globularisation would be the expected microstructural

manifestation. However, the cyan and magenta regions are the domains of dynamic recovery.
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Table 7.1:  Interpretation of the power efficiency map and optimum working conditions for
the Ti-6Al-1V-3Fe alloy.

Strain Optimum working temperature and strain rate
0.1 770-830°C/0.003-0.01s*
0.2 800 - 860 °C/0.003 - 0.01 st
0.3 770 - 855 °C/0.003 - 0.02 s* and 895 - 995°C / 0.07 - 0.1 5!
0.4 800°C/0.01s?
0.5 845 - 850°C /0.01 - 0.02 s and 885 - 930°C / 0.07-0.1 5!
0.6 900°C /0.1

Table 7.2:  Interpretation of the power efficiency map and optimum working conditions for
the Ti-4.5Al-1V-3Fe alloy.

Strain Optimum working temperature and strain rate
0.1 785 - 855 °C/0.003 - 0.01 s*
0.2 840 - 853 °C/0.004 - 0.01 s*
0.3 820 - 860 °C/0.004 - 0.02 s*
04 835 - 853 °C/0.005 - 0.02 s
0.5 750 - 865°C /0.01 - 0.1 s and 940 - 950°C /0.1 s?
0.6 890 - 900 °C/ 0.003 - 0.008 s*

7.3.2 Prediction of instability domain at a strain of 0.6

Processing maps are obtained by the superimposition of power dissipation and instability maps.
The instability map helps to delineate the safe and unsafe regions during hot working (Prasad et
al., 2015). As mentioned in Section 2.3.4, increased power dissipation efficiency shows improved
workability of a material and it is expected that domains of high dissipation efficiency should be
free from instabilities like shear bands, flow localisation and kink bands. In contrast, Murty et al.
(2002) and Prasad et al. (2015) reported that instabilities like wedge cracking or flow localisation
could manifest in a region with high dissipation efficiency.

The criteria for identifying the domain of instability during hot working have been described
earlier in Sections 2.3.4 and 3.7.1. In this study, Murty’s instability criterion (Murty et al., 2002)
was adopted to delineate the safe and unsafe deformation regions for the Ti-6Al-1V-3Fe and Ti-
4.5AI1-1V-3Fe experimental alloys. This criterion was selected based on its reliability to predict
unstable regions for a wide range of metallic alloys (Ma et al., 2012b). The instability maps
obtained for each alloy at strains of 0.1 - 0.6 are presented in Appendix H. Sen et al. (2007)
reported that the instability domain in titanium alloys is influenced by the total strain. Similar to

the observation made about Ti-6Al-4V in Chapter 5, the region of instability for these alloys was
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also dependent on strain. For Ti-6Al-1V-3Fe, the domain of instability was found at strains of
0.5 and 0.6, while Ti-4.5Al-1V-3Fe exhibited an instability domain from a strain of 0.4 to 0.6.

The processing maps showing the region of unstable deformation in Ti-6Al-1V-3Fe and Ti-
4.5AI1-1V-3Fe alloys at a total strain of 0.6 are presented in Figure 7.8. Unsafe deformation
regions for both alloys occurred in regions shaded in red: 770 - 780°C /1.5 - 10 s for Ti-6Al-
1V-3Fe; and 875 - 930°C/0.1 - 0.4 s™* for Ti-4.5AI-1V-3Fe. Ma et al. (2012a) confirmed that the
Prasad and Murty criteria provided accurate and reliable predictions at higher strain rates, but
were ineffective in predicting the instability at low strain rates. The processing map for Ti-6Al-
1V-3Fe (Figure 7.8a) did not indicate any region of instability at strain rates that are lower than
1s™. Therefore, a detailed microstructural evaluation was carried out on selected deformed

samples to validate the maps and to identify the unsafe regions not predicted by the instability

criteria.
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Figure 7.8: Processing maps at a strain of 0.6 for: a) Ti-6Al-1V-3Fe and b) Ti-4.5Al-1V-3Fe
alloys. The red regions are regions of unsafe deformation, A and B are safe
regions with the highest dissipation efficiency.

7.3.3 Microstructural validation of the processing maps

The predictions of the processing maps constructed at the strain of 0.6 were validated by carrying
out microstructural examinations on selected deformed samples. The deformed samples were
selected from regions with high power dissipation efficiency and the unsafe deformation domain.
The initial microstructures of the Ti-6Al-1V-3Fe and Ti-4.5AI-1V-3Fe alloys taken as a basis for
comparison are presented in Figure 7.9. The initial microstructure of Ti-6Al-1V-3Fe was a
basket-weave Widmanstatten structure (Figure 7.9a) having large prior beta grains with
diameters of 527 £193 um. The Ti-4.5Al-1V-3Fe alloy consisted of a basket-weave
Widmanstatten structure (Figure 7.9¢) in large equiaxed prior beta grains with an average grain
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diameter of 618 + 282 um. The SEM images (Figures 7.9b and d) for both alloys show a plates

separated by inter-lamellar f.

The microstructures of the Ti-6Al-1V-3Fe samples deformed in the region with the highest
dissipation efficiency of 50% (900°C/0.1 s*) and the region with the lowest dissipation efficiency
of <10% (750°C/10 s™) are shown in Figure 7.10. These regions correspond to stable “A” and
unstable “B” deformation domains. Figure 7.8a shows equiaxed prior beta grains with an average
grain diameter of 328 + 86 um in the sample corresponding to region A deformation. The
equiaxed prior beta grains are diagnostic of dynamic recrystallisation which occurred during
isothermal compression testing. Similar microstructural features were seen by Honarmandi and
Aghaie-Khafri (2012) for dynamic recrystallization of the prior beta grains in Ti-6Al-4V
deformed in the beta phase field.

The SEM-BSE image (Figure 7.10c) was taken at higher magnification so could not show
evidence of dynamic recrystallisation of prior beta grains. Also, globularisation of o lamellae was
not seen in the SEM-BSE image (Figure 7.10c), indicating that dynamic recrystallisation of the

prior beta grains was the dominant softening mechanism at 900°C and 0.1 s

Adjm Mag= 300KX Signal & =NTS BED Date 26 Sep 2017
L W= Bdmm EHT = 15,00 Time 127262

Signal A=NTS BED Dite 26 Sep 2017
EHT = 15.00 kv Time 121847

d)

Figure 7.9: Initial microstructures for showing a basket-weave Widmanstétten structure in
large prior beta grains. Ti-6Al-1V-3Fe: a) Optical, b) SEM-BSE; and Ti-4.5Al-
1V-3Fe: c¢) optical and d) SEM-BSE.
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The occurrence of dynamic recrystallisation within the prior beta grains corroborates the shape
of the stress-strain curves (Figure 7.1c), where the flow curves exhibited a broad peak followed
by slight oscillations at 900°C and 0.1 s™. The broad peak has been reported by Guo-Zheng
(2013) and Mirzadeh, (2015) to indicate dynamic recrystallisation. Figure 7.10b shows an optical
image of the sample corresponding to the unstable B region deformation in Figure 7.8a, featuring
instabilities such as adiabatic shear bands, voids and cracks. The SEM-BSE image (Figure 7.10d)
also shows the cracks and voids that manifested as instabilities. The microstructural features
observed in the deformed alloy are consistent with the information obtained from the processing
map in Figure 7.8 a and from Table 7.1.

The microstructures of Ti-4.5Al-1V-3Fe samples deformed in different regions on the processing
map are presented in Figure 7.11. The microstructure of a sample deformed in region X was taken
for comparison with Ti-6Al-1V-3Fe alloy to check for manifestation of instabilities. Figure 7.11a
shows the optical micrograph of the sample deformed in region Y (900°C/0.01 s%), showing the
fracture of a lamellae into globules. The SEM-BSE image (Figure 7.11c) shows the presence of
fine a-globules in the deformed samples. This confirmed the occurrence of dynamic

globularisation as the dominant softening mechanism in that region.

20 pm Mag= Z200KX Signal A =NTS BED Cate 24 May 2017 ﬁ 30 pm . Mag= 150KX Signal A=NT5 BED Cate 24 May 2017 a

c) d)
Figure 7.10: Final microstructure of Ti-6Al-1V-3Fe deformed samples. 900°C/0.1 s
a) optical ¢c) SEM-BSE , 750°C/10 s*: b) optical and d) SEM-BSE.

WD =112 mm EHT = 1500V Time 11:5506
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The occurrence of dynamic globularisation seen in the Ti-4.5Al-1V-3Fe alloy was consistent

with the predictions of the processing map (Figure 7.8c).

Contrary to the observations in Ti-6Al-1V-3Fe (Figure 7.10a), no evidence of recrystallised prior
beta grains was seen in the optical micrograph of Ti-4.5Al-1V-3Fe (Figure 7.11e). Figure 7.11b
shows the optical micrograph of the sample deformed in region X, showing voids at the triple
junction of the prior beta grains. These voids could be misleading and taken as instability, but the
voids at the triple junction seemed to have resulted from casting since there was no evidence of
localised shear around the voids. The cracks seen in Figure 7.10 for Ti-6Al-1V-3Fe had kinked
lamellae as evidence of localised shear around the cracks. The SEM-BSE image presented in
Figure 7.11d did not capture the void at the triple junction; however, tiny voids are seen in the
image which could have resulted from casting. The instability map obtained at a strain of 0.6
(Appendix H-5), did not indicate any possibility of instability in the region (750°C/10s™),
although instability was indicated at 880 - 930°C and 0.1 - 0.3 s,

The microstructural validation of the processing maps established a combination of dynamic
recrystallisation of prior beta grains and globularisation of alpha grains as the dominant flow
softening mechanism when working the alloys in the safe deformation regions. Additionally, the
predictive capability of the processing maps established the unsafe deformation regions that
should be avoided during hot working of the selected experimental alloys. The microstructural
features in the selected deformed samples for both Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys
show that the deformation parameters had a significant influence on the hot deformation
behaviour. The influence of strain rate and deformation temperature on the microstructural

evolution of the deformed alloys was examined, and is presented in Section 7.4.

7.4 Microstructural Evolution

In the previous section it was shown that the deformation parameters had a significant influence
on the final microstructure of the deformed Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe samples. This
section now examines the individual influence of strain rate and deformation temperature

respectively on the final microstructure of the deformed samples.

7.4.1 Influence of deformation temperatures

Figure 7.12 shows the SEM-BSE images of Ti-6Al-1V-3Fe alloys deformed at a strain rate of
10 s%, but at different deformation temperatures. The microstructure of samples deformed at
750°C and 800°C exhibited severe bending and rotation of a laths, and defects such as voids and
cracks were seen. These microstructural features are diagnostic of poor workability of the alloy

at those temperatures.
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Figure 7.11: Final microstructure of deformed samples for Ti-4.5Al-1V-3Fe. 900°C/0.01 s: a
and e) optical ¢) SEM-BSE , 750°C/10 s*: b) optical - and d) SEM-BSE.

A similar observation was made by Secharchayulu et al. (2002) for Ti-6Al-4V with a lamellar
initial microstructure, where the cracks were dominant at the prior beta grain boundaries. The
authors explained that stress concentrations at the prior beta grain boundaries due to sliding of

the soft beta phase promoted the localised cracking.

As the deformation temperature increased above 800°C (Figures 7.12c - f), the bending and

rotation of the lamellar structures decreased. Also, the defects were not detected in the
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microstructure of samples deformed at temperatures higher than 800°C. The reduction in the
degree of lath rotation and bending with increasing temperature was attributed to the increased

mobility of dislocations with increasing temperature (Fan et al., 2013a).

The power dissipation efficiency values obtained from the processing maps (Figure 7.8a) at
temperatures between 800°C and 950°C corresponded to dynamic recovery. At temperatures
below 800°C, the movement of dislocations generated at high strain rates were restricted, as
found by Fan et al. (2013a). This may have caused shearing which bent and rotated the laths. At
the highest deformation temperature of 950°C, traces of fractured lamellae were seen which
indicated that dynamic globularisation would have started. However, dynamic globularisation
was limited by the high strain rate of 10 s™. Therefore, the dominant softening process in this
region would be dynamic recovery, which was seen at 950°C/10s? (Figure 7.8a). The
microstructural features concur with the prediction of the processing map, which showed a power

dissipation efficiency of ~32% and also with the steady-state flow stress seen in Figure 7.1 a.

Figure 7.13 shows the microstructure of Ti-6Al-1V-3Fe samples deformed over the full range of
temperatures and at constant strain rate of 0.1s™. In Section 7.3, the optimum processing
conditions for deforming this alloy to a total strain of 0.6 was at 0.1 s and 900°C. Therefore, it
became imperative to assess the microstructural evolution at these strain rate and varied
temperatures. Bending and rotation of laths was evident at 750°C. As the deformation
temperature increased, there was a decrease in the rotation and bending of laths. This was due to
increased mobility of dislocations at higher deformation temperatures (Fan et al., 2013a). As
mentioned in Section 7.3, dynamic recrystallisation of the prior beta grains was the dominant
deformation mechanism for this alloy. This explains why dynamic globularisation of a lamellae
was hardly observed when the strain rate decreased from 10 to 0.1s™. The reduction in defects
and the severity of lath rotation with decreasing strain rate indicated that workability of the alloy
was improved at low strain rates. Prasad and Seshacharyulu (1998a), Polleti et al.(2016) and
Balasundar et al. (2017) found that the combination of lower strain rates and higher deformation
temperatures improved the intrinsic workability of titanium alloys. This was confirmed in Figure
7.13 e for Ti-6Al-1V-3Fe deformed at 950°C and 0.1s* where the alpha globules were signs of
dynamic globularisation. There was more dynamic globularisation at a strain rate of 0.1 s* than
at 10 s. The influence of strain rate on the microstructural evolution and workability of the two
alloys will be discussed in the following sections.
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Figure 7.12: SEM-BSE images of Ti-6Al-1V-3Fe alloy deformed at a strain rate of 10 s* and
deformation temperatures of: a) 750°C, b) 800°C, c) 850°C, d) 900°C, ¢) 950°C
and f) 950°C.
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Figure 7.13: SEM-BSE images of Ti-6Al-1V-3Fe alloy deformed at a strain rate of 0.1s™ and

deformation temperatures of:a) 750°C b) 800°C c¢) 850°C d) 900°C e) 950°C and
) 950°C (higher magnification). Black arrows show the bending of lath and red
arrows show globular a.

174



The final microstructures of Ti-4.5Al-1V-3Fe samples deformed at the strain rate of 10 s at 750
- 950°C are shown in Figure 7.14. Similar to the Ti-6Al-1V-3Fe alloy, at deformation
temperatures of 750°C and 800°C (Figures 7.13a and b), severe bending and rotation of laths
were evident. As the deformation temperature increased above 800°C, the severity of the lath

rotations decreased significantly and a few small a-globules were seen at 900°C (Figure 7.14d).

Signal A=NTS BED
WD = 84 mm EHT = 1500 kv Time :12:48.21 WD = &5mm EHT = 1500 KV Tima 114127

Mag= 200KX Signal A =NTE BED Date 28 Aug 2017 F— Signal A=NTS BED
WD = 7.0mm EHT = 1500 kv Time :12:22:38 EHT = 15.00 kv Tima :11:34:27

Figure 7.14: SEM-BSE images of Ti-
4.5Al-1V-3Fe alloy deformed at a strain rate
of 10 s and deformation temperatures of:a)
750°C b) 800°C c) 850°C d)900°C and e)
950°C. Arrow points to bending and
rotation of laths.
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In Figure 7.15, the microstructures of deformed Ti-4.5Al-1V-3Fe samples at a constant strain
rate of 0.01 s™* and different temperatures are shown. Below 850°C (Figures 7.15a and b), there
were small amount of lath rotation and bending at this strain rate when compared to 10 s*

175



(Figures 7.14a and b). At 850°C (Figure 7.15c), a-globules were seen, which indicated that
significant dynamic globularisation occurred during deformation. As the deformation
temperatures increased to 900°C and 950°C (Figures 7.15d and e), more o globules were seen,
which implied that the amount of globularisation increased with increase in temperature.

10 prm Mag 2.00 K X Signal A =NTS BSD Date .26 Sep 2017 1epm Mag 2.00K X Signal A =NTS BSD Date :28 Aug 2017
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WD = 6.7 mm EHT = 1500 kv Time :12:2548 @ WD = 8.5mm EHT = 15.00 kv/ Time :11:16:56
o d)
Figure 7.15: SEM-BSE images ofthe

Ti-4.5Al-1V-3Fe alloy deformed at a strain
rate of 0.01 s and deformation
temperatures of: a) 750°C, b) 800°C,

¢) 850°C, d) 900°C and €) 950°C. The red
arrows are pointing to globular .
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7.4.2 Influence of strain rate

The microstructures of Ti-6Al-1V-3Fe samples deformed at 900°C and different strain rates are
presented in Figure 7.16. These microstructures are of interest as the highest power dissipation
efficiency was obtained at 900°C.

Figures 7.16a - b show that the lamellae were serrated at a strain rate of 10 s, while bending and
rotation of laths were evident at 1 s, Serrated, bent and kinked laths are all precursors to dynamic
globularisation (Zhu et al., 2012; He et al., 2013). Perumal et al. (2016) reported that lath rotation
and bending in Ti-6Al-4V with an acicular initial microstructure was largely influenced by strain
and was independent of the initial lath thickness. In the current study, the total strain was kept
constant for all the deformed samples, but the effect of strain rate on lath rotation and bending
was visible. At the strain rate of 0.1 s, a small amount of lath bending was observed in Ti-6Al-
1V-3Fe and there were no signs of dynamic globularisation. There was significant dynamic
globularisation at low strain rates of 0.01s® and 0.001s™. This was confirmed by the
fragmentation of a lamellae into globules as shown in Figures 7.16d - e.
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Figure 7.16: SEM-BSE images of Ti-6Al-
1V-3Fe alloy deformed at a
temperature of 900°C and
strain rates of: a) 10 s, b) 1 s,
c)0.1s? d)0.01s'and
e) 0.001 s*. The arrows point to
globular a.
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Figure 7.17: SEM-BSE images of Ti-
4.5Al-1V-3Fe alloy deformed at 900°C and
strain rates of: a) 10s?,b) 1s,c) 0.1 s%, (d)
0.1s%,(higher mag.),e) 0.01s1,f) 0.01 s
(higher mag.) and g) 0.001 s*. The arrows
point to globular a.
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Lath rotation and the occurrence of dynamic globularisation at lower strain rates were seen in the
microstructures of deformed Ti-4.5Al-1V-3Fe samples (Figure 7.17). For samples deformed at
the optimum working temperature (900°C) and different strain rates, the critical strain rate for
dynamic globularisation in this alloy was 0.1 s, whereas it was much lower in Ti-6Al-1V-3Fe
(0.01s%). This attests to the higher workability of Ti-4.5Al-1V-3Fe than Ti-6Al-1V-3Fe. The
reduction in aluminium content decreased the strength of the hard o phase at elevated temperature

and allowed dynamic globularisation to occur quite easily at higher strain rates.

The deformation behaviour and microstructural features of the two experimental alloys were
compared. As mentioned earlier, the optimum working temperature for both alloys was 900°C,
but the strain rate differed. The optimum strain rate for the hot working of Ti-6Al-1V-3Fe was
0.1s™* while that of Ti-4.5Al-1V-3Fe is 0.01s™. In the Ti-6Al-1V-3Fe alloy, flow softening
occurred at the optimum temperature via dynamic recrystallisation of the prior beta grains, while
in Ti-4.5Al-1V-3Fe, it occurred by dynamic globularisation. The power dissipation efficiency at
the optimum deformation temperature was higher in Ti-4.5Al-1V-3Fe than in Ti-6Al-1V-3Fe
alloys. All these implied that under the safe deformation regime, the Ti-4.5Al-1V-3Fe was easier
to deform than Ti-6Al-1V-3Fe. Dynamic globularisation is a desirable mechanism which
converts lamellar/acicular structures in titanium alloys to equiaxed structures (Weiss and
Semiatin, 1999; Prasad et al., 2015).

The fragmentation of the initial lamellar structure to globules in Ti-6Al-1V-3Fe occurred at
higher temperatures (>900°C) and very low strain rates (<0.01s?). The onset of dynamic
globularisation at the optimum deformation temperature of 900°C occurred at a strain rate of
0.01 s in Ti-6Al-1V-3Fe, while it occurred at a faster strain rate of 0.1 s in Ti-4.5Al-1V-3Fe.
The reason for this was attributed to the difference in the strength of the alpha phase. It is well
documented that aluminium is an alpha stabiliser and it strengthens the alpha phase (Lutjering

and Williams, 2007). The experimental Ti-4.5Al-1V-3Fe alloy with less aluminium would
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exhibit lower strengthening of the alpha phase compared to Ti-6Al-1V-3Fe. The lower
strengthening in the alpha phase of Ti-4.5Al-1V-3Fe would allow globularisation of the alpha
laths much easier and faster than in Ti-6Al-1V-3Fe.

7.5 Summary

7.5.1 Stress-strain behaviour

The flow stress is influenced by deformation temperature, strain rate, strain and alloy
composition. Stress-strain behaviour showed that increasing strain rate and decreasing
deformation temperatures increased the flow stress. Ti-4.5Al-1V-3Fe with less aluminium and a

lower total solute content had a lower flow stress than Ti-6Al-1V-3Fe.

The flow softening exhibited by the stress-strain curves was dependent on the deformation
parameters. Adiabatic heating contributed to flow softening at high strain rates and low

deformation temperatures.

7.5.2 Processing maps

The Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys showed wide processing windows due to the
small areas of instability on their processing maps. The higher power dissipation values seen in
Ti-4.5Al-1V-3Fe suggested that the alloy was much easier to deform. The optimum working

conditions obtained from the processing maps were:

o Ti-6Al-1V-3Fe: 900°C /0.1 s™
. Ti-4.5AI-1V-3Fe: 900°C /0.01 s™

The regions of unsafe deformation were:

. Ti-6Al-1V-3Fe: 750 - 780°C /1.2 - 10 s,
. Ti-4.5AI-1V-3Fe: 880 - 930°C /0.1 - 0.3 s™.

These regions of unsafe deformation were interpolated data obtained from the processing maps.
The above regions were validated by testing both alloys at 900°C/0.1 s, 900°C/0.01 s, and
750°C/10 s

Although these optimum strain rates may be low for some industrial processes such as forging
and rolling, the alloys can still be deformed in other safe regions with higher strain rates, as given
on the processing maps. Most of the commercial and experimental alloys investigated previously
(Table 2.7) have optimum working conditions at strain rates lower than 1 s™. This is because
dynamic recrystallisation or dynamic globularisation is favoured at slower deformation speed

and higher temperatures.
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7.5.3 Microstructural evolution

Dynamic recrystallisation of the prior beta grains was the dominant softening mechanism for the
Ti-6Al-1V-3Fe alloy when deformed at the optimum working conditions, while the presence of
alpha globules confirmed dynamic globularisation as the dominant softening mechanism in the
Ti-4.5Al-1V-3Fe alloy deformed at the optimum working condition. Adiabatic shear bands, voids
and cracking manifested as flow instabilities in the unsafe deformation region on the processing
map. These instabilities were seen in the microstructures of samples deformed in the unsafe

regions.

Dynamic globularisation of the alpha phase occurred in Ti-4.5Al-1V-3Fe much easier and faster
(0.1 s%) than it occurred in Ti-6Al-1V-3Fe (0.01 s%). This may be due to different strength levels
of the alpha phase with varying aluminium content.
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Chapter 8: Activation energy for hot working of Ti-6Al-4V,
Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys

This chapter presents the activation energy for hot working (Quw) using hot compression results
of the commercial wrought Ti-6Al-4V alloy (Chapter 6) and the experimental Ti-6Al-1V-3Fe
and Ti-4.5Al-1V-3Fe alloys (Chapter 7). Using the flow stress values of the stress-strain data,
which were corrected for adiabatic heating, the Qnw values were obtained by applying a
hyperbolic-sine constitutive equation at the peak stress. These values were then compared with

the Qnw for hot deformation of titanium alloys reported in literature.

8.1 Hyperbolic-sine equation for derivation of activation energy - an overview

Metallic materials are generally subjected to hot working such as rolling, forging and extrusion
for microstructural control, property optimisation and shaping (McQueen and Bourell, 1987;
Doherty et al., 1997). The activation energy for hot working is an important parameter which
gives an indication of the material’s resistance to deformation. It could also provide insights into
the microstructural mechanisms influencing the deformation process (Shi et al., 2013; Momeni,
2016). Additionally, it is an essential parameter that is required for the prediction of flow stress
(Shi et al., 2013; Liu et al., 2014; Momeni, 2016).

Over the years, several constitutive models have been used to describe the relationship between
the flow stress and imposed hot working parameters such as strain rate, strain and deformation
temperature (McQueen and Ryan, 2002; Lin and Chen, 2011; Shi and Chen, 2016). A short
review on the different classifications of constitutive models was presented in Chapter 2. The
constitutive models are largely classified into phenomenological models, physical models and
artificial neural network models (Lin and Chen, 2011; Shi and Chen, 2016). Among these models,
the Arrhenius hyperbolic-sine equation proposed by Sellars and Tegart (1966) has been used by
many researchers to describe the relationship between the flow stress, strain rate and deformation
temperature (McQueen and Ryan, 2002; Shi et al., 2013). The hyperbolic-sine equation
expressed in Equation 8.1 can be applied over a wide range of stress (Jonas et al., 1969). This
provides an advantage over the power and exponential equations (Equation 8.2 and 8.3), which
are only applicable at low and high stresses respectively (McQueen and Jonas, 1975; McQueen
and Ryan, 2002; Momeni, 2016).
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The material constants (A, «, £ and n) are determined by fitting the experimental data from hot
working tests. The relationship between flow stress and the Zener-Hollomon parameter is given

in Equation 8.4 and 8.5 and can be used to predict the flow stress when the material constants are

known.
¢ = Alsinh(ao)]" exp (Z2) forallo Equation 8.1
E=A(™)exp (ﬁ) forac<0.8 Equation 8.2
& =Aexp(Bo)exp (ﬁ) forac>12 Equation 8.3
Z =¢éexp (%) Equation 8.4
1 1
=1 (Z); + [(Z) + 1]E Equation 8.5
o="ay(3 1 q .

where & is strain rate, o is stress, n is the stress exponent, Q is the activation energy, R is the gas
constant (8.315 kJ.mol ™), T is temperature, Z is the Zener-Hollomon parameter (temperature

compensated strain rate), and «, £ and A are material constants.

The hyperbolic-sine equation was originally designed for materials that dynamically recover,
readily achieving steady-state flow stress when the peak stress was reached (Sellars and Tegart,
1966). Consequently, the peak stress or steady-state stress was used to determine the activation
energy for hot working (McQueen and Ryan, 2002). Shi et al.(1997), Sheppard and Jackson
(1997), Chen et al. (2015) and Wang et al. (2016) used the hyperbolic-sine equation on
aluminium alloys and ferritic steel that exhibited steady-state stress at the peak stress due to their
high stacking fault energies. However, other researchers (Evangelista et al., 1987; McQueen et
al., 1995; Nkhoma et al., 2014) have used the hyperbolic-sine equation in low stacking fault
energy materials that exhibit a distinct peak followed by a drop in flow stress due to dynamic
recrystallisation, and then the attainment of steady-state stress. The activation energy was then
determined at the peak flow stress.

Davenport et al. (2000) proposed a two stage procedure for using the Arrhenius constitutive
model on material that dynamically recrystallised during hot working. In the first stage,
constitutive constants were determined using the hyperbolic-sine relationship at regular strain
increments (0.1, 0.2, 0.3...) or at specific points on the flow curve, such as the peak stress, steady-

state stress, critical stress for dynamic recrystallisation and extrapolated steady-state stress. In the
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second stage, the continuous flow stress curves were obtained in two steps using Equation 8.6 -
8.8. The first step described the extrapolated flow stress curves using Equation 8.6 and 8.7 and

substituting the constitutive constants derived in stage 1.

£ m
0 = 0y + (sse) — 00) [1 —exp (‘8—)] Equation 8.6
e =—-01dInl1 - (M)l/m -
r ' o, — 0g Equation 8.7
(e —¢.) P .
Ao = Aos |1 —expi— [ /(Exr _ €c)] Equation 8.8

where: g is the inital stress, s is the extrapolated steady-state stress; ¢, is the transient strain
constant which defines the curvature of the flow curve between o, and gss(e); g, , is the stress when &

= 0.1; o is the steady-state stress; &, is the critical strain for dynamic recrystallisation; & is the strain
required to reach a fixed amount of softening; Ao is the stress difference between the two curves; Aag
is the difference between the flow curves when steady state is reached; and p and m are constants.

In the second step, the effect of dynamic recrystallisation was subtracted from the extrapolated
flow stress curve using Equation 8.8. The authors concluded that the method could be used for
any material if the majority of the flow curves met the steady-state stress condition. However, in
tests where most of the flow stress curves do not satisfy the steady-state stress condition, they
recommended that the constitutive parameters and flow stress modelling should be done at the
specific points on the flow curve or incremental strains, as discussed earlier (Davenport et al.,
2000).

A large number of research articles have been published on the hot working of steels and titanium
alloys where the hyperbolic-sine equation was used at incremental strains to determine the
constitutive constants and predict the flow stress (Zeng et al., 2009; Mandal et al., 2009; Cai et
al., 2011; Xiao et al., 2012; W. Peng et al., 2013a; Yang et al., 2015; Ge et al., 2018). This
approach has been adapted to analyse flow curves that do not reach the steady-state stress. Lin et
al. (2008) determined the constitutive constants and activation energy of hot worked 42CrMo
steel at strain increments over the entire stress-strain curve. The influence of strain on the
constitutive constants and activation energy was described by a polynomial relationship. The
constitutive model was then used in the prediction of flow stress. This approach has been used
by other researchers to describe the constitutive relationship in titanium alloys (Zhu et al., 2012;
Cai et al., 2011; W. Peng et al., 2013a; X. Peng et al., 2013; Ge et al., 2018). However, these
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studies have all overlooked the constant stress condition, as initially intended by Sellars and
Tegart (1966).

In this work, the recommendations set out by Davenport et al. (2000), McQueen and Ryan (2002),
Momeni and Dehghani (2010), Liu et al. (2011), Nkhoma et al. (2014), Han et al. (2015) and
Souza et al. (2015a) were considered when determining the activation energy and constitutive
constants where steady-state stress was not reached. The flow stress curves presented in Figures
6.1 (Ti-6Al-4V), 7.1 (Ti-6Al-1V-3Fe) and 7.2 (Ti-4.5AI-1V-3Fe), did not satisfy the steady-state
stress condition for most of the tests. Therefore only the peak flow stress was used in the
hyperbolic-sine equation to determine the constitutive constants and activation energy for hot

working.

8.2 Determination of activation energy (Q,,,,) and constitutive constants

To determine the activation energy for hot working, a number of constitutive constants, such as
7, N, B, a, S and A need to be derived. This can be done by partial differentiation of the natural
logarithm of Equation 8.1 (Nkhoma et al., 2014) and rearranging to give straight line equations
(Calvert et al., 2015). The equations used to determine the constitutive constants are listed in
Table 8.1.

The constant 7 is obtained from the power law at low stress (Equations 8.2 and 8.9). f is a constant
obtained from the exponential law at high stress from (Equations 8.3 and 8.10). The material

constant a is the stress multiplier derived from Equation 8.11.

The stress exponent n is obtained from Equation 8.12. The activation energy for hot working is
obtained using Equation 8.13, where S is the slope of the graph of the natural logarithm of

sinh(aa,) against 1/T.

The graphical determination of the material constants for the Ti-6Al-4V, Ti-6Al-1V-3Fe and Ti-
4.5AI1-1V-3Fe alloys are shown in Figures 8.1 - 8.3. The values of the derived constitutive

constants and the activation energy values for hot working are listed in Table 8.2.
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Table 8.1: Equations for determining constitutive constants.

Constitutive Equations What to Plot
constants
1 _Slne Inégvs. 1 E ion 8.9
n n= 5ino, névs. Ilnop quation 8.
6lné .

L = In € vs. op Equation 8.10
Op

a a= E - Equation 8.11
n

n Iné = InA +nln[sinh(as,)] - z—i In é vs.In [sinh(ao,)] |Equation 8.12

Q =RnS
Q = R{ §1né } {6 ln[smh(“ap)]} &In[sinh(aa,)] vs.  |Equation 8.13
S ln[sinh(aap)] , 6(1/T) 5(1/T)
A z = éexp(Q/RT) = A[sinh(aap)]n InZvs. In [sinh(aap)] Equation 8.14

Table 8.2: Material constants and activation energy for hot working of titanium alloys.

Alloy B n a (MPa?) n S Q (kJmol?) A(s?)
Ti-6Al - 4V 0.04 | 7.569 0.005 5.057 14.746 620 1.44 x 10%
Ti-6Al - 1V-3Fe 0.03 | 5.595 0.006 3.808 15.389 487 1.50 x 10%
Ti-4.5Al-1V-3Fe 0.04 | 4.958 0.008 3.335 16.785 465 1.20 x 10%

The Q,,,, of the wrought Ti-6Al-4V alloy was the highest and that of Ti-4.5Al-1V-3Fe alloy was
the lowest. This trend suggests that the Q,,,, of the alloys was influenced by alloy composition.
McQueen et al. (1995) reported that alloying content had a significant effect on the Q,,, of carbon
steel and austenitic stainless steel. McQueen and Ryan (2002) determined a Q,,,, - for pure iron
of 280 kimol™, while in plain carbon steel, the Q,,,, was ~300 kJmol™* due to solute strengthening
by manganese and silicon. A Q,,,, range of 350 - 500 kJmol™ for austenitic stainless steels, such
as 301, 304 and 317, was found to be higher than the Q,,,, of plain carbon steels, due to 28 - 35%

higher solute contents (McQueen and Bourell, 1987; McQueen et al., 1995). In titanium alloys,
higher solute contents have also increased the Q,,,, during hot deformation (Semiatin et al., 1997,

Weiss and Semiatin, 1998; Fitzner et al., 2016).

The experimental alloy with a 1.5% higher aluminium content showed higher resistance to

deformation. Fujii et al.(2002) and Fitzner et al. (2016) reported that aluminium increased the

186



deformation resistance in titanium alloys by reducing the stacking fault energy. Additionally,
aluminium is a solid solution strengthener in titanium and stabilises the alpha phase (Leyens and
Peters, 2003; Fitzner et al., 2016). More aluminium may increase the alpha phase proportion
when the alloys are deformed in the two phase (o-+f) region. Since the hcp alpha phase has fewer
slip planes than the bcc beta-Ti phase (Lutjering and Williams, 2007), the deformation resistance
and Qnw would be higher in the alloys containing more aluminium. The Qnw of the commercial
Ti-6Al-4V was comparable to values reported by Briottet et al. (1996) and Semiatin et al. (1999).

McQueen and Ryan (2002) found that the Qnw of materials that undergo dynamic
recrystallisation is usually 20% higher than in materials that undergo dynamic recovery, where
the Qnw is usually close to the activation energy for self-diffusion (Qsp). The Qnw could be 50%
higher than Qsp in some alloys due to additions of solutes, precipitates and reinforcements
(McQueen et al., 1995; McQueen and Ryan, 2002). Since the Qnw for alloys that undergo
dynamic recovery have been found to be similar to the Qsp, some authors have attributed
activation energies higher than Qsp to dynamic recrystallisation (Jonas et al., 1969; Momeni and
Abbasi, 2010; Lin and Chen, 2011).

Brayant (1975), Chen et al. (2008), Momeni and Abbasi (2010), and Lin and Chen (2011) all
reported a Qsp of 303 kJmol™ for alpha titanium. In this study, the Qnw values of Ti-4.5Al-1V-
3Fe, Ti-6Al-1V-3Fe and Ti-6Al-4V alloys were higher than the Qsp of alpha titanium by 54%,
61% and 105% respectively. These values exceeded the 50% increase proposed by McQueen and
Ryan (2002) for steels.

The Qunw values obtained for the three alloys in this study were compared with other published
results. Table 8.3 shows the Quw reported for various titanium alloys deformed in the (a+f)
region. Qrw values as high as 2000 kJmol™ were cited by Briottet et al. (1996) using Taylor’s
model. Briottet et al. (1996), Seetharaman and Semiatin (1997), and Semiatin et al. (1999)
explained that the very high Qnw values obtained when modelling the deformation of titanium
alloys in the (a+p) region did not have a true physical significance . The authors maintained that
the Quw was an artefact of the fitting of data for two-phase materials whose phase proportions
vary greatly with temperature. Consequently, the Qnw obtained for the alloys in this study has not
been attributed to any specific deformation mechanism. However, the values have given insight

into the influence of solute content on the deformation resistance of the alloys.
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8.3 Summary

The activation energy values for hot working of commercial Ti-6Al-4V and experimental Ti-

6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys were obtained by applying the hyperbolic-sine equation
at the peak stress. The marked difference in the Qnw of Ti-6Al-4V (620 kdmol™), compared to
the two experimental alloys Ti-6Al-1V-3Fe (487 kimol™?) and Ti-4.5Al-1V-3Fe (465 kJmol™)

suggests that the chemical composition influenced the activation energy. The 6 wt% Al alloy had

a higher Qnw than the 4.5 wt% Al implying a higher deformation resistance. In general, the Qnw

values fall within the range of Quw reported for Ti-6Al-4V and other o+ titanium alloys.
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Table 8.3:

titanium alloys.

Activation energy for hot working of some commercial and experimental

Activation
energy (kJmol?)

Initial

Alloy in (a+p) phase | microstructure Deformation parameters Reference
field
Elongated o +
Ti-6Al-4V 620 equiaxed a + 750 - 950°C/0.01 - 10 s/ 60% This work
intergranular p
Ti-6Al-1V-3Fe 487 Lamellar 750 - 950°C/0.001 - 10 sY/ 60% | This work
Ti-4.5Al-1V-3Fe 465 Lamellar 750 - 950°C/0.001 - 10 51/ 60% | This work
Ti-6Al-4V 355 - 720 - 700 - 940°C /102 - 101! Bryant, 1975
Ti-6Al-4V 350 - 2000 - 880 - 980°C /102 - 10*s™? Briottet (1996)

. Semiatin

_ - _ o -3 _ -le-1
Ti-6Al-4V 700 Lamellar 815 -955°C /107 - 10!s (1999)

C AL Primary a + i o i 1 Pontadawit
Ti-6Al-4V 613 retained 900 - 1050°C/0.1-10s (2014)
Ti-6Al-4V-0.1Ru 630 Coarse lamellar | 750 - 1150°C/0.01 - 10 s’/ 60% Xia (2016)
TC-11: Ti-6A.5AI- . o 1
3 5Mo-1.57-0.3Si 538 Bimodal 750 - 950°C/0.1 - 10 s/ 60% Zong (2009)
TC-11 590 - 800 - 1050°C/0.1 - 10 s'Y/ 75% Junhui (2012)
Ti-6Al-4V 677 Bimodal 820 - 1030°C/0.1 - 10 s/ 75% Luo (2009)

Small colony +
Ti-6Al-4V 402 fine lamellar, fine| 750 - 950°C/0.1 - 10 s'Y/ 75% Guan (2012)
lamellar spacing

. Momeni and

- - _ o _ -1
Ti-6Al-4V 530 Lamellar 800 - 1150°C/0.1-10s Abbasi (2010)

Small colony +
Ti-6Al-4V 398 fine lamellar With | 26, _g5500/01-105Y75% | Guan (2012)
large lamellar
spacing
Ti-17 559 Lamellar 780 - 860°C/0.001 - 10 s’/ 60% Liu (2014)
. o 1 X. Peng
TC4-DT 656 - 735 Bimodal 930 - 1020°C/0.001 - 10 s/ 90% (2013)
Ti-6Al-4V 455 Lamellar 750-1100°C/0.0003 - 10 5/50% Sesrzg%%%y“'”
Partially equiaxed
Ti-6Al-4V 584 a + elongated o + | 770 - 920°C /0.01 - 10 s Souza (2015a)
fine equiaxed
. Balasundar
- _ ] _ -1
IMI1-834 672 Bimodal 850 - 1060°C /0.0003 -1 s (2013b)
IMI-834 703 Bimodal 960 - 1030°C /0.001 - 1 s%/80% | \vanjara
(2005)
g'('éfA"""SS”' 1082 Bimodal 960 - 1030°C /0.001 - 10 s/70%|  Li (2007)
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8.4 Implication of the research findings

This research considered two major approaches to reduce the cost of producing components from
titanium alloys. The first approach focussed on the use of low-cost beta stabilising elements and
the reduction in the amount of alpha stabilising elements. The vanadium content in the titanium
“workhorse” (Ti-6Al-4V) was partially replaced by iron and the aluminium content was reduced
to 4.5 wt %. As indicated in Chapter 3, up to 7% of the total cost of raw materials could be saved
when producing Ti-6Al-1V-3Fe and Ti-4.5AI-1V-3Fe alloys. The cost saved from the careful
selection of the alloying elements did not result in inferior hardness and corrosion properties of
the experimental alloys. It was reported in Chapter 5 that the experimental alloys (Ti-6Al-1V-
3Fe and Ti-4.5Al-1V-3Fe) offered superior corrosion performance in comparison with
commercial Ti-6Al-4V when exposed to a sulphuric acid medium and the corrosion performance
of the alloys was comparable to that of Ti-6Al-4V in a sodium chloride environment.
Additionally, the microstructural features and hardness presented in Chapter 4 were comparable
to the commercial alloy. Hence, these alloys are promising for land-based applications such as

the chemical, automotive, consumer goods and biomedical industries.

As previously mentioned in Chapters 1 and 2, up to 30% of the cost of titanium alloy is
contributed by the primary conversion processes (hot working), such as forging, rolling and
extrusion. Therefore, the second cost reducing approach employed in this research was to
optimise the hot working process using process maps. It was envisaged that this approach would
further reduce the cost of the alloys and also minimise waste incurred during production
processes. The typical parameters imposed on metallic alloys during industrial processes such as
forging, extrusion and machining are presented in Table 8.4. The hot working parameters selected
in this study were in the lower range of parameters acceptable for sheet metal forming, extrusion,
rolling and forging of metallic alloys. The safe processing regimes identified in this study,
although limited in total strain and strain rate, could serve as a guide for the production of semi-

finished and finished goods with reproducible microstructures and mechanical properties.

However, the commercial production of metallic alloys requires increased production rates, so
hot working processes need to be carried out at the highest possible strain rates. It is not possible
to test materials at very high strain rates and high strains on the locally available testing machines.
Torsion testing may provide closer physical simulation. Hence, the need for finite element
methods for simulation of extreme processing conditions has become important (Oh et al., 1991).
However, FEM models are useful only if experimetnal data in those high strain and strain rate
areas is used. Future work will consider the development of constitutive models that can describe

the flow behaviour of these materials under different conditions of strain rates, strain and
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temperatures. The constitutive models will then be used in finite element methods to predict the

behaviour of the alloys under industrial conditions that cannot be tested in the lab.

Table 8.4.  Typical hot working parameters of some industrial processes (Jaspers and
Dautzenberg, 2002; Odenberger et al., 2011; Alabort et al., 2016).
Processes Strain Strain rates Thomotogus= (T/Tmeit)
Extrusion 2-5 0.1-100 0.16 - 0.7
Forging/rolling 0.1-05 1-1000 0.16 - 0.7
Sheet metal forming 0.1-05 0.0001 - 100 0.16 - 0.7
Machining 1-10 1000 - 1000000 0.16-0.9

The current research advances in the manufacturing of cost-effective titanium components are
more focussed on additive manufacturing (3D printing), because of the advantages it offers by
avoiding several primary and secondary conversion steps in the conventional titanium production
process. Recently, a novel approach named FAST-forge has been demonstrated on a laboratory
scale to showcase the possibilities of using the additive manufacturing processes to achieve low-
cost titanium components (Weston and Jackson, 2017). The process involves converting titanium
alloy powder to components in two simple steps, through the use of field assisted sintering
technology. The properties of the components produced via this route were comparable to a

wrought alloy.

Despite the potential of additive manufacturing processes to be economically advantageous, the
methods are still developing and evolving. At present, most commercial titanium components are
still produced via the ingot metallurgy route. The results that were presented on the optimisation
of hot working of titanium alloys (Ti-6Al-4V, Ti6Al-1V-3Fe and Ti-4.5Al-1V-3Fe) in Chapters

6 and 7 are relevant to the current commercial production technique of titanium alloys.
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Chapter 9: Conclusions and Recommendations

9.1 Conclusions

In this research, potentially low-cost titanium alloys were developed as an alternative alloy to the

commercial Ti-6Al-4V alloy popularly known as the “titanium workhorse”. The target

applications for these alloys are essentially land-based which include: automotive, biomedical,

sports, jewellery and chemical industries. The problem addressed in this research was the high

cost of titanium alloys. From the literature survey, expensive alloying elements, complex hot

working and difficult machining were some of the major factors contributing to the high cost of

titanium alloys. The two factors addressed were the use of cheap alloying elements in place of

expensive alloying elements in titanium alloys, and the optimisation of the complex hot working

of titanium alloys. The following conclusions were made:

1. The influence of alloy composition (partial substitution of vanadium with iron and

reduction of aluminium concentration) and annealing on the microstructure and

hardness of newly developed Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe alloys

(@)

(b)

(©)

The as-cast and annealed experimental alloys contained mostly o and B phases with
some TiOz2 and FeOsTi at room temperature. The B-phase fraction increased with
increasing iron concentration in the as-cast alloys, but decreased after annealing. In the
as-cast condition, aluminium had an insignificant effect on the beta phase fraction, but
after annealing, decreasing the aluminium concentration increased the beta phase
fraction since there was less aluminium to stabilise the alpha phase.

It is likely that annealing caused partitioning of alloying elements by allowing enough
time for diffusion-controlled bcc-p to hcp-a transformation to take place. This
influenced the volume fraction of phases of the annealed experimental alloys. The
volume fraction of alpha phase in the annealed samples was higher than that of the as-

cast samples.

The as-cast and annealed microstructures contained Widmanstatten a-laths within the
prior B-grains. There was no obvious relationship between the concentration of iron and
prior B grain Size due to the large error bars. There was no evidence of grain refinement

with increase in aluminium, iron or vanadium.
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(d) Hardness increased with increasing iron content in all 6 wt% Al and 4.5 wt% Al
samples. The sample with the highest hardness was Ti-6Al-4Fe. Decreasing the
aluminium content from 6 wt% to 4.5 wt% decreased the hardness. The relationship
between iron content and lath thickness was difficult to deduce because of the large
error bars. However, the general trend indicated the possibility of having lath refinement
with increasing iron content in the experimental alloys. Lath refinement, and solid
solution strengthening by iron, aluminium and dissolved oxygen may have increased

the hardness of the alloys in both as-cast and annealed conditions.

2. The influence of partial substitution of vanadium with iron and the reduction in
aluminium content on the corrosion behaviour of Ti-6Al-xV-yFe and Ti-4.5Al-xV-yFe

alloys

(@) The experimental alloys showed good corrosion resistance and were comparable with
that of the commercial alloy in 3.5 wt% NaCl solutions. The partial substitution of V
with more than 1wt% Fe (Ti-6Al-2V-2Fe, Ti-6Al-1V-3Fe, Ti-4.5Al-2V-2Fe and Ti-
4.5AI1-1V-3Fe alloys) yielded lower corrosion ratescompared with the commercial
alloys. These alloys could be serving as potential low-cost replacements for Ti-6Al-4V

alloy in marine industries.

(b) In 3.5M H2SO4,the experimental alloys (Ti-6Al-3V-1Fe; Ti-6Al-2V-2Fe and Ti-6Al-
1V-3Fe) containing both Fe and V as [ stabilisers showed better corrosion resistance
than the Ti-6Al-4V alloy with lower corrosion rates, critical current densities and

passivation currents respectively.

(¢) Inamixed solutions of 3.5M H2S04+1.75 wt% NaCl, the commercial Ti-6Al-4V alloy
displayed superior corrosion resistance to the experimental Ti-6Al-1V-3Fe alloy.
However, Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys were better than Ti-6Al-4Fe

when considering the experimental alloys in the mixed solution.

(d) A slight reduction in Al content and the combination of 2-3wt% Fe and V as beta
stabilisers slightly reduced the corrosion rate of the experimental Ti-Al-V-Fe alloys in

all the tested environments.

3. The influence of a complex initial microstructure on the hot deformation behaviour of
Ti-6Al-4V alloy

(@) The stress-strain behaviour showed a dependence of flow stress on strain rate,

deformation temperature and strain. Discontinuous yielding occurred at strain rates of
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(b)

(©)

(d)

0.01s%, with oscillating flow stresses occurred at higher strain rates. Continuous flow
softening occurred at all strain rates and deformation temperatures below 950°C. These
trends showed the general transient behaviour of flow stress under various deformation

conditions.

Processing maps revealed stable processing regions at total strains of 0.2, 0.5 and 0.6.
These regions were validated by testing at 920°C/1 s (0.2 strain) and 950°C/1 s (0.6
strain), while regions of instability were identified at strains of 0.5 and 0.6, at
temperatures higher than 935°C and strain rates of 0.05 - 0.1 s™. The region of instability
was validated by the test done at 950°C/0.1s™. Additionally, another unstable
deformation region was observed at 750 - 810°C /1 - 2.7 s at a strain of 0.6. These
regions should be avoided during processing of Ti-6Al-4V with a complex initial
microstructure. The optimum processing conditions for stable deformation were found
to be:

. ~940°C/0.4 - 1.7s* (¢ =0.2)
. ~945°C/0.4 - 1.7s* (£ =0.5)
. ~940 - 950°C/0.4 - 1.7s* (¢ = 0.6).

These optimum processing conditions were interpolated data obtained from the

processing maps.

The transient flow stress behaviour caused differences in the processing maps obtained
at different strains. Since similar features have not been reported for Ti-6Al-4V with
fully lamellar or with fully equiaxed initial microstructures, the transient behaviour was
attributed to the complex initial microstructure of the Ti-6Al-4V alloy considered in this

study.

Microstructural analysis confirmed that dynamic globularisation of alpha was the
dominant softening mechanism during the deformation of the alloy under optimum
conditions. Other phenomena which contributed to softening included deformation
heating and phase transformation. Deformation heating manifested as grain growth in
samples deformed at temperatures below 900°C and high strain rates (1s* and 10s).
Deformation-induced phase transformations lowered the beta transus by ~45°C when
the Ti-6Al-4V alloy was deformed at 950°C and 0.01 s strain rate. Increasing the
deformation temperatures led to a high volume fraction of the beta phase, but the

influence of strain rate on the volume fraction of beta phase formed, was inconsistent.
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4.

(@)

(b)

(©)

(€)

The influence of alloy composition on the hot deformation behaviour of the newly
developed alloy and the optimum hot working conditions

The flow stress was influenced by deformation temperature strain rate, strain and alloy
composition. The stress-strain behaviour showed that increasing the strain rate and
decreasing the deformation temperatures increased the flow stress. Ti-4.5Al-1V-3Fe,
with lower aluminium and total solute content, exhibited a lower flow stress than Ti-
6Al-1V-3Fe alloy. The flow softening exhibited by the stress-strain curves was
dependent on the deformation parameters. Adiabatic heating contributed to flow
softening at high strain rates and low deformation temperatures.

Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys showed a wide processing window due to
small area of instability on the processing maps. However, the higher power dissipation
values seen in Ti-4.5Al-1V-3Fe suggested that the alloy was much easier to deform.
The optimum working conditions obtained from the processing maps for the alloys

were:

Ti-6Al-1V-3Fe: 900°C /0.1s*
Ti-4.5AI-1V-3Fe: 900°C /0.01 s,

while the region of unsafe deformation for both alloys were:

Ti-6Al-1V-3Fe: 750-780°C / 1.2 - 10s™.
Ti-4.5AI-1V-3Fe: 880-930°C /0.1 - 0.3s™%.

The above regions were validated by testing both alloys at 900°C/0.1 s, 900°C/0.01 s°
! and 750°C/10 s™.

Dynamic recrystallisation of the prior beta grains was the dominant softening
mechanism for Ti-6Al-1V-3Fe alloy when deformed at the optimum working condition
while the presence of alpha globules confirmed dynamic globularisation as the
dominant softening mechanism in the Ti-4.5Al-1V-3Fe deformed at the optimum
working conditions. Adiabatic shear band, void nucleation and cracking manifested as

flow instabilities in the unsafe deformation region on the processing map.

Dynamic globularisation of the alpha phase occurred in the Ti-4.5Al-1V-3Fe alloy
much easier and faster (0.1s™) than in Ti-6Al-1V-3Fe alloy (0.01 s%), due to different
strength levels of the alpha phase with varying aluminium/solute content.
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5.  The influence of alloy composition on the activation energy for hot working showed that
the experimental alloy with a higher aluminium content (Ti-6Al-1V-3Fe) had a slightly
higher Qnw, implying a higher deformation resistance than Ti-4.5Al-1V-3Fe. The two
experimental alloys had lower Qnw than the wrought T-6Al-4V. The Qnw values of the
alloys considered in this study were comparable to some values reported in literature.

9.2 Suggestions for further research

To extend the knowledge base of the experimental Ti-Al-V-Fe alloys, the following

recommendations for further research are made:

1. A constitutive model that can be used to describe the non steady-state flow stress should
be developed to predict the flow stress of the experimental alloys. This equation can be
used in finite element methods for further optimisation of the hot working of the alloys
especially at conditions that cannot be tested in the labouratory.

2. Machining also contributes significantly to the high cost of titanium alloys. Therefore,
the machining parameters of the new alloys need to be optimised. This will involve both
experimental studies and finite element modelling to derive the optimum parameters for
improved machinability of the alloys.

3. Having established that partial substitution of vanadium with iron offered superior
corrosion resistance to commercial Ti-6Al-4V in reducing acids like sulphuric acid and
that the reduction in aluminium can improve the corrosion properties of the alloys, the
underlying mechanisms are yet to be understood. Therefore, the behaviour of the passive
film that is formed during anodic polarisation of the experimental alloys needs an
extensive and advanced characterisation to understand the mechanisms responsible for
the passivation behaviour of the alloys.

4. Since hardness of the experimental alloys was the only room temperature property
determined, other mechanical properties, such as tensile and fatigue should be evaluated.
These properties need to be determined and correlated with the different microstructures
from thermomechanical treatments, before the alloys can be used for commercial

applications.
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for alloying simulation

Appendix A:  Thermo-Calc command macro file(.tcm)

go data
swITTi3

def-sys

Ti V Al Fe Alloy
System

I-s
CONSTITUENT
get

go p-3

s-¢c n=1

s-¢ p=101325

s-¢ t=1096

s-¢ x(v)=.0360
s-¢ X(Al)=.1008
@s-c x(Fe)=.0083
I-c

@&

c-e
s-a-v

1

T

273

2173

3

Save

Ti64 Control
step
NORMAL
post

s-d-a x T-c
s-d-a y np(*)

w*

plot
SCREEN
set-tit

Ti6o4

plot
SCREEN
set-label

f

s-t-m-s

X

s-s x n 100 1900
plot SCREEN
set-inter
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Appendix B:  Cost analysis on the compositions of theexperimental alloys

Ti Al-V . . =Al (kg) not as Al- Alloying Cost saving Cost saving
Al Vv Fe =Al in Al-V =V in Al-V SAI-V  SAlpure SFe Cost Al+V+Fe+MA
Assume 100 kg (kg) (kg) V (add as pure Al) cost/ 100kg  /100kg asa%
Ti 6Al 4V 90 6 4 0 10 6 0 S 250.00 S - S 250.00 S 2500.00
10% addition of 60% aluminum - 40% vanadium composition master alloy to 90% pure titanium will produce Ti-6Al-4V alloy.
6%Al
3%V - 1%Fe 6 3 1 7.5 4.5 3.0 1.5 S 18750 S 3.47|S 050]S 191.47 | S 2441.47| S 58.53 2.3%
2%V - 2%Fe 6 2 2 5.0 3.0 2.0 3.0 S 125.00/ S 6.93|S 1.00]S 13293 $ 2382.93(S 117.07 4.7%
1%V - 3%Fe 6 1 3 2.5 1.5 1.0 4.5 S 6250|S 1040|S 1.50] S 74.40| S 2324.40| S 175.61 7.0%
0%V - 4%Fe 6 0 4 0.0 0.0 6.0 S - $ 13.86| S 2.00( S 15.86( S 2265.86( S 234.14 9.4%
4.5%Al
3%V - 1%Fe 91.5 4.5 3 1 7.5 4.5 3.0 0.0 S 187.50| S - S 0.50(S 188.00 | S 2475.50| S 24.50 1.0%
2%V - 2%Fe 91.5 4.5 2 2 5.0 3.0 2.0 1.5 S 125.001S 3.47|S$ 1.00]S 129.47 | S 2416.97| S 83.03 3.3%
1%V - 3%Fe 91.5 4.5 1 3 2.5 1.5 1.0 3.0 S 6250|$ 6.93|$ 150]|S 70.93| S 2358.43| S 141.57 5.7%
Here Al=4.5% only, so if you add a 60:40 Al-V M.A.
it depends on the %Al.
For 4.5kg (%) Al, you get
4.5/0.6= 7.5 MA
and 3 kgV
Ratio Al:V in Master allo 60:40= 1.5
4.5%Al Ratio Al:V
3%V - 1%Fe 4.5 3 15
2%V - 2%Fe 4.5 2 2.25
1%V - 3%Fe 4.5 1 4.5
60AI-40V K
master alloy S 25.00 Ik https://www.zauba.com/import-aluminium+vanadium+master+alloy-hs-code.html
pure Al= S 231 /kg * Aluminium price =US$1.05/Ib  http://www.infomine.com/investment/metal-prices/aluminum/1-week/
pure Fe= S 0.50 /kg https://www.indiamart.com/proddetail/high-purity-iron-powder-9367920491.html| in rupees
Ti Gr.2 bar S 25.00 /kg https://www.alibaba.com/showroom/titanium-bar-grade-2.html

~$68/kg for Ti Gr 2 powder

https://www.indiamart.com/ranveer-metal-industries/titanium-grade-2-materials.html
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Appendix C: Gleeble script language for isothermal

compression testing

/I G:\quiksim\university of wits\Michael PhD\Grace 2016.gsl -- hot deformation simulation
I/ QuikSim2 2.4.5918.25012, QsHaz 2.4.5918.24954

I/ Gin File - g:\gin\hds\hds.gin

I Setup:

Il Jaw tempco set to 0.4000um/C, specimen tempco set to 13.0000nm/mm/C

1l

set rampterm to 35000.0000pct
set ramiterm to 0.0800pct

set ramdterm to 1000.0000pct
I/ Heating...

I/l Hydrawedge Auto-load

/] stress/strain setup...

set strainmode to 1

set strainsrc to Jaw

set strainX0 to 12.00mm

set strVolume to 8.00mm*8.00mm*12.00mm
/Il end of stress/strain setup.

acquire airrampres Force Jaw PowAngle PRam PTemp PWedge Strain Stress Stroke TC1
Wedge

set TC1to OC

set tempmode to TC1
set hO to 15.0000mm
set stroke to Ocm

set wedge to Ocm

set heatbutton to on
set mechanical to on
delay 5sec

set hypress to on
delay 15sec

/I Zero out stroke under full load...
ramp stroke to -7cm in 5sec

delay 1sec

zero stroke

delay 100msec

set airtc to on

set airram to on

while force>-200kgf

set wedgezero to wedgezero+0.03mm
delay 100msec

end

ramp stroke to 5.8595mm-+1.0000mm-+0.0000mm in 1sec //
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5.8595mm+1.0000mm-+0.0000mm
ramp wedge to -0.75mm in 1sec //-0.75mm

/I energize load solenoid and grab specimen
set specload to on

delay 500msec

set specload to off

/I Move into position for first deformation

ramp wedge to 6.1405mm-12.0000mm-0.0000mm in 1sec // 6.1405mm-12.0000mm-
0.0000mm

zero Jaw

I/ Pre-deformation:
set lastruntime to systime
sampleat 10.0000Hz

ramp wedge to -5.4147mm in 190.0000sec &// TX=0.4448mm
ramp TC1 to 950.0000C in 190.0000sec

set airram to off

delay 120.0000sec

set airram to on

Zero Jaw
delay 0.1sec

/I Deformations...
// Begin hit

Il Hit 1:

// €:0.6700, e:0.0010/sec, dw: 1.0000msec, adj:0.0000mm/sec, com: 0.0000mm,
/1 tt:950C, tt":0.0000C/sec, soak:60.0000sec, exit:950C

/I entry\Velocity:0.0120mm/sec, exitVelocity:0.0061mm/sec

// back up= bud + compliance + deltaH
ramp stroke to 1.0000mm-+0.0000mm+5.8595mm in 10msec

delay 10msec // strokeLag=10msec

/I finalH=6.1405mm (-) h0=12.0000mm (+) TX=0.4448mm (-) compliance=0.0000mm
{specH=6.1405mm, T=950C}

ramp wedge to 6.1405mm-12.0000mm+0.4448mm-0.0000mm in 10msec //
wedgePosDuration=10msec

sampleat 10.0000Hz
/[ Hit heating here

/I Thermal soak

set airram to off

delay 60.0000sec-1sec
set airram to on

delay 1sec
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/I final strain zero
Zero Jaw
delay 0.1sec

delay 50.0000msec
sampleat 90.0Hz
delay 50.0000msec

ramp stroke to 5.8595mm in 1.0000sec
ramp TC1 to 950C in 669999.9849msec &

ramp stroke to 5.4642mm in 33499.9992msec &
ramp stroke to 5.0818mm in 33499.9992msec &
ramp stroke to 4.7121mm in 33499.9992msec &
ramp stroke to 4.3546mm in 33499.9992msec &
ramp stroke to 4.0088mm in 33499.9992msec &
ramp stroke to 3.6744mm in 33499.9992msec &
ramp stroke to 3.3511mm in 33499.9992msec &
ramp stroke to 3.0384mm in 33499.9992msec &
ramp stroke to 2.7360mm in 33499.9992msec &
ramp stroke to 2.4436mm in 33499.9992msec &
ramp stroke to 2.1608mm in 33499.9992msec &
ramp stroke to 1.8873mm in 33499.9992msec &
ramp stroke to 1.6228mm in 33499.9992msec &
ramp stroke to 1.3670mm in 33499.9992msec &
ramp stroke to 1.1197mm in 33499.9992msec &
ramp stroke to 0.8805mm in 33499.9992msec &
ramp stroke to 0.6492mm in 33499.9992msec &
ramp stroke to 0.4255mm in 33499.9992msec &
ramp stroke to 0.2092mm in 33499.9992msec &
ramp stroke to 0.0mm in 33499.9992msec &

// End segment

ramp stroke to -0.0001mm in 20.0000msec // maxOverprogramTime=20msec

// End hit

// Post-deformation:

ramp stroke to 12.0000mm-+3mm in 100msec // 12.0000mm+3mm

ramp wedge to 6.1405mm-12.0000mm-2mm in 300msec // 6.1405mm-12.0000mm-2mm
sampleat 10.0000Hz

/[ Cooling...
// End cooling...

/I Shut down...
sample off

set heatbutton to off
set tcl to OC

set hypress to off

set mechanical to off
set temptrim to 0C
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delay 2sec

set wedgezero to wedgezero-1mm
// Variable dump..................

/I <deltah> = 5.8595

/I <beginseg> =

Il <finalh> = 6.1405

/I <heatltemp> = 950

/I <wedgesettle> = 100

Il <initialdef> = 0.0000

/I <heating> = ramp wedge to -5.4147mm in 190.0000sec & // TX=0.4448mm
/I ramp TC1 to 950.0000C in 190.0000sec
/I setairram to off

/I delay 120.0000sec

/I setairram to on

I

/I <initialh> = 12.0000

I <exittemp> = 950

/I <preacqfreg> = 10.0000

Il <finalh0> = 6.1405

Il <acqfreg>=90.0

/I <adjust> = 0.0000

/I <endseg> = // End segment
/I <yokecompliance> = 0.75
Il <hittype> =1

I <finaldef> = 5.8595

/I <ginversion> = 2.0

/I <hittime> = 669999.9849
/I <heatltime> = 190.0000

/I <temptarget> = 950

Il <tx1>=0.4448

Il <bud> = 1.0000

/I <butime> = 1.0000

Il <ti> =950

/I <scomp> = 0.0000

/I <temprate> = 0.0000

Il <heatmute> = 0

/] <erate>=-0.0010

/I <overdwell> = 0.0000

/I <heatinc> = 0.03

/I <overtime> = 20.0000

/I <backup0> = 1.0000

/I <exitvelocity> = 0.0061

/I <cooling> = // Cooling...

/I 1 End cooling...

I

/I <maxoverprogramtime> = 20
/I <soaktime> = 60.0000

/I <maxoverprogramdist> =4
/I <entryvelocity> = 0.0120
/I <overdist> = -0.0001

/I <compliance0> = 0.0000

/Il <e'>=0.0010

/I <compliance> = 0.0000

/l <autoload> =1
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/I <heatforce> = -200
Il <heat2temp> =0

/I <endhit> = // End hit
/I <dwell> = 1.0000

/Il <e>=0.6700

/I <wedgeposduration> = 10

/I <overprogram> = ramp stroke to -0.0001mm in 20.0000msec //
maxOverprogramTime=<maxOverprogramTime>msec
Il

/I <hwedgesettle> = 50.0000

/I <heattime> = 0.0000

Il <controltc> =TC1

Il <heatlsoak> = 120.0000

/I <acqvars> = airrampres Force Jaw PowAngle PRam PTemp PWedge Strain Stress Stroke
TC1 Wedge

Il <tx0> = 0.4448

/I <heat2soak> = 0.0000

/I <strokelag> = 10

I/l <dumpdelay> =5

/I <deltah0> = 5.8595

Il <heat2time> =0

// <h0>=12.0000

Il <hit>=1

Il <defcount> =1

/I <hipressdelay> = 15

Il <heatl>=1

/I <strainsrc> = Jaw

Il <heat2>=0

/I <strainsetup> = // stress/strain setup...

/I set strainmode to 1

/I set strainsrc to Jaw.index

/I set strainXO0 to 12.00mm

/I set strVolume to 8.00mm*8.00mm*12.00mm
/I 1] end of stress/strain setup.

I

/I <beginhit> = // Begin hit
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Appendix D: Flow stresses of rectangular and

cylindrical samples

Comparison between the flow stresses obtained from rectangular (flat bar) and cylindrical (round

bar) samples deformed under similar conditions.
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Appendix E:  Thermo-Calc simulations

E1 Results obtained from Thermo-Calc simulation of Ti-6Al-4V and the experimental
titanium alloys.
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E2 Beta transus temperatures obtained from Thermo-Calc simulation of Ti-6Al-4V and

the experimental titanium alloys with 0.2 wt% oxygen and 0.05 wt% nitrogen

additions
SIN Alloys Beta transus (°C)
1 Ti-6Al-4V-0.20-0.05N 1032
2 Ti-6Al-3V-1Fe-0.20-0.05N 1040
3 Ti-6Al-2V-2Fe-0.20-0.05N 1049
4 Ti-6Al-1V-3Fe-0.20-0.05N 1065
5 Ti-6Al-4Fe-0.20-0.05N 1080
6 Ti-4.5A1-3V-1Fe-0.20-0.05N 1008
7 Ti-4.5Al-2V-2Fe-0.20-0.05N 1021
8 Ti-4.5A1-1V-3Fe-0.20-0.05N 1035
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Appendix F:  Temperature increase of Ti-6Al-4V during

deformation

Temperature rise measured by thermocouple during deformation of Ti-6Al-4V alloys with

complex intial microstructure.
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Appendix G:  Supplementary results for hot compression
testing of Ti-6Al-4Valloy

G-1:  Flow stress values (MPa) of Ti-6Al-4V, corrected for adiabatic temperature increase,

as a function of strain, temperature and strain rate

_ Strain Corrected flow stress (MPa) at test temperature (°C)
Strain )

rate (s) | 750 800 850 900 950

0.01 277 181 118 50 29

0.1 302 241 158 88 42

o 1 392 305 236 138 88
10 437 378 314 243 135

0.01 278 167 115 48 29

0.1 327 251 161 87 38

02 1 409 310 240 138 88
10 461 389 309 241 136

0.01 271 154 114 41 29

0.1 352 257 170 91 35

03 1 402 300 235 138 89
10 466 386 302 235 134

0.01 250 137 109 40.2 25

0.1 359 252 164 91 37

04 1 384 288 227 135 88
10 454 371 286 219 127

0.01 221 126 93 40 26

0.1 350 249 159 91 23

0 1 376 277 221 130 88
10 431 338 268 219 120

0.01 193 114 83 39 20

0.1 338 248 157 93 18

08 1 350 266 217 132 88
10 405 333 253 185 114
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G-2:
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Processing maps at different strains for Ti-6Al-4V alloy with a complex initial
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Appendix H:  Hot deformation behaviour of Ti-6Al-xV-yFe
alloys (Prozesky et al. 2017) and calculations
from experimental data for Ti-6Al-1V-3Fe

and Ti-4.5Al-1V-3Fe alloys

Hot deformation behaviour of Ti-6Al-xV-yFe alloys (Prozesky et al. 2017) and calculations
from experimental data for Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe alloys are presented.

H-1: Preliminary results on the hot deformation behaviour of experimental Ti-6Al-xV-yFe

alloys reported in Prozesky et al. (2017).
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(a) Ti-6AI-4V (e =1.2) (b) Ti-6AI-3V-1Fe (e=1.2)  (c) Ti-6Al-4V (£ =0.6) (d)Ti-6Al-1V-3Fe (¢ = 0.6)
Optical micrographs of deformed zones in selected Ti-6Al-xV-yFe alloys showing

region of shear bands.

(a) Ti-6Al-4V (b) Ti-6Al-3V-1Fe (c) Ti-6AI-2V-2Fe (d) Ti-6Al-1V-3Fe
SEM-BSE images of deformed zones in Ti-6Al-xV-yFe alloys at a strain of 0.6.

(a) Ti-6Al-4V (b) Ti-6Al-3V-1Fe (c) Ti-6Al-2V-2Fe (d) Ti-6Al-1V-3Fe
SEM-BSE images of deformed zones in Ti-6Al-xV-yFe alloys (¢ = 1.2).
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H-3: Correction of flow stress for Ti-6Al-1V-3Fe and Ti-4.5Al-1V-3Fe experimental alloys
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H-4: Instability maps for Ti-6Al-1V-3Fe experimental alloy
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H-5: Instability maps for Ti-4.5Al-1V-3Fe experimental alloy
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H-6:

Flow stress data used for processing map of Ti-4.5Al-1V-3Fe

Strain Temperature (°C)
rate (s™) Strain 750 800 850 900 950
0.05 617 569 401 284.91 189
0.1 655 572 390 278 174
0.15 628 537 360 256 169
0.2 588 479 326 241 163
0.25 555 453 314 233 159
10 0.3 528 433 297 223 152
0.35 498 413 290 218 150
0.4 468 392 275 212 145
0.45 442 379 267 202 141
0.5 420 357 256 196 137
0.55 376 346 246 189 132
0.6 391 333 238 181 128
0.05 598 428 276 182 109
0.1 550 410 263 172 107
0.15 506 376 246 161 100
0.2 478 351 231 154 95
0.25 454 330 218 152 94
1 0.3 432 315 207 143 90
0.35 419 304 200 138 90
0.4 408 293 195 134 87
0.45 396 287 187 130 87
0.5 383 275 182 126 85
0.55 377 269 180 120 85
0.6 356 261 176 119 84
0.05 374 264 182 129 74
0.1 362 238 167 118 66
0.15 345 226 159 111 63
0.2 345 222 153 106 62
0.25 339 219 149 105 60
01 0.3 332 213 144 102 60
0.35 321 207 138 99 58
0.4 308 200 133 97 57
0.45 300 194 129 95 57
0.5 289 187 124 92 57
0.55 281 181 120 91 55
0.6 274 176 118 88 56




0.05 302 204 133 72 42
0.1 265 196 126 71 40
0.15 237 177 116 67 38
0.2 218 158 106 62 36
0.25 204 148 99 60 34
0.01 0.3 190 135 90 56 33
0.35 180 126 86 52 32
0.4 172 77 80 48 31
0.45 165 73 77 46 31
0.5 156 70 73 44 30
0.55 149 70 70 41 29
0.6 143 67 67 40 29
0.05 171 108 77 49 33
0.1 161 96 65 43 30
0.15 146 88 59 38 27
0.2 133 80 53 35 25
0.25 122 75 49 33 23
0.001 0.3 113 68 45 31 22
0.35 108 64 43 30 20
0.4 101 61 40 28 19
0.45 99 59 39 27 19
0.5 92 55 36 26 18
0.55 88 53 35 25 18
0.6 84 50 34 25 18
H-7: Flow stress data used for processing map of Ti-6Al-1V-3Fe
Strain Temperature (°C)
rate (s*) | Strain 750 800 850 900 950
0.05 558 406 303 230 152
0.1 569 430 293 214 146
0.15 535 411 277 206 144
0.2 801 368 263 191 142
0.25 477 358 249 186 140
10 0.3 463 337 239 179 136
0.35 448 323 230 173 132
0.4 428 308 222 167 128
0.45 415 300 213 161 126
0.5 389 283 206 156 121
0.55 378 278 200 151 117
0.6 363 265 193 147 110
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0.05 439 339 259 146 93

0.1 462 309 243 140 92

0.15 432 286 225 130 90

0.2 403 274 213 124 88

0.25 381 263 200 120 86

1 0.3 361 256 191 115 86
0.35 344 249 184 108 81

0.4 329 242 182 105 79

0.45 319 238 175 106 81

0.5 309 235 172 101 78

0.55 300 232 169 101 77

0.6 290 228 166 99 77

0.05 335 235 151 90 60

0.1 318 218 139 82 56

0.15 304 207 134 78 54

0.2 298 202 132 75 54

0.25 289 198 133 74 53

01 0.3 279 197 132 73 53
' 0.35 268 187 129 71 52
0.4 259 180 127 69 51

0.45 252 175 127 68 51

0.5 244 167 121 67 52

0.55 237 163 117 65 50

0.6 231 159 114 64 50

0.05 216 151 100 55 30

0.1 208 145 91 51 31

0.15 191 133 85 45 29

0.2 175 122 81 42 29

0.25 163 113 76 39 87

0.01 0.3 151 105 71 38 28
0.35 142 98 68 36 27

0.4 133 93 64 36 25

0.45 127 89 62 36 26

0.5 120 83 58 35 25

0.55 115 79 56 34 26

0.6 111 74 54 33 25

0.05 127 76 48 32 8

0.1 116 67 43 29 18

0.15 105 61 39 27 17

0.2 97 56 35 25 17

0.25 91 54 32 24 16

0.3 86 50 30 24 16

0.001 0.35 80 47 30 22 15
0.4 76 44 28 21 15

0.45 72 42 27 20 15

0.5 67 39 26 20 27

0.55 64 38 25 19 23

0.6 61 35 24 19 18
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H-8: Strain versus time profile for Ti-6Al-1V-3Fe alloy deformed at 850°C/0.01s* showing

increase in strain rates at low strain (~0.02).
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Appendix I:

Supplementary results from corrosion testing

I-1: Tables for EDX spectra shown in Figure 5.3

Elements Alloys
Ti-6Al-3V-1Fe | Ti-6Al-1V-3Fe Ti-6Al-4Fe Ti-4.5Al1-2V-

2Fe
O (Wt%) 24.9 59.3 67.1 30.7
Al (Wt%) 4.0 1.5 2.4 2.8
S (Wt%) 0.9 14.3 18.3 1.7
Ti (Wt%) 67.5 24.4 11.7 61.8
V (Wt%) 1.9 - 0.5 1.4
Fe (wt%) 0.7 0.52 - 1.6

I1-2: Tables for EDX spectra shown in Figure 5.3

Elements Alloys
Ti-6Al-3V-1Fe | Ti-6Al-4Fe Ti-4.5Al-2V- Ti-4.5Al-1V-
2Fe 3Fe

O (wt%) - 31.8 - 12.2
Al (Wt%) 5.5 45 4.0 3.2
S (Wt%) - 0.9 18.3 82.0
Ti (Wt%) 90.7 6.8 91.9 -
V (wt%) 2.9 - 1.9 -
Fe (wt%) 0.9 2.0 - 25
K (wt%) - - 2.3 -
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1-3: SEM images (lower magnification of Figure 5.2) showing corrosion products on alloys

immersed in sulphuric acid solution prior to cleaning

Mag= 100X Signal A = SE2 Date 25 Oct 2046 100 ym Mag= 100% Zignal A = SE2 Date 26 Oct 2016
WD =123mm EHT = 15.00 kv Time 102712 WO = 73mm EHT = 10.00 xv Time G901 27

a i-6A|-4V ) b)Ti-6Al-3V-1Fe
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¢) Ti-6Al-1V-3Fe d) Ti-6Al-4Fe
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ey ZEISS

Eum Mag= 100X Signal A = SE2 Date 26 Oct 2016 Eum Mag= 100X Signal A = SE2 Date 26 Oct 2018
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I-4: EDX spectra showing the selective dissolution of the beta phase in the sulphuric acid
solution
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Appendix J:  Awards, presentations and publications

J-1: Awards

>
>

First Prize, Student Oral presentation, 3" AMSEN Workshop, Johannesburg (2015)
RISE-AMSEN representative at the Next Einstein Forum Global Gathering, Dakar
Senegal (2016)

3"place, Faculty of Engineering and the Built Poster Presentation, University of the
Witwatersrand Cross-Faculty Symposium (2016)

Best poster presentation, DST-NRF Centre of Excellence in Strong Materials Annual
Student Presentation, University of the Witwatersrand (2016)

Science Today candidate for South Africa’s Best Postgraduate Writing (2016)
Winner heat 1, FAMELAB South Africa Science Forum, Pretoria (2016)

Best poster presentation, DST-NRF Centre of Excellence in Strong Materials Annual
Student Presentation, University of the Witwatersrand (2017)

National finalist, South Africa, FAMELAB Science Communication Competition (2017)

J-2: Oral and Poster Presentations

Africa Materials Research Society Conference, Accra, Ghana, 2015 (oral presentation)
University of the Witwatersrand’s 7" Cross-faculty Symposium, 2016 (poster
presentation)

Centre of Excellence in Strong Materials Annual Students Presentations, 2015-2018
(poster presentation)

School of Chemical and Metallurgical Engineering Lunch Time Seminar, 2017 (oral
Presentation)

International ESAFORM conference on Materials Forming, Dublin, Ireland, 2017 (oral
presentation)

Physical Metallurgy Gordon Research Conference, Maine, United States, 2017 (poster
presentation)

University of the Witwatersrand’s 8" Cross-Faculty Symposium 2017 (poster

presentation)
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J-3: Full journal article publications
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1 | INTRODUCTION

Titanium alloys are very important engineering materials due to
their attractive properties such as high specific strength, good
corrosion resistance in most industrial environments and excellent
biocompatibility.!"! These properties have made the alloys

| Lesley H. Chown"?*? |

Kenneth K. Alaneme>*

The corrosion behaviour of Ti-6Al-xV-yFe (where x +y=4; x =0-3; and y = 1-4)
experimental alloys in comparison with commercial Ti-6Al-4V alloy was
investigated in sodium chloride and sulphuric acid solutions. Iron, a less expensive
beta stabilising element was substituted for vanadium in the newly developed
alloys in order to assess the influence of iron addition on the corrosion performance
of the alloys. Electrochemical parameters were obtained using open circuit potential
and potentiodynamic polarisation measurements. The results show that partial
replacement of vanadium with 2—-3 wt% iron yielded excellent corrosion resistance in
3.5 wt% sodium chloride. The experimental alloys have better corrosion resistance
than the commercial Ti-6Al-4V alloy in 3.5 M sulphuric acid.

low-cost titanium, open circuit potential, passivation, polarisation

suitable for use in a wide spectrum of applications including
the aerospace industry where stringent requirements have to be
met and other land-based applications such as marine, sports,
chemical, automotive, jewelleries and biomedical industries.!""?

Despite the potentials of titanium alloys, the high cost of
the alloys has limited their use to applications where they are
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the only choice that satisfies the intended service require-
ments.** High cost of titanium alloys has been ascribed to
the difficulty in beneficiating titanium from its ores and the
complex processing routes that are adopted for making
finished products.' In the last two decades, the development
of low cost titanium alloys for widespread applicability
remains the main research thrust in titanium alloys.””! The
low-cost titanium alloys are achieved by replacing expensive
alloying elements in titanium alloys with cheaper ones'®! that
fulfill similar functions. In addition, processing conditions are
optimised for control of mechanical properties and cost
reduction.'*”!

Titanium alloys are broadly classified into o, ot + § and f
alloys depending on the type and amount of alloying elements
present in the alloys."™ In previous studies on low cost
titanium alloys, aluminium was replaced with oxygen and
nitrogen to stabilise the a phase in Ti-Fe-O-N o+
alloys,'”'°! Fujii and Takahashi'® replaced vanadium, an
expensive beta stabiliser with iron in Ti-Al-Fe o+  alloys
and Zhu et al.'"' replaced vanadium with chromium and
manganese in Ti-Al-Cr-Mn a+f alloys. It is worth
mentioning that past research efforts have focussed more
on developing o + f3 alloys due to the balanced mechanical
properties obtained in this class of titanium alloy. Moreover,
Ti-6Al-4V the most utilised titanium alloy belongs to the
o + B class and its consumption accounted for more than 70%
of the total titanium market."'?! Researchers often compare
their newly developed experimental alloys with this
commercial alloy.

In this research, Ti-Al-xV-yFe o + p alloys were devel-
oped by partially substituting vanadium with iron in order to
reduce the cost of stabilising the § phase. Unlike in previous
research!®!'"'*! where vanadium was fully replaced with
other beta stabilisers such as iron, chromium and manganese,
we have retained some vanadium in our newly developed
alloys in order to prevent the possibility of forming TiFe, the
equilibrium phase that is formed when iron is added to
titanium.'*'¥ TiFe has been reported to have deleterious
effect on the mechanical and corrosion properties of titanium
alloys.[*6]

Previous researchers have reported that alloying elements
have an influence on the corrosion performance of titanium
alloys in different corrosion media.">~'*! Metiko§-Hukovié
and Kwokal!'®! reported that niobium improves the corrosion
resistance of titanium alloy in physiological solution, Béltatu
et al.'”! reported that tantalum improved the corrosion
resistance of new TiMoZrTa alloys in acidified Ringer's
solution due to the formation of a more compact oxide layer,
Pimenova and Starr™®” reported that high aluminium content
reduced the corrosion resistance of titanium alloys in Hank's
solution, Lu et al.”*"! reported that iron addition improved the
corrosion behaviour of Ti-Al-Fe alloys in simulated body
fluid.

Based on the different observations reported in previous
studies, it becomes imperative to investigate the corrosion
behaviour of the newly developed Ti-Al-xV-yFe experimen-
tal alloys in different corrosive environments and to evaluate
the influence of substituting iron for vanadium on the
corrosion behaviour of the alloys. The choice of sulphuric
acid and sodium chloride solutions used as corrosive
environments in this study is informed by the fact that
components that are made from titanium alloys are exposed to
these environments in service especially in the chemical and
petrochemical industries.""! For example, sulphuric acid is
used for acid pickling of titanium alloys. Moreover, sulphuric
acid represents strong reducing acid in which titanium alloys
are susceptible to corrosion attack. The sodium chloride
solution used in this study represents the typical marine
environment where components made from titanium alloys
are used.

2 | MATERIALS AND METHODS

2.1 | Materials

The Ti-6Al-xV-yFe experimental alloys with compositions
shown in Table 1 were developed from titanium, aluminium,
vanadium and iron powders. The powders were compacted
and melted into buttons under argon environment using a
vacuum arc furnace. The melting was done twice and the
alloys were then solution treated at 790 °C for 4 h followed by
air cooling in order to homogenise the alloys.

2.2 | Microstructural characterisation

The surface of the alloys used for microstructural studies was
prepared following standard metallographic procedures and
etched in Kroll's reagent.'*?! The microstructure of the alloys
was examined using an optical microscope and the surface of
the alloys after exposure in corrosive media was analysed
using scanning electron microscope operated in secondary
electron imaging (SEI) mode.

2.3 | Electrochemical measurements

The samples for electrochemical corrosion testing were cut,
cold mounted in resins and polished until a mirror like surface
finish was obtained. Thereafter, the samples were rinsed in
distilled water and dried in air. The surface area of the samples
exposed to the corrosive solutions was 0.25cm” A
commercial grade Ti-6Al-4V alloy was also prepared and
tested for comparison. A conventional three-electrode
electrochemical cell connected to an AUTOLAB 302N
potentiostat/galvanostat was used for the electrochemical
testing. A graphite rod was used as the counter electrode and a
silver—silver chloride as reference electrode. Open circuit
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TABLE 1 Electrochemical parameters obtained for alloys immersed in 3.5 M sulphuric acid solution at 25 °C

Ecorr
Alloys Equivalent weight (V vs. Ag/AgCl)
Ti-6A1-4V 11.82 -0.562
Ti-6A1-3V-IFe 11.81 -0.570
Ti-6A1-2V-2Fe 11.83 -0.528
T1-6AI-1V-3Fe 11.83 —0.581
Ti-6Al-4Fe 11.8 -0.579

potential (OCP) and potentiodynamic polarisation tests were
performed on the samples in 3.5 M sulphuric acid, 3.5 wt%
sodium chloride and mixed 3.5 M sulphuric acid + 1.75 wt%
sodium chloride solutions. The mixed solution was prepared
in order to simulate corrosive environments where multiple
anions interact with the materials. All the solutions were
prepared using analytical grade chemicals. The OCP
measurements were taken for the duration of 3600 s in both
sulphuric acid and sodium chloride environments while for
1200 s in the mixed 3.5 M sulphuric acid + 1.75 wt% sodium
chloride solution. In the 3.5M sulphuric acid and mixed
3.5 M sulphuric acid + 1.75 wt% sodium chloride solutions,
linear potentiodynamic scans were performed on the samples
from —0.5 to 2.5V at a scan rate of 0.2 mV/s whereas the
cyclic potentiodynamic scan was carried out in sodium
chloride from —0.5 to 2.5V at a scan rate of 2mV/s to
evaluate the susceptibility of the alloys to pitting corrosion in
chloride solution. The wait time between the OCP and
polarisation scans was 5s. The corrosion current density
(Ieorr) and corrosion rate was determined by polarisation
technique'®***! following ASTM standard G59-97.

3 | RESULTS

3.1 | Microstructural characterisation

The microstructures of the commercial Ti-6Al-4V and
experimental Ti-6Al-xV-yFe alloys are presented in Figure 1.
It can be seen that the commercial alloy consisted of elongated
and equiaxed a-phase and a network of intergranular . The
experimental alloys on the other hand possess basketweave
Widmanstitten o« embedded within large prior f grains.

3.2 | Sulphuric acid environment

It is widely reported that the excellent corrosion resistance
exhibited by titanium and its alloys in most corrosive
environments has been largely attributed to the passive TiO,
film formed on the surface of the metal.”°! However, this
passive film is dissolved in strong reducing acids like
sulphuric and hydrochloric solutions.!*>*! Recently, Magoda
et al.”*®! investigated the effect of chloride and sulphate ions

OCP1200s Corr rate
(V vs. Ag/AgCl) Lore (PA/cm?®) Rp (mm/yr)
-0.578 182 142 1.59
—0.658 76 338 0.67
—0.603 168 154 1.47
-0.571 133 195 1.16
—0.546 167 155 1.46

on the corrosion behaviour of titanium alloys. It was reported
that sulphate ions have a more rapid dissolution effect on the
TiO, formed on the surface of titanium in comparison with
chloride ions.?”-?8! Therefore, the stability of the native oxide
film formed on the experimental alloys in comparison with
the commercial Ti-6Al-4V alloy in concentrated 3.5M
sulphuric acid was evaluated by tracing the OCP for
3600s. Figure 2 shows the OCP plots of the commercial
Ti-6Al-4V and experimental Ti-Al-xV-yFe alloys in 3.5 M
sulphuric acid solutions. It is observed that the OCP of the
commercial Ti-6Al-4V alloy increased to more noble values
with increasing exposure time which indicates thickening of
the TiO, oxide film.”?*! However, in the experimental alloys
where vanadium is partially and fully substituted with iron,
the OCP decreased towards the more negative values. The
OCP of the experimental Ti-6Al-3V-1Fe alloy showed a
decreasing trend throughout the period of exposure despite
having the highest OCP among the experimental alloys. As
the iron content in the experimental alloy increased from
2-3% by mass, the OCPs of the working electrodes assumed a
cathodic value and remain quite stable in the cathodic region
between 1200 and 3600 s of exposure. When vanadium is
totally replaced with iron in Ti-6Al-4Fe experimental alloy, a
slight increase in the OCP was first observed for about 100 s
and later decreased rapidly indicating the dissolution of the
oxide film. The OCP became stable at about 800 s of exposure
in the electrolyte. The SEM images of both commercial and
experimental alloys taken after OCP measurement for 3600 s
are presented in Figure 3(a—e). The SEM images were taken
without cleaning the samples. It can be seen that the
commercial Ti-6Al-4V alloy has a more stable film with
no visible cracks in comparison with the other experimental
alloys. This is consistent with the behaviour of the OCP
curves in Figure 2.

It is evident from the SEM images (Figure 3) that the
native oxide film on the experimental alloy is less protective
than in the commercial alloys. The severity of corrosion
attack increased with increasing iron content in the
experimental alloys. This is most apparent in the Ti-
6Al-4Fe alloy containing only iron as the only beta stabilising
element. More corrosion product is seen on the surface of the
exposed Ti-6Al-4Fe alloy (Figure 3e) in comparison with the
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B) Ti-6Al-3V-1Fe

A) Ti-6Al-4V

D) Ti-6Al-1V-3Fe E) Ti-6Al-4Fe

C) Ti-6Al-2V-2Fe

FIGURE 1 Microstructure of commercial Ti-6Al-4V and Ti-6Al-xV-yFe experimental alloys [Color figure can be viewed at

wileyonlinelibrary.com]

other experimental alloys. From the SEM image (Figure 3f)
obtained after cleaning the exposed Ti-6Al-4Fe alloy in
distilled water and dried in air; it can be seen that selective
corrosion attack occurred in the p-Ti phase of the alloy
where the concentration of iron is higher. This is corroborated
by the EDS spectra (Figure 4a,b) obtained from point analysis
of the phases present in the Ti-6Al-4Fe alloy. The un-
corroded o-Ti phase did not show iron peak because of the
low solubility of iron in the a-Ti phase. However, iron peak is
present in the corroded p-Ti phase. The presence of oxygen
and sulphur peaks suggests that corrosion product is retained
on the corroded fB-Ti phase of the alloy after cleaning.

0.3
02 4 e
~ 0.1 4 . e e, — e —— —_——
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< 0 A
»
< 014  wewee Ti-6Al1-4V
g .
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FIGURE 2 Variation of OCP measurement for Ti-6Al1-4V and
Ti-6Al-xV-yFe in 3.5 M sulphuric acid at 25 °C

The stability and purity of the TiO, film formed on the
surface of titanium alloys is influenced by the composition of
the alloys.* It is well documented that oxides of alloying
elements like aluminium and vanadium have been detected
through advanced spectrometric analysis on the surface of
titanium alloys.*"! Devilliers et al.*?! investigated the
behaviour of titanium in sulphuric acid and reported that
high purity titanium exhibited a more stable passive film than
the one containing more impurities. Tomashov et al.'>! in
another study reported that alloying elements such as
aluminium, vanadium, molybdenum and vanadium diffuse
into the lattice of the oxide film and cause modifications on
the film. This modification can either be beneficial or
deleterious to the corrosion resistance of the alloys. It is
thought that iron modifies the oxide film hence promoting the
dissolution of the film in sulphuric acid.

Figure 5 shows the linear polarisation curves of both
commercial Ti-6Al-4V and the experimental Ti-6Al-xV-yFe
alloys obtained after 1200 s at open circuit potential. The OCP
obtained at 1200 s prior to the linear polarisation did not agree
with the OCP presented in Figure 2 because the measurements
were taken separately and the OCP measurements are not
easily reproducible especially for the commercial Ti-6Al-4V
and experimental Ti-6A1-3V-1Fe alloys. Devilliers et al.l**!
reported that OCP for freshly polished titanium alloys
immersed in corrosive media takes up to 24h to be
reproducible.

The polarisation curves revealed that the corrosion
behaviour of the alloy is sensitive to the beta stabilising
elements present in the alloys. It can be observed that the
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FIGURE 3 Secondary electron images of exposed alloys in sulphuric acid solution at OCP for 3600 s [Color figure can be viewed at

wileyonlinelibrary.com]

corrosion behaviour of the commercial Ti-6Al-4V and the
experimental Ti-6Al-4Fe alloys containing one beta stabilis-
ing element are comparable while the experimental alloys
containing both vanadium and iron as beta stabilisers
followed a similar trend. All the alloys displayed an active-
to-passive transition behaviour. The critical current densities
of the experimental alloys containing iron and vanadium as
beta stabilising elements are much lower than the alloys
having either iron or vanadium as beta stabilising element.

‘ IElement lWeight% IAtomic% [

§ [AIK [5.83 o1
N [TiK  [94.17  [90.09

Totals |100.00

0 1 2 3 4
"’Jﬂ Scake 27128 cis Cursor: 0,000

FIGURE 4

The lowest critical current density is observed in the Ti-
6Al-1V-3Fe alloy. The passivation current density (/,) and
break down potential (E,) of the experimental alloys
containing both iron and vanadium are ~0.00001 A/ cm™
and 1.8V, respectively. Conversely, Ti-6Al-4V and Ti-6Al-
4Fe did not show a break down potential at 1.8 V. This
suggests that these alloys would have a more stable passive
film grown in the anodic region than the experimental alloys.
Unlike in the commercial Ti-6Al-4V alloy, it can be seen that

Element |Weight% IAtomic% [

4 oK [1242 o6
ALK [3.94  [5.48
[SK 055 o.6s
i Tik  [7923  [62.12
FeK [385  [2.59

Totals 100.00
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2 4
Full Scae 27126 cis Cursor: 0.000

(A) EDX spot analysis on the un-corroded o-Ti phase without iron in Ti-6Al-4Fe alloy. (B) EDX spot analysis on the corroded
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FIGURE 5 Polarisation curves for alloys immersed in 3.5 M
sulphuric acid solution at 25 °C

the anodic passive film of the experimental Ti-6Al-4Fe alloy
showed transient currents immediately after the active nose
indicating the breaking and rebuilding of the passive film.
Also the passivation current of the Ti-6Al-4Fe alloy is lower
than the commercial alloy at potentials above 0.4 V.

The corrosion parameters obtained from the polarisation
resistance technique are presented in Table 1 and it can be
seen that the corrosion potential for all the alloys are
comparable under the test conditions but the corrosion current
densities and corrosion rates differ. In general, the commer-
cial Ti-6Al-4V alloy exhibited higher corrosion current
densities and corrosion rates in comparison with the
experimental alloys. Of the experimental alloys, Ti-
6Al-2V-2Fe and Ti-6Al-4Fe alloys have similar corrosion
rates while Ti-6Al-3V-1Fe showed the lowest corrosion rate.
The corrosion rate obtained for the commercial Ti-6Al-4V
alloy was lower than the corrosion rate (140 mpy ~ 3.6 mm/
yr) reported by Magoda et al.'** in 3.5 M sulphuric acid. The
difference in corrosion rates can be attributed to the different
contents of impurities present in the alloys™® and the
microstructure.

3.3 | Sodium chloride environment

The variation of OCP with exposure time for different
titanium based alloys exposed in 3.5 wt% sodium chloride is
shown in Figure 6, the OCP of the commercial alloy increased
towards the anodic values with increasing exposure time.
However, experimental alloys containing iron except for Ti-
6Al-3V-1Fe showed a slight increase in OCP with increasing
exposure time. The higher OCP values of the commercial
alloy suggest that the oxide film that is formed on the surface
of the alloy is more stable than the oxide film formed on the
experimental alloys. The last OCP values of the experimental
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FIGURE 6 Variation of OCP measurement for Ti-6Al-4V and
Ti-6Al-xV-yFe in 3.5 wt% NaCl at 25 °C

alloys containing more than 1 wt% iron are comparable.
When 1 wt% iron was substituted for vanadium in Ti-6Al-3V-
1Fe alloy, the lowest OCP value was recorded and it
fluctuated throughout the exposure time. This fluctuation can
be attributed to the dissolution and re-passivation of the native
TiO, film formed on the alloy.

The cyclic polarisation curves for both commercial Ti-
6Al1-4V and experimental Ti-6Al-xV-yFe alloys in 3.5 wt%
sodium chloride are presented in Figure 7. It can be observed
that all the alloys did not show the active nose seen in
sulphuric acid solution. This indicates that the passive film
was formed spontaneously during anodic polarisation in
3.5wt% sodium chloride solution.**?**! A clearly defined
Tafel slope in the anodic region was not seen in all the alloys.
This behaviour is similar to the reports of Dai et al.”*®! on the
corrosion behaviour of Ti-6Al-4V alloy in 3.5 wt% sodium
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FIGURE 7 Polarisation curves for alloys immersed in 3.5 wt%
sodium chloride solution at 25 °C
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chloride. The reverse scan of all the alloys moved in
anticlockwise indicating resistance to pitting corrosion. Yu
and Scully®” reported that titanium alloys are resistant to
pitting corrosion in aerated chloride environments. In their
study, they found that Ti-6Al-4V exhibited stable pitting at
anodic potentials of 5.9 Vgcg (~5.5 Vag/agcr) in HClat 37° C.
Seah et al.”*®! also reported high pitting resistance in sintered
Ti-6Al1-4V alloy polarised in dilute sodium chloride solution.
The passivation currents for all the experimental alloys
containing iron were comparable, but higher than that of the
commercial Ti-6Al-4V alloy. The breakdown potential of Ti-
6Al-3V-1Fe is lower in comparison to the commercial and
other experimental alloys. With increasing iron content above
1 wt% in the experimental alloys, an increase in current
density observed in the transpassive region of the Ti-6Al-3V-
IFe and Ti-6Al-4V alloys is suppressed. The corrosion
parameters determined from the polarisation curves are
presented in Table 2, it can be seen that the E.,, values of the
alloys are comparable, however, the corrosion current density
and corrosion rates differ slightly. The highest corrosion rate
and the largest transpassive region is obeserved in Ti-6Al-3V-
1Fe experimental alloy indicating its inferior corrosion
resistance relative to other alloys in this environment. There
are traces of transient currents in the passive region of the
alloy which suggests that the anodic passive film formed in
this region was unstable.*”! The other experimental alloys
have corrosion rates that are comparable to the commercial
alloy. The polarisation results are in agreement with the OCP
results presented in Figure 6.

3.4 | Sulphuric acid + sodium chloride
environment

Ti-6Al-1V-3Fe alloy was selected and tested in the mixed
solution of 3.5M sulphuric acid and 1.75 wt% sodium
chloride solution. This selection was based on the advantage
of cost over the other experimental alloys as well as the
corrosion performance of the alloys in the single 3.5M
sulphuric acid and 3.5 wt% sodium chloride solutions. The
corrosion performance of the alloy was compared against the
commercial Ti-6Al-4V and experimental Ti-6Al-4Fe alloys.
The OCP trace for the alloys in mixed solutions of 3.5 M
sulphuric acid and 1.75 wt% sodium chloride is presented in
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Figure 8. It can be seen that the OCP of the commercial alloy
decreased towards the cathodic region indicating the
dissolution of the passive film formed on the surface of the
alloy. The OCP of the experimental Ti-6Al-1V-3Fe and Ti-
6Al-4Fe alloys are comparable but the OCP of the Ti-6Al-4Fe
fluctuated throughout the period of immersion. This fluctua-
tion implies the dissolution and repassivation of the native
oxide layer on the surface of the electrode. The last OCP
values at 1200 s for both commercial and experimental alloys
are comparable.

The polarisation curves of the selected alloys in the mixed
solutions of sulphuric acid and sodium chloride are shown in
Figure 9. It is observed that the commercial Ti-6Al-4V and
experimental Ti-6Al-1V-3Fe followed similar trend in the
mixed solution. The alloys showed similar E.,, active to
passive transition and a range of passivity prior to dissolution
of the passive film in the transpassive region. The breakdown
potential of the commercial alloy (E,=2.1V) is slightly
higher than the experimental Ti-6Al-41V-3Fe alloy
(Ep, = 1.8 V). Unlike the commercial Ti-6Al-4V alloy which
exhibited reproducible polarisation curve, the polarisation
curves of Ti-6Al-4Fe alloy are not easily reproducible. The
E.or value of experimental Ti-6Al-4Fe alloy is higher than
that of the Ti-6Al-4V and Ti-6Al-1V-3Fe alloys. Experimen-
tal Ti-6Al-4Fe alloy did not show a distinct active to passive
transition but the passivation current is higher than that of the
Ti-6Al1-4V and Ti-6Al-1V-3Fe alloys in the mixed solution.
There are slight transient currents in the Ti-6Al-1V-3Fe alloy
while it dominated in the experimental Ti-6Al-4Fe. This
shows that Ti-6Al-4Fe alloy apparently suffered considerable
breakdown and rebuilding of the oxide film. This observation
is in agreement with the OCP curves presented in Figure 8.
The corrosion parameters presented in Table 3 showed that
the E_,, values obtained in the commercial Ti-6Al-4V and
experimental Ti-6Al-1V-3Fe alloys are comparable. How-
ever, the corrosion current density and corrosion rate of the
experimental alloy are higher.

4 | DISCUSSION

The corrosion resistance of titanium and its alloys in many
corrosive environments has been attributed to the spontane-
ous formation of stable and adherent passive film on the

TABLE 2 Electrochemical parameters for alloys immersed in 3.5 wt% sodium chloride at 25 °C

Alloys Equivalent weight E o (V vs. Ag/AgCl)
Ti-6A1-4V 11.82 —-0.246
Ti-6A1-3V-IFe 11.81 —0.297
Ti-6A1-2V-2Fe 1183 —-0.324
T1-6AI-1V-3Fe 11.83 —-0.293
Ti-6Al-4Fe 11.8 —-0.300

) fo— (uA/cmz) Rp Corr rate (mm/yr)
0.087 299029 0.0008
0.450 58455 0.0039
0.026 1000000 0.0002
0.067 358993 0.0006
0.050 505245 0.0005
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FIGURE 8 Variation of OCP measurement for Ti-6Al-4V and
Ti-6Al-xV-yFe in 3.5 M sulphuric acid + 1.75 wt% sodium chloride at
25°C

surface of the metal.***”! The oxide film has two layers, the
anatase (TiO) layer which is the inner layer close to the metal
and the rutile (TiO,) layer which is found in the outer layer of
the exposed sample.®'*'" When titanium is alloyed with other
metallic elements, findings have shown that the oxides of
these elements are also found in small quantities in the
predominant titanium oxide layers.*'**! Hence, the stability
of the oxide film can be influenced by alloy composition
among other factors like concentration of corrosive solutions,
temperature, immersion time and complexity of the anions in
the solutions.*”! An OCP measurement was used to evaluate
the passivity of the native oxide film formed on the surface of
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FIGURE 9 Corrosion plot for 3.5 M sulphuric acid + 1.75 wt%
sodium chloride

both commercial and experimental alloys in different
solutions. The commercial Ti-6Al-4V alloy showed an
increase in OCP towards the nobler values in both 3.5M
sulphuric acid (Figure 2) and 3.5wt% sodium chloride
(Figure 6) solutions. This increase in OCP has been attributed
to the growth of the native oxide layer on the alloy."*”!
However, the experimental alloys showed different behav-
iours in 3.5 wt% sodium chloride and 3.5 M sulphuric acid
solutions. The dissolution of the oxide film known as self
activation®***! was seen in 3.5M sulphuric acid while a
gradual increase in the OCP was seen in 3.5 wt% sodium
chloride solution. The commercial Ti-6Al-4V alloy which
displayed increased OCP values in both solutions showed a
decrease in OCP towards less noble values in mixed 3.5 M
sulphuric acid+ 1.75 wt% sodium chloride solution. The
variations in the OCP behaviour of the alloys confirm that the
alloys are sensitive to composition and corrosive solutions.
Tomashov et al.!">! have reported that alloying elements like
aluminium, vanadium, molybdenum, zirconium and niobium
promoted the anodic dissolution of passive film in sulphuric
acid by modifying the defectness and increasing the ionic
conductivity of the film when the alloying elements enter the
lattice of the film. Researchers have reported that aluminium
promotes the dissolution of TiO, oxides when aluminium is
added to titanium.**¥ The anodic reaction governing the
dissolution of titanium is well reported,'?****# this reaction
is presented as follows:

Ti— Ti*" + 3e” (1)

The dissolution of the native TiO, film formed on the
experimental alloys in solutions containing sulphuric acid is
in agreement with the previous research.”*®**! It was reported
that the protective film formed on titanium alloy rapidly
dissolves in concentrated reducing acids like sulphuric acid,
oxalic acid and hydrochloric acid.[*72%424%]

It is interesting to note that the commercial alloy did not
show any evidence of dissolution of the oxide layer when
immersed in sulphuric acid at OCP for 3600 s. For the same
exposure time at OCP, the experimental alloys containing
iron showed dissolution in sulphuric acid. It is thought that the
addition of iron to the experimental alloys enhanced the
dissolution of the native oxide film. It was observed that
the experimental alloys containing more than 1wt% iron
attained a stable OCP of —600 mV gg/aeci in 3600s. This
value is close to the stable potential of pure titanium after self-
activation in strong acids ~—660mVgcg (—621mV g
Agc1)-[32] The dissolution of the native oxide layer formed
on the iron containing alloys is confirmed in the microstruc-
ture presented in Figure 3. The thinning of the oxide film is
evident with increasing iron content in the alloy. When 3 wt%
of iron was substituted for vanadium in the experimental
alloy, the microstructure of the exposed alloy showed that the
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TABLE 3 Electrochemical parameters for alloys immersed in 3.5 M sulphuric acid + 1.75 wt% sodium chloride at 25 °C

Alloy Equivalent weight E (V)
Ti-6A1-4V 11.82 -0.512
Ti-6Al-1V-3Fe 11.83 —-0.586
Ti-6Al-4Fe 11.8 -0.376 0.1

alloy was already in the active state. Evidence of corrosion
attack was seen in alloy containing 4 wt% iron as the sole beta
stabilising agent. In mixed solutions of sulphuric acid and
sodium chloride, the last OCP recorded for both commercial
and selected experimental alloys are comparable. The
dissolution of the passive film on the alloys can be attributed
to the complexity of the sulphate and chloride ions in the
solution. Based on the OCP results, it can be concluded that
the experimental alloys have a better corrosion resistance in
sodium chloride when compared with the sulphuric acid and
mixed sulphuric + sodium chloride solutions. The potentio-
dynamic polarisation results presented in Figure 7 and
Table 2 confirmed the superior corrosion resistance of all
the alloys in sodium chloride solution in comparison with
the other test solutions. The corrosion rates of the alloys are
lower in sodium chloride solution than in sulphuric acid and
mixed sulphuric acid + sodium chloride solutions.

When comparing the corrosion performance of the
commercial Ti-6Al-4V alloy and the experimental Ti-6Al-
xV-yFe alloys, it will be insufficient to draw conclusions from
the OCP measurements. This is because the behaviour of the
native oxide film formed on the surface of the alloy when
exposed to corrosive solutions at OCP differs from the anodic
oxide film grown during anodic polarisation.'**! Blackwood
et al.***" reported that anodic oxide film can be grown on
titanium through anodic polarisation and the dissolution of
this film in 3M sulphuric acid is uniform and very slow
compared to the native oxide film that is formed at OCP.
Therefore, the electrochemical parameters obtained from
anodic polarisation of both commercial and experimental
alloys were compared and analysed to further delineate the
corrosion behaviour of the alloys. In sulphuric acid solution,
the experimental alloys containing both iron and vanadium as
beta stabilising elements had better corrosion resistance than
the alloys containing only one beta stabilising element
including the commercial alloy. With comparable E..
values, the passivation current of the experimental alloys
containing iron and vanadium was ~10 times lower than that
of the commercial alloy. Additionally, the corrosion rates and
the critical current densities for passivation are lower in the
experimental alloys containing iron and vanadium than in the
commercial alloy. In 3.5 wt% sodium chloride, it can be seen
in Table 2 that all the experimental alloys except Ti-6Al-3V-
1Fe have lower corrosion rates than the commercial alloy.

Leorr (nA/cm®) Rp Corr. rate (mm/yr)
39 669.05 0.34

96 270.23 0.84

1786.5 +276.5 1472 +2.3 15.56 +2.4

The lowest corrosion rate was observed in the experimental
alloys containing equal amount of the two beta stabilising
elements (Ti-6Al-2V-2Fe). From the above results, it would
appear that the partial substitution of vanadium with iron is
beneficial in terms of corrosion performance. It is still unclear
how iron contributes to the low corrosion rates observed in the
experimental alloys, but previous reports on iron containing
titanium alloys have shown improved corrosion performance
over the commercial Ti-6Al-4V alloy.?>*¥! Lu et al.l*!!
reported that Ti-6Al-4Fe alloy showed a lower corrosion rate
in simulated body fluid (pH = 7.4) due to a compact layer of
aluminium and iron oxide which protects the TiO, film from
dissolving. Fujii et al.'! also reported that Ti-1%Fe-0.3%0-
0.04%N has an improved corrosion resistance over Ti-6Al-4V
alloy in a boiling sodium chloride + hydrochloric acid
solution. They proposed that the presence of nitrogen could
have influenced the improved corrosion resistance. A
detailed experimental study on the kinetics and stability of
the passive film that is grown during anodic polarisation of
the experimental alloys is needed to fully understand
mechanisms influencing the passivation behaviour of the
experimental alloys.

In mixed 3.5M H,SO4+ 1.75wt% sodium chloride
solution, the experimental alloys containing two beta
stabilisers, iron and vanadium, showed higher corrosion
rates and lower breakdown potentials than the commercial
alloy despite having a comparable E,,.. This suggests that the
alloy is sensitive to the complexity of the anions present in the
solution. The sensitivity of the alloys to the complexity of
the anions in the mixed solution is also displayed by the
commercial alloy. The alloy showed a large active to passive
transition nose (Figure 9) in comparison with the active nose
displayed in 3.5M sulphuric acid solution (Figure 5).
The active to passive transition behaviour in titanium alloys
have been reported as signature of incomplete passivation!*¥!
which would result in vacancies in the oxide film. Anions like
chloride and sulphate ions can fill these vacancies and cause
corrosion attacks on the metal. It is noteworthy that the
experimental alloy containing only iron as the beta stabiliser
had a very high corrosion rate and transient current in the
passive region when polarised in the mixed 3.5 M sulphuric
acid + 1.75 wt% sodium chloride solution. This makes Ti-
6Al-1V-3Fe a preferred choice over Ti-6Al-4Fe alloy if any
of the low-cost option is to be applied in this environment.
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5 | CONCLUSION

The experimental alloys showed good corrosion resistance
and were comparable with the commercial alloy in 3.5 wt%
sodium chloride solution. The partial substitution of
vanadium with more than 1 wt% iron (Ti-6Al-2V-2Fe and
Ti-6Al-1V-3Fe alloys) yielded lower corrosion rates when
compared with the commercial alloy. These alloys can be
used as cheaper replacements for Ti-6Al-4V alloy in marine
industries. In 3.5 M sulphuric acid, the experimental alloys
(Ti-6Al-3V-1Fe; Ti-6Al-2V-2Fe and Ti-6Al-1V-3Fe)
containing both iron and vanadium as [ stabilisers showed
better corrosion resistance than Ti-6Al-4V alloy with
lower corrosion rates, critical current densities and passiv-
ation currents. In mixed solution of 3.5M sulphuric
acid + 1.75 wt% sodium chloride, the commercial Ti-6Al-4V
alloy displayed superior corrosion resistance to the experi-
mental Ti-6Al-1V-3Fe alloy. However, Ti-6Al-1V-3Fe
alloy is preferred over Ti-6Al-4Fe alloy when considering
cost of these alloys in the mixed solution.
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Abstract. To reduce the cost of metallic alloys the first approach considered is to substitute expensive alloying elements
with inexpensive elements that fulfil similar functions. The second approach is to optimise the microstructure and
mechanical properties of the alloys by adjusting processing conditions. Iron, a cheap B-stabilising element in titanium
alloys, was added to partially substitute vanadium in experimental Ti-6Al-xV-yFe alloys (where x =1-4, y =0-3 and
x+y =4). Unlike other studies where vanadium was totally replaced by iron, in this work partial substitution of V by 1-3
wt % Fe was made to limit the possibility of forming intermetallic phases in the alloys. The experimental alloys were
produced by vacuum arc melting and the small ingots were machined to produce plane strain compression samples for
hot isothermal testing on a Gleeble 3500. The tests were done at a temperature of 900°C, strain rate of 1s™' and total
strains of 0.6 and 1.2, under plane strain conditions. The microstructures of the as-cast and deformed samples were
analysed using optical and scanning electron microscopy (SEM) to assess the deformation mechanisms. The flow stress
curves showed that the as-cast Ti-6Al-4V had a higher resistance to deformation than the iron-added experimental alloys.
The amount of total strain had a significant effect on the flow behaviour of the alloys. Microscopy showed that
deformation bands were more prominent in the deformed Ti-6Al-4V alloy than in the deformed Ti-Al-V-Fe alloys. SEM
images revealed rotation and bending of a-laths in the deformed experimental Ti-Al-V-Fe alloys. The low resistance to
deformation observed in the experimental alloys at 900°C was sensitive to the higher ratio of iron to vanadium.

INTRODUCTION

The development of low-cost titanium alloys has remained a subject of interest for more than a decade'?. This is
because widespread application of titanium alloys is limited by their high processing costs'>. Stringent
environmental regulations have been applied to mitigate climate change and the consumption of fossil fuels. As a
result, the demands for lighter materials with high specific strength is increasing®. Titanium has exceptional specific
strength among the light alloys (Al, Mg and Ti)’” and its use in non-aerospace sectors, such as land-based transport,
is increasing”®. Consequently, the main thrust for the development of new titanium alloys is cost reduction for wider
applicability’. The primary conversion of ingot to mill products accounts for 30% of the total cost of the material,
while 20% of the material is wasted during this process. Then the secondary process, which involves machining of
mill products to produce the final shapes, comprises 40% of the total material cost with about 90% loss of the
original material'’. Therefore, much research effort focusses on the development of new low-cost alloys and the
optimisation of the primary and secondary processing conditions for existing alloys.

The development of low-cost titanium alloys starts by replacing expensive alloying elements with cheaper ones
that fulfil similar functions''. Koike et al.'*, Fujii and Takahashi'’, and Bolzoni et al.'* developed low cost (o+B)
titanium alloys by replacing expensive vanadium with iron since vanadium and iron both act as [ stabilising
elements. Similarly, chromium and manganese were used in place of vanadium as beta stabilizers in another study'.
Fujii et al."' reported that aluminium increased the deformation resistance and contributed significantly to material
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loss during hot working of a Ti-Al-Fe alloy series, so they developed Ti-Fe-O-N alloys by using oxygen and
nitrogen as a replacement for aluminium''. They found that the Ti-Fe-O-N alloy series had excellent hot workability
and higher ductility when compared to commercial Ti-6Al1-4V and a previously developed series of Ti-Al-Fe alloys
" In other work, Volodin et al.'® partially substituted vanadium and molybdenum with iron in a VT16 alloy and
reported that iron substitution did not deteriorate the mechanical properties of the alloys.

The second stage in the processing of low-cost titanium alloys is to make use of cost saving production
techniques and optimised processing routes''. The use of powder metallurgy to produce near-net shaped products is
less expensive than processing costs incurred during ingot conversion (hot-working) and machining'”". However,
as some profiles are too large to be produced commercially by powder metallurgy, the ingot metallurgy route is
indispensable. Several researchers have focussed on optimising the hot working processing parameters of titanium
alloys as well as the machining of titanium alloys to reduce fabrication costs®*. It is worth mentioning that while
the main aim is to reduce costs, property optimisation is also possible®*.

In this study, Ti-Al-V-Fe alloys were assessed as potential cheaper alternatives to the “titanium workhorse”, Ti-
6Al-4V. The possible target markets exclude the aerospace sector, which has stringent requirements, and include the
transport, chemical, marine, sports and civil industries. The adopted design approach was to partially substitute
expensive vanadium with iron which would reduce the cost of stabilising the beta phase. This would allow the use of
inexpensive ferro-vanadium as a source of both Fe and V. Keeping in mind that the eutectoid reaction in Ti-Fe
produces the equilibrium intermetallic TiFe phase®, some vanadium was retained in the alloys to suppress its
formation®. After the alloys were produced, the influence of partial substitution of vanadium with iron on the hot
deformation behaviour of the alloys was assessed.

MATERIALS AND METHODS

The starting materials were 99.6% Al, 99.5% V, 99.7%Fe and 99.5% Ti powders. The powders were weighed
and compacted to produce nominal compositions of the Ti-Al-xV-yFe alloys (where x = 1-4, y = 0-3 and x+y =4) as
listed in Table 1. The Ti-Al-xV-yFe compacts were melted in a vacuum arc furnace and the small ingots were
machined to produce plane strain samples (8 x 15 x 20 mm) for hot isothermal compression testing on a Gleeble
3500 thermomechanical simulator. Two samples from each Ti-Al-xV-yFe alloy were compression tested, one to a
total strain of 0.6 and the other to 1.2. All tests were done at a sub-transus temperature of 900°C (i.e. in the a+f
phase field), and a strain rate of 1s”, as shown in Figure 1. Energy Dispersive X-ray Spectroscopy (EDX) was used
to determine the composition of the as-cast alloys.

The microstructure of the as-cast and deformed samples was analysed using optical and scanning electron
microscopy (SEM) in Backscattered Electron (BSE) mode. The percentage fraction of the B-phase in each alloy was
evaluated using ImagelJ v1.48 software’’. The equivalent molybdenum content and beta transus temperatures of the
alloys were calculated using Equations 1 and 2°*%°. The Backscattered Electron (BSE) images of the deformed
samples were used to assess the deformation mechanisms.

[Mo].q(wt%) = (Mo) + T2+ &2 4+ 80 B 4 1 25(Cr) + 1.25(Ni) + 1.7(Mn) + 1.7(Co) + 2.5(Fe) (1)
B transus (°C) = 882 + 21.1[Al] — 9.5[Mo] — 11.8[V] — 12. 1[Cr] — 15.4[Fe] + 23.3[Si] + 123[0] )
lsAl
900 -

5°C/s

Temperature (°C')

180 360 420
Time (s)

FIGURE 1. Hot-deformation schedule for plane strain of the Ti-Al-xV-yFe alloys.
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RESULTS AND DISCUSSION

Composition and As-cast Microstructure

Table 1 shows the actual and nominal chemical compositions obtained from the EDX analysis, the beta transus
temperatures (Tp) and the beta phase fractions (f;) of the as-cast alloys. The B-phase fractions increased with a
decrease in the beta transus temperature due to the increasing iron content. This can be attributed to the strong beta
stabilising effect of iron”****'. The slight variations in the beta phase fraction and the beta transus temperatures for
different casts of the same targeted alloys are due to the differences in chemical composition of the castings.

Figure 2 shows the optical micrographs of the as-cast alloys, consisting of Widmanstitten laths embedded within
prior beta grains. The Ti-6Al-4V alloy without iron (Figure 2a) exhibited packets of lath colonies within the prior
beta grains while the iron added alloys (Figure 2b-d) displayed basketweave microstructures. The basketweave
structure dominates the microstructure of the alloys with increasing iron content. The SEM-BSE images of the as-
cast alloys shown in Figure 3 corroborate the microstructural features from Figure 2. It is evident that the laths in the
as-cast Ti-6Al-4V alloy are similarly oriented while the iron-containing alloys show the basketweave pattern.

Deformation Behaviour

The stress-strain curves obtained from hot compression testing with total strains of 0.6 and 1.2 are given in Figure 4.
At both strains, the peak flow stress of the iron-added alloys was lower than that of Ti-6Al-4V. The addition of
1 wt % Fe caused a sharp decrease in flow stress, and a further small decrease with addition of 2 wt % Fe. The
decrease in flow stress implies that partial substitution of vanadium with iron reduced the deformation resistance of
the Ti-Al-xV-yFe alloys. Iron is a strong B stabiliser with a maximum solubility of 22 wt% in the B—phase’*™, so an
increase in Fe would increase the amount of f—phase in the alloys (Table 2).

TABLE 1. Chemical compositions from EDX of as-cast Ti-6Al-xV-yFe (bal. Ti) alloys, in wt %.

Actual Composition

Nominal Alloy Composition Ty (°C) 15 (%)

Al \4 Fe
Ti-6Al-4V 6.3+0.0 4.0+0.1 - 968.6 13.7
Ti-6Al-3V-1Fe (1) 59+0.0 2.9+0.1 1.1 +£0.0 954.3 21.7
Ti-6Al-3V-1Fe (2) 57402 29403 1.1+0.3 951.5 18.3
Ti-6Al-2V-2Fe (1) 59402 19+04 2.1+0.1 951.1 23.9
Ti-6Al-2V-2Fe (2) 5.6+0.1 1.9£0.1 2.1+0.1 946.3 24.1
Ti-6Al-1V-3Fe (1) 5.6+0.1 0.8+0.0 2.9+0.1 944.6 335

Ti-6Al-1V-3Fe (2) 5.6+02 0.9+02 2.8+0.1 947.3 30.0

(b) Ti-6Al-3V-1Fe c) Ti-6Al-2V-2Fe (d) Ti-6Al-31V-3Fe
FIGURE 2. Optical micrographs of as-cast Ti-6Al-xV-yFe

(a) Ti-6A1-4V
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(c) Ti-6Al-2V-2Fe B (d) Ti-6Al-1V-3Fe
FIGURE 3. SEM-BSE images of as-cast Ti-6Al-xV-yFe.
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FIGURE 4. Compressive engineering stress-strain curves of as-cast Ti-6Al-xV-yFe at a strain of (a) 0.6 and (b) 1.2.
The bce B—phase in titanium has more slip systems than the 4cp o—phase, so a higher amount of 8 will decrease the
resistance to deformation®'. Fujii er al. reported that alloy systems containing iron as the sole beta stabilising
element (Ti-Al-Fe and Ti-Fe-O-N) have a lower deformation resistance in comparison to Ti-6Al-4V.

Further increase in iron addition to 3 wt % led to a small increase in the deformation resistance of the alloy;
although still much lower than Ti-6Al-4V under both 0.6 and 1.2 strains. The increase in flow stress with a
3 wt % Fe addition may be due to the influence of solid solution strengthening of the B phase by iron. This can be
explained in two ways: (1) straining of the B-lattice due to the larger differences in the atomic radii of titanium
(0.145nm) and iron (0.126nm) relative to titanium and vanadium (0.132nm) ***°. A larger difference in atomic sizes
of the solvent (Ti) and solute atoms (Fe, V), increases the lattice strain which impedes dislocation mobility *.
(2) the effect of iron on the electron per atom (e/a) ratio in the alloy. It has been reported that Fe addition in beta
type titanium alloy enhanced solid solution strengthening due to an increase in average e/ in the alloy®>. Thus, the
deformation of the iron added alloys was sensitive to the Fe:V ratio. This is illustrated in Figure 5 where the effect
of molybdenum equivalent ([Mo],) on the peak flow stress is shown. There was a substantial drop in maximum
stress for [Mo]eq between ~3 and ~5, with a slight increase in the peak stress at higher [Mo], values.

With addition of 1 wt % Fe, the [Mo]eq increases from ~3 (Ti-6Al-4V) to ~5, and the deformation process is
controlled by the increase in the number of available slip systems in the bcc B phase. An increase in the [Mo]e,
beyond 5 allows solid solution strengthening to control the deformation process. With a higher iron to vanadium
ratio, solid solution strengthening has a significant effect on deformation behaviour due to the high amount of
straining caused by the difference in the atomic sizes of iron and titanium. However, when the ratio of vanadium to
iron is equal or higher, the number of slips available for deformation controls the deformation behaviour. In other
words, it appears that the f phase containing more iron than vanadium is stronger than when the vanadium content is
equal to or higher than iron. Further studies are needed to provide more explanation for this observation.

The partial substitution of vanadium with iron had an influence on the flow softening behaviour of the alloys.
Figure 4 shows that at a strain of 0.6, continuous flow softening occurred in the Ti-6Al-4V alloy after the peak stress
was reached while the iron-added alloys showed quasi-stable softening. The flow curves of the iron-added alloys
were almost steady between ~ 0.2 to 0.6 strains meaning that the rate of work hardening equaled that of flow
softening. At a strain of 1.2, all the alloys exhibited rapid softening accompanied by oscillations after the peak stress
was reached. It has been reported that oscillation of flow stress which occurred during hot compression testing of
titanium alloys are indication of flow instability such as cracking and flow localisation*"*°.

In general, the behaviour of the flow curves under different deformation conditions indicates dynamic
recrystallisation, dynamic recovery, cracking and deformation heating as possible softening mechanisms. The main
deformation mechanism can be understood by examining the microstructural features of the deformation zone. The
microstructures of the deformed zones are shown in Figure 6-8. The optical micrographs in Figure 6a and b reveal
visible deformation shear bands in the alloys deformed to a total strain of 1.2, which indicate inhomogeneous
deformation. It has been reported that deformation of titanium alloys below the B-transus temperature is complex
and could result in inhomogeneous deformation®®*’. Although the microstructure of some of the samples deformed
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to a total strain of 0.6 (Figure 6¢) showed some shear bands, the extent of inhomogeneous deformation was much
lower than the alloys deformed to 1.2 strain. It is believed that the inhomogeneous deformation observed in these
alloys is influenced by the amount of strain induced in the material.

It is evident in Figure 7a that some dynamic recrystallisation occurred in Ti-6Al-4V alloy when deformed at 0.6
strain. However, deformation bands were prominent in the alloy when the strain increased to 1.2 (Figure 8a). The
iron-added alloys showed the same microstructural features at both strains of 0.6 and 1.2. SEM imaging of the iron
added alloys (Figures 7 b-d and 8 b-d) in the deformed zone revealed bending and rotation of a-laths. The rotation
and bending of o-laths allow dislocation to climb and glide easily*'.
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FIGURE 5. Plot of peak flow stress against equivalent molybdenum content in Ti-Al-xV-yFe alloys (¢ = 0.6).

(a) Ti-6A1-4V (¢ =1.2) (b) Ti-6Al-3V-1Fe (e = 1.2) (c) Ti-6A1-4V (e = 0.6) (d)Ti-6Al-1V-3Fe (¢ = 0.6)
FIGURE 6: Optical micrographs of deformed zones in selected Ti-6Al-xV-yFe alloys showing region of shear bands

uage 2WKX age JMKX  SowASNISES)  Dus24CaNG
N e

(a) Ti-6A1-4V (b) Ti-6Al-3V-1Fe (c) Ti-6Al-2V-2Fe (d) Ti-6Al-1V-3Fe
FIGURE 7: SEM images of deformed zones in Ti-6Al-xV-yFe alloys (¢ = 0.6)
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(a) Ti-6Al-4V (b) Ti-6Al1-3V-1Fe (¢) Ti-6Al-2V-2Fe (d) Ti-6Al-1V-3Fe
FIGURE 8: BSE-SEM images of deformed zones in Ti-6Al-xV-yFe alloys (¢ = 1.2)
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CONCLUSIONS

In this study, the influence of partial substitution of vanadium with iron on the hot deformation behaviour Ti-Al-

V-Fe alloy was investigated. The following conclusions are made:

NN WD
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24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

(1) Partial substitution of vanadium with iron substantially reduced the deformation resistance of the
alloys. The deformation of the iron added alloys was sensitive to the molybdenum equivalent and
higher iron to vanadium ratio.

(i1) The total deformation strains (0.6 and 1.2%) influenced the flow behaviour of the alloys. Excessive
straining to 1.2% increased the amount of inhomogeneous deformation that occurred in the alloy. More
deformation bands were seen in alloys deformed to a total strain of 1.2%.

(ii1) Lath rotation and bending was the dominant softening mechanism in the iron-added alloys.
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Titanium: metal of the future

14th November 2016  Sarah

Michael Oluwatosin Bodunrin

Wits University

South African researchers are poised to fundamentally change the titanium
industry, through developing a way to make less expensive titanium.

Titanium is abundant in South Africa and is as strong as steel, but much
lighter — which makes it an important metal for the aerospace industry, where
it is used extensively in air- and spacecraft. South Africa is among the top
producers of titanium ore in the world and there are efforts to set up a robust
titanium industry in the country, rather than simply exporting the ore.
Beneficiating our titanium would mean that both commercial and the less
expensive experimental titanium products could be made from local raw
materials and become a large source of foreign revenue.

But the metal is difficult to process. For this reason, although titanium was
first discovered in 1791, it took more than a century to put it to use. It has a
strong affinity for air, which means unless handled carefully the metal binds
with air at high temperatures and becomes brittle and weaker.
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Because of these difficulties, titanium is prohibitively expensive, and its
applications are limited.

For example, although it has comparable strength to steel and is less likely to
rust, you are unlikely to find titanium in car parts or as structural elements in
buildings. They are made from steel because steel is stable, easy to process,
and, importantly, affordable.

But steel in cars adds to their weight, and thus their fuel consumption and
environmental pollution. Its use in manufacturing and construction is also
problematic because steel corrodes easily in most industrial environments.
This can lead to plants breaking down and large economic losses.

The answer to these problems could lie in titanium, but only if we can make it
cheaper.

This is one of our research focuses at the Centre of Excellence in Strong
Materials, based at the University of Witwatersrand.

By mixing titanium with other metals, we can make it stronger. These
mixtures are called alloys.

The process of making an alloy is similar to making bread: you add certain
amounts of specific ingredients to flour to create the kind of bread you want.
Many alloys, including titanium alloys, are produced by mixing two or more
types of metals in the right proportion. These ratios give the alloys certain
properties and thus a wide range of applications.

The most used titanium alloy, known as Ti-6Al-4V, contains titanium, but with
6% aluminium and 4% vanadium, a shiny silver metal, mixed in. If you have a
cup of the Ti-6Al-4V alloy, it would contain about a tablespoon of aluminium
and a teaspoon of vanadium.

This alloy accounts for more than half of the global titanium market. It is
preferable to pure titanium because the presence of aluminium and vanadium
stabilises the alpha and beta phases respectively. Phases are the ways in
which the atoms can arrange themselves inside the alloy, like serviettes
folded into different shapes. They are the building blocks that make up Ti-6Al-
4V and can only be seen with the help of a microscope.

These phases are like the red and white blood cells in your blood: Both cells
are necessary but they only work well when they are in the correct proportion.
Pure titanium would consist of only the alpha phase — in which the atoms
collect into hexagons — at room temperature, but these would transform into
beta phase — configured into cubes — at higher temperatures. The role of
vanadium is to ensure that the titanium retains the beta phase (cubes) at
room temperature. By tweaking these phases in the alloys, materials
engineers select the material’s properties.

Titanium itself is expensive, but adding costly alloying elements like
vanadium make the alloy even more expensive. The cost of titanium alloys
can be reduced by either using cheaper alloying metals or improving the way
that we make products out of titanium, so that less titanium is wasted.
(Wastage is a major factor in the high price of titanium.)

At the University of Witwatersrand, researchers in the Centre of Excellence in
Strong Materials are trying to substitute expensive vanadium with iron, which
is very cheap and capable of stabilising the beta phase. We have found that
iron can also make the titanium alloy even stronger. Although this approach is
not new to researchers working in this field, the problem they often encounter
is that, when they add about 3% iron or more to titanium, it does not stabilise
the beta phase but forms clumps of metal. It is similar to adding too much
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Cremora powder to a cup of coffee: you get congealed clumps rather than a
well-blended hot beverage.

To prevent the formation of these clumps, known as intermetallic compounds,
we are developing an experimental alloy. We are not replacing all the
vanadium with iron but only partially substituting it. Retaining some vanadium
in our alloys may prevent iron from forming clumps with titanium.

We have played with the amount we substituted, varying it between 1% and
3%. Our goal was to see how much the material’'s behaviour changed as we
added more iron to the alloy. Increasing the iron content to 3% and reducing
the vanadium content to 1% helped to increase the amount of cube-shaped
beta phase in the alloy and the hardness also increased.

A major concern, though, is that iron reacts badly to salty water. But as long
as we kept the iron levels below 4%, it didn’t make the alloy more likely to
rust. In addition, a little dose of 1% vanadium was sufficient to suppress the
formation of the clumps which could have made the alloy very brittle.

From the results obtained so far, it appears that our alloys, with their unique
combination of iron and vanadium, might be a cheaper alternative to Ti-6Al-
4V. Our alloys can be produced locally, and could grow the possible
applications for titanium. But we still need to do more research before it is
scaled-up. The ultimate goal is to identify the best processing conditions for
shaping and forming this alloy into finished goods, such as wheel hubs,
bicycle frames, and jewellery. This would help industries to avoid expensive
trial and error when processing the alloy into finished products — and could
bring lighter, stronger cars or kitchen utensils onto the market.
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