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Abstract

Material forming processes such as forming aerospace components, it is well
known that are highly influenced by strain, strain rate and temperature. The effects
of these parameters in flow stress and microstructure of titanium alloys are critical.
The regime of strain rates where aerospace components such as aerofoil shapes
for gas turbine engines are formed are between 1s? and 150 s. Conventional
testing machines are unable to reach these strain rates and provide accurate

information which the manufacturing community is currently interested.

This project focused on the process optimization of a high strain rate forging
simulator which is capable for strain rates up to 200st. An equipment bought by
the AFRC to deal with the lack of flow data. Data which will be used in the future
for simulating high speed forging and extrusion. The experimental optimization
was achieved through temperature optimization, sample relevant position to push

rod and sample position to induction coil.

Furthermore, the project investigates the high strain rate deformation of Ti6Al4V
alloy with two distinct microstructures in terms of strain rate and temperature
influence on the microstructure. The flow behaviour of the material were also
investigated and modelled. The Hansel-Spittel (H&S) rheological law

demonstrates good compliance with the high strain rate deformation of Ti6AI4V.

Last but not least, the data obtained by the high strain rate deformation of the
Ti6Al4V was used to create the process and instability maps for the Ti6AI4V. For
both microstructures the stable and unstable deformation areas has been
identified.
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1 Introduction

1.1 General Introduction of Titanium

Wit hi n t he tifadumtskthé rinthenostabundant element and the fourth
most plentiful metal [1][2]. Titanium can be found in two natural forms, as a mixed

oxide with iron FeTiO3 (ilmenite) or as an oxide TiO2 (rutile) [3][4][5].

The first person to discover Titanium was William Gregor, an amateur mineralogist
in 1791. Gregor discovered titanium in dark, magnetic iron sand (ilmenite) in
Cornwall (UK). In 1795, Klaproth, a German scientist, identified an oxide of an
unknown element, which was the same Gregor earlier had discovered. The
el ement was named by Klaproth Atitani umo
mythology, the powerful sons of Earth, who symbolised strength and power.
Nevertheless, titanium was not used before the Kroll process was at
commercialised in 1950. The process makes titanium more readily recoverable
from the ores. The process until now remains unchanged and is the principal

process for titanium production today [4] [5] [6].

In comparison to other conventional engineered materials such as steel or
aluminium, titanium is regarded as expensive, because of the production cost;
however, the combination of unique and useful properties such as superior
strength-to-weight ratio, fatigue and corrosion resistance at elevated

temperatures justifies the higher cost. Furthermore, titanium and its alloys show
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superior lifetime and high durability with minimum maintenance demands in
comparison with steel. It was these properties that make titanium and its alloys
cost effective and led them to extensive use in aerospace applications and
especially in aircraft turbines engines as the material of choice for many of gas

turbine components.

The continuous growth of the aerospace industry in the last 30 years has resulted
in a demand for new titanium alloys for challenging aerospace applications [7].
Owing to these demands the research and development of titanium alloys has run
parallel to the development of the aircraft engines. Titanium was introduced to gas
turbines for the first time in 1952, when Pratt and Whitney used titanium in
compressor blades and discs in the J57 engine [8]. Today titanium alloys
compose almost the 30 per cent of the weight of modern aerospace-engines
Figure 1.1[9]. This extensive use of titanium generates the need for a lot of

different alloys. One of the most important is Ti-6Al-4V.
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Figurel.l: Gas turbine engine Material disibution [9]
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1.2 Forging Industry

The global forging market was capitalised at 57.42 billion dollars in 2015 and
anticipated to cross 86.90 billion dollars in 2021 with 8% annual growth rate [10].
In the UK manufacturing makes up to 11% of Gross value added (GVA), 44% of
total UK exports, 70% of business R&D and directly employs 2.6 million people.
The UK is the eighth largest manufacturing nation in the world. The main sectors
in UK manufacture are the automotive, aerospace and Oil & Gas. Based on that
need the University of Strathclyde and Boeing, Rolls Royce and Timet have
created the Advanced Forming Research Centre (AFRC) part of the CATAPULT
in High Value Manufacturing to address the challenges of future forming and
forging. The research reported hereini s part of the AFRCO0s dev
and forming technologies to support the development of high integrity

components for automotive, aerospace, medical and oil and gas sectors.

In modern manufacturing the need for process optimization is becoming more and
more important due to the need to drive down costs and increase production rate
[11]. In the past high strain rate forging processes were often used to manufacture
parts that were oversize and which required final machining to shape. More
recently there has been a move to forge parts close to net shape to minimize the
need for such final machining. In addition, there is a requirement to ensure close

control of microstructure to guarantee final properties. A principle tool in
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supporting process optimization is the use of Finite Element (FE) simulation

[12][23].

A number of factors need to be in place to ensure that process models are robust;
these include a large database of materials properties and a representation of the
boundary conditions relevant to the process. These boundary conditions may
include such factors as the heat transfer [14][15][16] and friction coefficient
[11][17][18][19]. Both of these factors are difficult to determine since they are each
affected by a range of secondary factors e.g. lubrication thickness and type,

forging loads and tool condition.

The most widely used method for collecting material data to simulate forging
processes are literature-models, static or dynamic tests and from material
databases which are included in many commercial FE software packages.
Software such as DEFORM-3D®, QFORM® and FORGE®NXT provide users
with material databases and have the facility to incorporate various material
models which researchers can use. In addition, software which works with
material models like that of Hensel & Spittel (see section 5.4) require material
constant and coefficients as an input from the user [20]. That has as a
consequence the need for accurate material data which will be incorporated in the

simulations to achieve optimum results.

Taking under consideration the significance of the accuracy in the material data

which is required for forging process optimization only mechanical tests under
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guasi-static and dynamic loading can provide the material flow behaviour. A
fundamental principle of the materials science discipline is that any changes in
the mechanical properties are entirely determined by the metallurgical structure
of a metal and that any differences in these properties are the direct consequence
of changes in that microstructure. Usually materials behaviour is expressed by
three major factors, the way that structure evolves with strain, temperature and

how flow stress interacts at a constant strain rate [21].

Due to the nature of the forging process, material data from conventional
mechanical tests are not enough to provide the full flow behaviour. Most of the
forging processes take place at strain rates higher that conventional testing
equipment can operate. For that reason special modified equipment is required to
achieve strain rates from 10s™ up to 200s* where forging processes are taking

place and material data are extremely important for process optimization.

1.3 Project Aim, Objectives & Approach

The general aim of this work is to establish and optimise an experimental
procedure for a new high strain rate servo-hydraulic forging simulator capable for
strain rates up to 150s™? with final goal to obtain material data for Ti-6Al-4V. The
material data will be used in the Advanced Forming Research Centre (AFRC) for
future forging process optimization to address the challenges of future forging and

enhance the capabilities of UK manufacture industry.
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The necessity for this project comes from the manufacturing community. The need
for experimental data for new and established titanium alloys for the development
of new Finite Element models to simulate forging operations is essential for the

future of the manufacturing industry.

For this work conventional and special modified servo hydraulic testing machines
will be used which are capable of achieving strain rates up to 200s™. Previous
studies conducted in the field of high strain rate deformation of titanium alloys
most commonly use split Hopkinson pressure bar (also known as Kolsky bar) or
Taylor impact [22]. Split Hopkinson pressure bar can achieve strain rates up to
10°st and the Taylor impact testing method can achieve strain rates up to 10’s
[23]. The strain rates which are achieved by these methods exceed the strain
rates that occur in high speed forging of titanium alloys and that makes the use of
special modified hydraulic testing machines preferable for the accurate study of
deformation phenomenon in the region of 1s to 200s* where high speed forging

OCcCurs.

The study will be focused on examining the effects of strain rate and temperature
during high strain rate deformation of Ti-6Al-4V and determine how these

parameters affect the flow stress and microstructure.

The objectives of this project can be summarised as follow:

A. To identify the experimental parameters and understand the level of

influence during the high strain rate deformation.
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B. Process optimize through modification of each parameter (temperature
control, position of the sample control and heating temperature
uniformity control) and all together and propose an experimental
procedure with aim to minimize the experimental variance.

C. To develop a framework for analysis for the results which will tackle the
challenge of the dynamic regime where high strain deformation occurs,
taking under consideration all the corrections needed for the
experimental results to represent the actual flow behaviour of the
material.

D. Investigate the flow behaviour of Ti-6Al-4V with two different
microstructures during isothermal high strain rate compression test and
correlate the results with the microstructure.

E. Investigate the formability of the Ti-6Al-4V in terms of processing map

and flow instability.

1.4 Thesis Outline

The thesis comprised by ten chapters:

The first chapter is the introduction to the thesis including the projects objectives

and approach.

The second chapter is the literature survey about titanium alloys and particular Ti-
6Al-4V. The deformation modes and deformed microstructures also included in

this chapter.
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In the third chapter the methodology for the process optimization of the high strain

rate deformation simulator is presented.

The project methodology is presented in chapter four. The methodology proposed
includes mechanical testing, flow behaviour, process mapping and process

optimisation methodologies.

Chapter five and six shows the results and evaluation of the as-received
(equiaxed) and lamellar microstructures respectively. The strain rate and the

temperature effect on the deformation behaviour of the Ti-6Al-4Vare discussed.

Chapter seven is about the process map of the examined material as well as the

flow instability. Both microstructures were investigated.

Chapter eight is a discussion about the results of chapter five, six and seven. The

chapter presents the comparison between the two microstructures.

Chapter nine is a case study, comparing results between the high strain rate

simulator (Phoenix) and Gleeble 3800 high strain rate deformation equipment.

Finally, chapter 10 is a summary of the research as well as future

recommendations.

The next chapter provides an overview of Ti-6Al-4V alloy and its properties.
Furthermore, previous research on titanium alloy under thermo-mechanical
processes on different strain rates and temperatures were presented. Also the

concept of flow instability during deformation is examined.
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2 Literature Survey

Ti-6Al-4V is comprised of 90 weight per cent titanium (Ti), 6 weight per cent
aluminium (Al) and 4 weight per cent vanadium (V) [24]. This chapter covers a
summary of titanium alloys microstructures, properties and deformation

mechanisms.

2.1 Titanium Alloys

Pure titanium has two allotropic forms. At low temperatures it has a hexagonal
close-packed (hcp) st ruct ur e, known as U phase and
(@b ov-gands) abody-cent red cubic (bcc) structure,
atomic unit cells of U andnibFigute2.4.dhear e sc
allotropic phase transformation occurs at 882°C whi ch i s known as t
At temperature un d e r  -tramsais poire titanium is stableinthe U phase and
abovetheb tr ansus thesb sp hadndldés meltmg point of 1678°C.

These two allotropic forms are one of the main reasons why titanium properties

show large variation [4][6][25].
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The microstructure and phase equilibrium of titanium alloy heavily depend on a
variety of alloying additions. In Figure2.2, these elements are classified as neutral,
Ust abi | i sstahilisers byr whiéh allotropic form they thermodynamically
stabilise. The U-stabilisers extend the U phase to higher temperatures, while the
b-stabilisers move the b phase field to lower temperatures. Neutral elements such

as zirconium (Zn) and tin (Sn) do not affect b-transus temperature [5][6].
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Figure2.2: Influence of alloying elements to Ti phase diagraf6$
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T h e-stdbilisers are oxygen (O), nitrogen (N), carbon (C) and aluminium (Al).
Aluminium is an important element within titanium alloys. As already stated due
to Ustabiliserst he U p h mayde dxteneldd do higher temperatures, in
addi t-stabilisersUare responsible for the development of a two phase field

( U+[a])

T h e -stdbilisers are subdivided in two types; the b-i somor phous- and t
eutectoi d. The ABDMRorphouss i etpments iare aiabium (N\b),
molybdenum (Mo) and vanadium (V) due to their high solubility to titanium.
Copper (Cu), chromium (Cr), magnesium ( Mn) an-eutectoidon ( Fe
elements. T h e-i ® o mo r p h o-eutecteedreldmebts can lowert h etrarfsus
temperature. The reduction of the b-transus temperature will carry on until an

eutectoid reaction occurs [26].

The alloy elements (neutral, Us t a b i | i -stabifisers) and a ombination of
thermo-mechanical processing (TMP) steps are the main mechanisms behind the
microstructure evolution in titanium alloys. Through the manipulation of thermo-
mechanical processing routes and alloying, a great number of new and advanced
titanium alloys has been created with unique and different mechanical properties.
These titanium alloys can be divided in five classes; (i) U, (i) b, (i) U+b, (iv) near-
U, (v) near-b. These five classes can be displayed on a pseudo binary b-
isomorphous phase diagram; Figure 2.3, which also comprises the start/ finish
martensitic line (Ms/Mf). From Figure 2.3 we can observe that the appearance of

Uphase will be the result of cooling below the b-transus where a phase

11
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transformation takes place through a martensitic reaction (diffusionless shear), or
by nucleation and growth of the U-phase. If the cooling process is through the
start/ finish martensitic line, then a percentage of the b-phase will be retained only
if the process is quick enough to suppress the nucleation and growth of the U-

phase.

’ Alloy Classes

e Ol a+p B .

Temperature  s—

% P Stabiliser =———
t— %6 0 Stabiliser

Figure2.3: The five classes of titanium alloys &i -isomorphous phase diagrarf26].

The U-phase range is limited to compositions where it is not possible to form the
b-phase. Unlike U alloys, near-U alloys through heat treatment in the U+b region
can lead to production of retained b in a metastable form at room temperature.
This can only happen when the composition is to the right of the start/ finish
martensitic line. The U + b composition range continues to the start/ finish

martensitic line at room temperature while past this complete retention of b-phase

12
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is possible. To the right of the start/ finish martensitic line the alloy composition is
defined as near-beta. The retained b-phase in this case is extremely metastable.
Furthermore, the transformation of b alloys can be achieved inside the equilibrium

U+ b field by precipitation reactions [26].

2.2 Physical Properties of Titanium

Titanium is a transition element with an atomic number of 33 and atomic weight
of 47.90. Titaniumds position in theicapaed i odi c
electronic properties which make it suitable material to produce a broad spectrum,

of alloys.

2.2.1Titanium Ti-6Al-4V

Ti6A-4V is an U + b titanium alloy that is
alloys in the world [27]. This versatile alloy accounts for approximately 45% of the

total titanium production. Ti-6Al-4V was first introduced in 1954 and is considered

to be a figeneral purpose titanil[B8nT-8A-Il oydo o
4V i sriaaohUU+b alloy and is avadmi-vadudhe i n p
forms. In addition to being lightweight, this alloy possesses high strength along

with excellent corrosion resistance, stiffness and fracture toughness. These

properties make it an attractive and feasible choice for aerospace, military and

bio-engineering applications [27].

13
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Ti-6Al-4V is usually used for applications with temperatures from -210°C to 400°C.
The density of Ti-6Al-4V is 4,43g/cm3, which is 56% of that of steel. The melting

point ranges from 1630°C-1650°C.

2.2.1.1 Aluminium Alloying Element

Ti-6Al-4V alloy is 6% aluminium,whic h st abi li zes the U phase
which stabilizes the b phase. sthiehabotropid di t i o1
transformation temperature, the percentage of aluminium defines the value of the
temperature. The 6% content is enough to strengthent he U phase by

solution, but yet, it is insufficient to cause embrittlement [29].

2.2.1.2Vanadium Alloying Element

Vanadium is a b phase stsaobliultiizoinn gs tardednigttihve
phase to refine the microstructure and strengthen the alloy [30].1t is believed that
the main mechanism which controls the transformation from the b phase to the U
phase is diffusional redistribution of vanadium between Uphase and b phase. The
U pl at e sitfabter cooliagdare thinner than those obtained at slower cooling

rates due to shorter periods of diffusion [31].

Katzarov et al. [31] developed a computer program based on a predictive
mathematical model designed for numerical simulation in the Ti-6Al-4V alloy of
the nucleation and growth processes of t he
Furthermore, the authors described a numerical procedure that used vanadium

concentration and temperature as variables in random nucleation simulations.

14
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Using computer program packages, they simulated the effects of different heat
treatments on the morphology of microstructural evolution. Their detailed findings
are beyond the scope of this dissertation, but their model can be used to predict
the morphology of the actual appli cati on of the bYU phase ¢t

6Al-4V.

2.3 Microstructures and their Property Relationships

According to L ¢ t | €4] i timegtitanium microstructure is determined by the
composition and the thermo-mechanical treatment history and consists of
different phases the most significant of which are described in section 2.3.3.
These phases can be produced through diffusion control and diffusionless
transformations [32]. Titanium alloys are in single-phase b when they ¢
treated above the é&Onaoanlsiursg,t etmprecwghirt he
temperatur e, b can undergo transfofmati ot
equilibrium phases [33]. Different mechanical properties in the final designed

product can be achieved through the manipulation of the microstructure.

2.3.1Martensitic Transformation

Beta phase can transform to martensite during rapid cooling, such as oil or water

qguenching. Rapid cooling eliminates transformation to the alpha phase.

o
o

Martensite transformation is referred to a s Adi ffusionl ess, o
i s h -4 a k34].dVartensite transformation involves the movement of atoms via a

shear type reaction which produces homogeneous transformation of the bcc into

15
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the hcp lattice over a defined volume. For the majority of titanium alloys the
transformed morphology of the transformed phase is often disk shaped or plate

shaped [4].

The martensit i ¢ structure can take one of t wo
hexagonal crystallographic structure wher
orthorhombic crystallographic structure. On subsequent aging, these martensitic

structures wil/l decompose to precipitate f
strength. The type and amount of Ud or Uo
on the chemistry of the beta phase prior to quenching. Those alloys with

increasing beta stabilizing elements have a higher tendencytof or m U0 i nst ea

Uo
2.3.2 Sympathetic Nucleation/Nucleation and Growth

According to Menon and Aaronson [35]s y mpat heti ¢ nucl eation i
of a precipitate crystal, the composition of which differs from that of the matrix, at

the interphase boundary of anothercr y st al of the same phase
primary components to the recrystallization: the nucleation phase and growth of

new grains. Recrystallization is fAthe for
deformed material by the formation and migration of high angle grain boundaries

driven by the stored36energy of deformati on

During recrystallization, the microstructure of the alloy is mainly influenced by the

cooling rate fr onathermemebhanica grocess/step br deat

16
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treatmentisappliedi n t he b @rcatkealloy is cedled gradually below

the b transus temperature from thel 6, phhse
phase initially wil!/ preferentially nucl ea
b gr ai n b o ufindl tamdllee structure,hwbichisknownas b processe

i's Apl[4teli keo

As cooling continues,the U pl ates will nucl ealdngtheat one
b grai n batthealoasingpoinotoft he continuous U | ayer.
and extend into the b grain interior as

variant/morphology. They will stop growingi nt o t he b omdywhentheyi nt er i
encounterot her U colonies (of a different var.i
other grain boundary | ocati ons o n prbcess which ig described The

above is known as sympathetic nucleation [4].

The retained b matrix remains as a thin |
within the U colonies. Eventually, colonie
boundaries can no longer fill the entire interior of the grain so they begin to
nucleate on the boundaries of other colonies. As a result the total elastic strain is

mi ni mi zed; t he new U pl ates nucl eate and

orientation to the existing plane [4].

2.3.3Microstructural Phases

Diffusionless transformations and diffusion-controlled transformations are the

most common mechanism with which different phases can be generated within

17
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the microstructure of titanium alloys. Taking in consideration that titanium alloys
microstructure heavily depends on the thermo-mechanical processing history and
composition. The manipulation of microstructure can offer a variety of different
final mechanical properties in the final product. These manipulations are widely
used in industry for product optimisation. The most common microstructures are
described in section 2.3.4. The microstructure effect on final mechanical

properties will be discussed in section 2.3.5.

2.3.3.1Primary |

The primary U phase appears in two morphologies, lamellar [4] or equiaxed. The
origin of the primary U ph abspghasd througho t t he
nucleation and growth but it is an untransformed state as suggested by the G.
Lutjering, [37]. The volume fraction, of the primary U phase decreases with
temperature as indicated by the phase diagram until the structure becomes fully
b at the b-transus. Given an adequate amount of time, at temperatures lower than
b-transus an equilibrium volume fraction of alpha/beta phase will develop. This
phase balance is the outcome of a diffusion controlled Uz b phase

transformation. The primary U phase is the portion that has not transformed.
2.3.3.24 OAT OZ&I Oi AA ¢

Thet ransf ormed b phteke m@mippemans fwhretmed i nt o
upon cool i ng tahsusotampbaratutehet bb gr ai n thboundar

t r an s f ophase rdicleates and grows quickly during very slow cooling. At

18
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the sametimei nt o t hea bslInaweri xdi f f u slamellaeatdkesgr o wt h
place. These U lamellae are separated by an area of retained b saa result of

solute partitioning of the alloy stabilizers. These areas of U | a mant detained

b form col oni es .dleseicolahiesvof iddividual platds adt ass

larger microstructural units. Because of very small angle misorientation between

these individual plates dislocation slip across the interface of the plate occurs

easily [37].

2333 DOEI A j18q

The UOdhgsanshce crystal struct ufeefosratondf ar t o
U6 ph a selace at khigh cooling rates when martensitic or diffusionless
transf or mat i is comaned with apl hoaws ec oncentr ati on of
The final microstructure is colonies of parallel sided plates or lathes, lamellar
microstructure, with substructures enclosing a significant number of stacking

faults and dislocations [37].

2.3.3.4DoublealphaD OE 1 & | |

Double alpha p r i me) is (@ phdse éhat occurs from the formation of a second
martensitic form. The second martensitic form occurs when an alloy is quenched
from a lower starting temperature and retains ani n c r e astakildingfwontent
that will lead to a reduction of the martensitic start (Ms) and martensitic finish (Mf)

temperatures [38].
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2335 AOAOOAAT A

The rapid cooling of an alloy thaihthehas su
composition depresses the martensitic start (Ms) and martensitic finish (Mf)

temperatures, can lead to the formation of t he met astablfl® b ph
decomposit i on of the retained metastable b pha

high strength alloys[38].

2341y T 1 Al 171 UOmjcrosthi@ued OAT OAOEOA
The typical microstructure of a titanium alloy usually contains a variation of the
phases mentioned above. Depending on heat treatment and cooling rate different
microstructures can form: fully lamellar, bi-modal (duplex) and fully equixed.
These microstructures are not resthbeicted
present in other classes of titanium alloys. The different microstructures have a
vast effect on the titanium alloys mechanical behaviour. Fine-scale

microstructures can have a higher ductility and strength [2].

2.3.4.1Fully Lamellar Microstructure

The full lamellar mi cr ostruct ur ennealedo caal Ibeed ofbft ai ned
anneal ing treat ment in the b phas@&hedur i ng
morphology depicted in Figure 2.4 shows large prior b grai ndng ofonsi st
alternatngU dnb phases. The U phase is placed a

typical for the lamellar structure. The final microstructure is determined by the

20
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coolingrate fromtheb p h a s.dn ifcreasédaooling rate results in decreased
wi dt h of t hesgraid bouralarye thickrsess oftthe Ulamellae and size of

the U c[@.l onies

Figure2.4: Lamellar microstructure, left obtained by slow cooling rate?@min), right obtained by fast cooling
rate (100C/min) [4]

The thermo-mechanical processing route to achieve the lamellar microstructure
isshowninFigure25.During the first step the
phase field because of the lower flow stress in comparison with the alpha or alpha
/ beta phase field. In the second step additional deformation in the alpha / beta
phase field occursto avoidl ar ge b glnthd next step, atea semperature
within 50°C o f - transais, fecrystallization of the microstructure takes place in
the b phase ihistepl four theFtima & Indt wa significant as the
temperature due to the fact that the temperature defines if age hardening of the U
phase by TisAl particles takes place or not [2]. The martensitic microstructure is

rarely present duétothanedd ofthigrbcooding tatesy Is the case

21
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that a martensitic microstructure is formed the transformationt o | amelid ar

possible through annealing in the temperature region of about 700-850°C [4].

Temperature

a+B
/_\ >
Step 1 Step 2 Step 3 Step 4 Time

Homogenisation Deformation Recrystallisation Annealing

Figure2.5: Process route for Lamellar microstructufé].

2.3.4.2Bi-modal

The bi-modal microstructure is comprised by a matrix of alternating lamellae of U
and Db pndatré sna grgins Within this matrix. The formation of this
microstructure is achieved in industry in the first step of the homogenisation
process wheret he wi dt h of isdefined by the caaling rate &am the
b p h aekl.eThefcooling rate plays a vital role in the development of the final
microstructure and mechanical properties. In Figure 2.6 the microstructures from
two alternative cooling rates are presented showing the effects of fast and slow
cooling rates. In the next step, the deformation of these lamellae takes place, and
after that a recrystallization in the alpha / beta phase field occurs to create the bi-

modal microstructure.
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Figure2.6: Two alternative bimodal microstructures created from-phase field by slow (left) and fast (right)
cooling rates[4].

On first observation the process route to obtain the bi-modal microstructure Figure
2.7, looks similar to the process route for obtaining a fully lamellar microstructure.
However, between these process routes there exists a significant difference. In
the third step during the recrystallization the temperature is not setintheb p has e
field, but in the alpha / beta phase field. The recrystallization can be achieved
only if the plastic deformation in step two is sufficient to introduce a high enough
dislocation density. With the increased dislocation density eventually some of the
local differences in dislocation density become large enough to overcome the
capillary term to allow the formation of new grains. In stepthreet he b gr ai n s
is determined through the size of the U g r andnte volume fraction of
recrystallizedequi ax ed pr i mdaheyinalWoluwne feactionsof recrystallized
equiax ed pr i mar i detérmiged &y thestemperature. The U | amel | a
width, strongly depends on the cooling rate from the recrystallization temperature.
The grain size of the b, in this case, defines the length of the layers andt he U

colony size at th[g. b grain boundaries
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Temperature

A

Step1 Step 2 Step 3 Step 4 Time

Homogenisation Deformation Recrystallisation Anneding

Figure2.7: Process route for bmodal microstructure[4].

2.3.4.3Fully Equiaxed

The process route to produce a fully equiaxed structure, as shown in Figure 2.8,
is similar to the bi-modal route but with a small alteration in the recrystallization

step, which can take two different routes as shown in Figure 2.9.

Figure2.8: A fully equiaxed microstructure obtained from the {shodal condition by slow cooling[4].
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The reduction of the cooling rate from the recrystallization temperature is the first
option that | eassr tot unpe Uwli avihdhe éqailibeumb gr a i
volume fraction of b phbaneéeslbooa.tTeetesttU ghai
of this process is an equiaxed structure. The equiaxed microstructure can be also

obtained from the deformed lamellar structure during stage three of the
processingroute,at such a | ow temperature that vol
enough. The mechanism followedist hat the U phase penetrat
boundaries into laniekeeac &ewcgiyrsdg addp Zreat ibon of
the final microstructure. Additional to this, during the first step of the processing

route a fast cooling rate is required from t hphas®éfield (step I) is a necessity

to obtain fully equiaxed microstructures with s ma | | U grain sizes
recrystallization annealing temperature route [4]. Both methods have the same

result; a fully equiaxed U phase with the equilibrium volume fraction of b phase

betweenthe Ugr ai ns atpaihret At ri pl e

The fully equiaxed microstructure can change to a bi-modal structure and vice
versa. The transformation can occur by heating the material to an elevated
temperature withint he U + b p hafter ¢hat toolimd idq uaincdk | y f or
|l amel |l ar structurphase. bhé ovonl wineé hfi madcther & of
be the result of the exact tlathpsamenwayr e i n
the temperature must increase for the transformation from bi-modal to equiaxed

so that all lamellar structuresi n t he b grains dissolve f ol
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Figure2.9: Process route for equiaxed microstructufé].

2.3.9Muicrostructure -Property Relationships

The mechanical properties of a material are an important factor when choosing
materials for an application. These mechanical properties must fulfil all the
necessary criteria required by the design and the conditions otherwise a
catastrophic failure may occur during operation. One of the most demanding
sectors is the aerospace industry, where applications are more challenging and
high mechanical properties in intense conditions are required. In order to meet
these needs the microstructure of the materials must by manipulated and

controlled to high standards.
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As previously discussed, the microstructure has a profound effect on the final
mechanical properties. These effects are summarized in Table 2.1 where different
microstructures enhance or decrease different mechanical properties. In
particular, lamellar U in large prior b grains has as a result a titanium alloy with
high creep, fatigue and fracture toughness properties. These superior properties
are the outcome of difficult paths encountered upon initiation of cracks[39].
Furthermore, a fine equiaxed U bi-modal microstructure can give properties like

crack initiation resistance, improved strength and more ductility.

Table 2.1: Mechanical properties obtained though different microstructure based on diffatecrystallographic
orientations [6].

Froperty | Fine Grain | Coarse Grain I Lamedlar | Egquiaxed |
Elastic Modulus 0 0 0 oS-
Strength I - - I
Ductility f - - f
Fatigue Crack Initiation | - - I
Fatigue Crack Propogation - i | -
Fracture Toughness - i | -
1 1 i
Creep Strength - i | -
Superplasticity | - - |
Oxidation Behaviour I - -

2.4 Deformation Modes

Plastic deformation of crystalline metals may occur by different mechanisms,
dislocation slip, twinning, diffusion and phase transformations [40]. Plastic
deformation is usually not restricted to a single isolated mechanism. Several
mechanisms acting simultaneously are more likely. All these deformation
mechanisms are however competing mechanisms that are activated under

specific deformation conditions. Furthermore, their activation criterion is affected
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differently by temperature and strain rate. For example, large stacking fault energy
makes cross slip difficult and gliding dislocations are therefore restricted in motion
which may build up large plastic stresses and activate twinning. At lower
temperature and higher strain rates, then slip requires a larger stress. Then it may

turn out that twinning may occur more readily than slip.

A deep understanding of titanium crystal lattice structure is essential in advance
for the better comprehension of deformation modes. As has been previously
mentioned titanium exists in two structures; hexagonal close-packed (HCP)
structure and a body-centred cubic (BCC) structure. The two distinct structures
are explained in section 2.1 and illustrated in Figure 2.1. These two structures are
the main reason why titanium alloys demonstrate a high variation of mechanical
properties. Furthermore, diffusion rate and plastic deformation are mainly
influenced by the corresponding crystal structure. Particularly, in the hexagonal
close-packed structurethe Young és modul uckandgedfrom E0DGPa
(stress axis perpendicular to c-axis) to 145GPa (stress axis parallel to c-axis)

(0001) due to the anisotropy.

2.4.1Deformation by dislocation Slip

The plastic deformation of a crystal mainly depends on the lattice structure. For
example, a lattice structure such as a hexagonal close-packed structure has a
restricted plastic deformability in comparison to a body-centred cubic structure.

Furthermore, the body-centred cubic structure is less deformable than the face
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centred cubic structure which is among the most common in other metals. The
number of slip systems which are presented in a lattice structure can be
considered as one of the most important factors which influence the difference.
For body-centred cubic (BCC) structure there are twelve slip systems while for

the hexagonal close-packed (HCP) structure there are only three slip systems [6].

A slip system is basically a chance for a crystallographic defectto6 s | i p 6
inside a crystal structure. The number of slip systems can be defined by two
factors. The first factor is the number of the slip planes in which movement is likely
and the second factor is the number of the directions in which movement is
possible. The total number of slip systems comes from the multiplication of these
two factors. The directions and planes which are most densely packed are

preferential for plastic deformation [6].

A crystallographic defect prefers a path with as short length of slip as possible but
also with as dense slip plane as possible. For instance hexagonal close-packed
(HCP) structure has denser slip plane compare to body-centred cubic (BCC)
structure. The hcp has 91% packing density and the bcc has 83% packing density.
But the BCC structure possesses a shorter minimum slip path than HCP structure
(BCC slip path bmin -1*a, HCP slip path bmin-0.78*a) which has as a result the fact
that BCC structures are preferred for deformation (by dislocation move) over HCP

structures [6].
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The HCP titanium has three basal plane slip systems and three prism plane slip
systems. Nevertheless, only four independent slip systems can be acknowledged
due to the lack of freedom [6]. Furthermore, the slip system on the pyramid plane
cannot be entailed to be independent either, due to the fact that is composed of a
prism and a basal component. As a result, in hcp titanium only three slip systems
are active, Figure 2.10. Additionally, the von-Mises criterion for homogeneous
deformation of metals prescribes the poor deformability of hcp U-itanium by
stating that is essential than there are at least five independent slip systems
active. The deformation on secondary slip systems and the mechanical twinning

are the main sources for the limited ductility [6].

— )

{1011} pyramidal plane

1

h ——{10‘]0} prism plane

MR

<1120> slip direction

4// S /zaz

basal plane {0001} &N

Figure2.10: Hexagonal clos@acked (hcp) structure slip systef6].
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2.4.2Deformation Twinning

Deformation twinning is a deformation mechanism where a portion of the original
crystal will take up a new orientation under shearing. The twin portion will in the
simplest cases produce a mirror image of the parent crystal [41]. The applied
shear stress is the driving force. The movements of the individual atoms are small
and the resulting plastic deformation which is accommodated by twinning is
comparably small compared to slip. The contribution to the macroscopic strain
depends on the volume fraction of the twins. However, deformation by twin
formation is more pronounced when the slip systems are restricted to
accommodate the imposed strain. Furthermore, metals with low stacking fault
energy are known to have restricted ability to cross slip and that restricts the

plastic deformation that can be accommodated by slip alone [41].

Twinning is a nucleation and growth process where the nucleation is the most
critical part [42]. Growth can occur at stresses far below the nucleating stress.
When the critical stress is reached, twins nucleate and continue to grow until the
saturated thickness of the twin is reached which is related to the critical twin
nucleus size [43]. A compilation of different results in Meyers et al. [42] showed
that the critical twinning stress increases with the stacking fault energy.
Furthermore the twinning density was shown to further increase when subjected
to stresses beyond the critical stress for nucleation. However, twins may not only

be formed during plastic deformation, they may also be formed during solid state
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phase transformation or annealing. An annealing twin structure may be formed

e.g. during recovery, primary recrystallization or during grain growth [44].

The plastic deformation is restricted to only three slip systems in hcp titanium and
also twinning, as mentioned previously. When the stress axis is parallel to the c-
axis at low temperatures the twinning mechanism is very important for plastic
deformation, due to the fact that the dislocations with a basal Burgers vector are
not able to move because of the orientation. The main mechanism for the
activation of twinning in different planes is either compression or tension leading

to a contraction or extension of the c-axis [4] [45].

2.5 Deformed microstructures of Ti-6Al-4V

The microstructural evolution during deformation of Ti-6Al-4V has been
extensively investigated to identify the influence of strain rate and temperature on
the flow stress properties under hot conditions for Ti-6Al-4V. Most of the works
have been conducted by the use of mechanical testing and split Hopkinson Bar.
Mechanical testing in the form of simple uniaxial compression / tension is typically
used to generate results below strain rates of 10s2, while the split Hopkinson Bar

is used above 103%s™. As a result a significant gap within the material data is exists.

2.5.1The temperature effect on the TH6AI-4V flow properties

Research conducted by Lee et al. deforming Ti-6Al-4V at temperatures ranging

from 25 to 1100°C and high strain rate of 2000 s clearly show that increased
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deformation temperature has as a result the decrease of the flow stress as
demonstrated in Figure 2.11. This flow stress decrease is connected to the
activation energy through the increased temperature, due to dislocations at
elevated temperatures being able to emit or absorb vacancies and overcome

obstacles within their path[46][47][48].
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Figure2.11: Flow curves of T6AI4V at strain rate of 2000446]

From a microstructural perspective Lee et al. observed that the dislocation density
decreases linearly with temperature. Moreover, the dislocation cell size increases

with temperature, but decreases with dislocation density [46].

2.5.2 The strain rate effect on the T6AI-4V flow properties

At different strain rates and temperatures Sechacharyulu et al. investigated the

flow behaviour of an equiaxed Ti-6Al-4V under isothermal conditions and
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identified characteristic features of the flow curves [49]. Three regions are
presented in the flow curves, starting with work hardening as a result of dislocation
pile-ups due to the movement of dislocations being inhibited by the Uand b grain
boundaries and the presence of other dislocations. A peak stress (lip) in the
stress-strain curve can be observed in Figure 2.12 as a result of the work
hardening. The third region is detected after the critical peak where flow-softening
takes place and can be attributed to dynamic recrystallization, adiabatic shear

bands, dynamic recovery or micro-cracking[49].
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Figure2.12: Isothermal flow curves of equiaxed -T6AF4V deformed in hot compression at strain rates of 0.0003
100 st and temperatures of (a) 850 °C and b) 110(49¢
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At high strain and strain rates lower that 0.1 s, at temperatures in the (U+b) field
the flow stress reaches a steady state. This takes place when work hardening and
dynamic softening reach equilibrium. During deformation, the dislocation density
increases, so does the driving force for dynamic recovery (DRV). Recovery takes
the form of dislocations cross-slipping, or rearranging themselves by climb or
annihilating each other to generate lower energy configurations. A microstructure
of low angle grain boundaries and sub-grains is subsequently formed [50][44].
Provided that the dislocation density reaches a critical value, the stored energy
will be large enough to facilitate dynamic recrystallization (DRX) after DRV. DRX
involves high angle grain boundary migration, producing new strain-free grains
with a low density of dislocations. The progressively lower density of dislocations
during DRX softens the Ti-6Al-4V until reaching a steady state flow stress and

grain size.

2.6 High StrainRate Defarmation

High strain rate deformation response is critical for a wide number of structural
materials under different process conditions. Typical material processing
operations, in which high strain rate deformation is observed, include material
cutting, numerous forming and forging operations for automobile and aerospace

applications.

Experimental tests have been conducted on a wide variety of metals and alloys

in order to characterize the material responses to different strain rates and
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temperatures. The results have in the majority revealed a significant different
behaviour between low rate deformation and high rate deformation. The
mechanical properties of materials under various strain rates can be measured

by several different experimental techniques (Figure 2.13).

During titanium deformation the strain rate increases and other deformation
modes set in motion due to the increased stress required to move dislocations
through the metal. The most significant deformation modes are: a) deformation
twinning, where deformation take place over a volume (rather than on a plane as
in slip) and, b) adiabatic shear, where deformation is narrowed to a small volume
of material at a locally high temperature [51]. Adiabatic shear deformation mode
is frequently detected in high-speed metal forming and fabrication, ballistic
impacts and explosive fragmentation and has vital effects in terms of loading
conditions. It is widely believed that thermally-induced plastic instability, which
suppresses work hardening in the deformed region, is the reason for the formation
of adiabatic shear bands [52].The phenomenon arises when the rate at which heat
is created as a result of local plastic flow exceeds that at which it is dissipated to
the surrounding material (temperature rises at a rate proportional to the plastic

flow rate).
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Over the last 40 years several studies have been published aiming to explore high
strain rate deformation mechanisms in metals. In the next paragraphs some of

the most important studies are presented.
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In 1964 Lindholm [53] published his work on strain rate dependence in copper,
aluminium and lead. Lindholm used a split Hopkinson pressure bar to examine
three FCC metals at strain rates up to 103s. The researcher concluded that a
single activated mechanism was predominant, proposing that one possible

mechanism of this type is the intersection of glide and forest dislocations.

Marchand and Duffy [54] used a torsional Kolsky bar to study the formation of
adiabatic shear bands (ASB) at high strain rates in a structural steel. Even though
their work was mainly aiming to explore the formation of ASBs they provide
significant findings about the stress-strain behaviour at high strain rates. Another
work from Yadav and Ramesh [55] also explore the high strain rate behaviour and
mechanical properties of tungsten-based composites. In the research they
reported significant differences in the failure mechanisms between the
composites, on the other hand during the dynamic deformation the flow stress

was similar.

The effect of high strain rate in Ti-6Al-4V was investigated by Lee and Lin [56] in
terms of the compressive deformation behaviour and temperature relationship.
They reported that the flow stress was affected slightly by the strain rate from 0.02
i 1.00s. Another study from Da Silva and Ramesh [57] in Ti-6Al-4V investigated
the localization and deformation dependence of strain rate. The study was
conducted in porous and non-porous Ti-6Al-4V at low and high strain rates (10s-
1). Research on high strain rate deformation in Ti-6Al-4V was published by Lee

and Lin [46], they evaluated the deformation behaviour under a constant strain
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rate of 2x103s? at high temperatures. Lee and Lin [58] also investigated the
stress-strain, temperature and possible deformation mechanisms under high
strain rates (5x10%s* and 3x103s). The results show that flow stress, material
constants and work hardening coefficient are sensitive to strain rate and
temperature. Evaluation of temperature effects shows that temperature sensitivity

increases with the increase of temperature, but is independent of strain rate.

Alpha-titanium response to high strain rate deformation was examined from
Chichili et al. [59] in terms of underlying deformation mechanisms. They observed
that in high strain rates the strain-hardening is greater than in low strain rates.
Furthermore, they reported an increaseintwind densi ty with t
rate. Beta-titanium alloys were investigated by Weiss and Semiatin [60] as part of
the thermo-mechanical processing review they published. They summarised the
final mechanical properties and high temperature deformation mechanisms of
several beta-titanium alloys at low and high strain rates. Deformation mechanisms
and mechanical properties in pure titanium were investigated by Nemat-Nasser
et al. [61] at high strain rate. They reported that the flow stress is highly dependent

on strain rate and temperature.

Ti-6Al-4V with an equiaxed alpha-beta microstructure was studied by
Sechacharyulu et al. (Seshacharyulu et al. 2000a) at low and high strain rate (10
351 - 100s?). They used hot compression tests at different strain rates and
temperatures to achieve microstructural control and obtain processing windows

during hot working. They reported that at strain rates higher than 1s (high strain
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rate) the material exhibits flow instabilities. The flow instability at high strain rates
was also reported for a lamellar microstructure by Sechacharyulu et al.

(Seshacharyulu et al. 2002b).

Titanium undergoing ballistic impact and penetration was investigated by Meyer
and Kleponis [63] in term of high strain rate behaviour and modelling. They
conducted high strain rate experiments (up to 2000s) in Ti-6Al-4V to generate
constants for the Zerilli-Armstrong (ZA) and Johnson-Cook (JC) models and
compared the two models with the experimental results. The JC model did not
perform as well as the ZA model, where the ZA model better represented the

ballistic behaviour in the velocity range between 1200 m/s and 2000m/s.

Bruschi et al. [64] carried out hot compression tests at high strain rates aiming to
investigate the workability of Ti-6Al-4V. They used a constitutive equation to
calculate the flow stress and obtain the material behaviour for forging process
simulation. They identify that the plastic flow is stable, in the investigated range
(880°C and 950°C), only for temperatures between 940°C and 950°C and strain
rate lower than 15 s™*. These values correspond to a stable deformation zone and

represent the optimal conditions for hot working of the Tii 6Ali 4V alloy.

In 2007 Khan et al. [65] conducted a series of multi-axial loading experiments on
Ti-6Al-4V at high strain rates in order to study the material behaviour under

deformation. They used the Khan-Huang-Liang (KHL) model [66] to predict and
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to observe the material response. They concluded that the model was reacting

well and was able to predict the materialé behaviour.

The shear behaviour of Ti-6Al-4V under high strain rate deformation was
investigated by Peirs et al. [67]. They used hat-shape specimens and a
compression split Hopkinson bar to analyse and understand the mechanisms
underlying shear behaviour. Results show micro-cracks and micro-voids were
initiated at different places along the shear band where a low hydrostatic pressure
exists and they follow the same orientation of the grains. Large cracks were

formed by a process of void growth and coalescence

In 2012 Gray [21] published a review in high strain rate deformation of materials.
He summarises the deformation twinning in BCC, FCC and HCP metals under
high strain deformation as well as the point defect production, the dynamic

recovery and shock-induced phase transformations.

2.7 Process map and Instability

During the manufacture of engineering components the mechanical processing is
a vital step because it is used not only to obtain the required shape, but also to
achieve the required microstructure and properties. During the manufacturing
process the key task is the selection of the controlling process parameters which
will reach the part quality as well as the desirable physical and mechanical

characteristics. These process parameters are a sequence and number of
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material deformation operations; where temperature, rate of deformation, strain

all have a significant influence, and also heat treating operations[68].

During the manufacturing process workability problems may arise due to
deformation localisation. This flow localisation can lead to failure during the
service of the component because of different properties and structure in the
region of the localisation. In the absence of chilling effects frictional flow
localisation may occur during hot deformation. The result will be flow softening.
The reasons behind flow softening are structural instabilities such as adiabatic
heating, dynamic recrystallization, spheroidisation or grain coarsening. The
understanding of the material workability (process map) is essential for the

development of successful manufacturing processes[68].

The processing map was first proposed by Ray [69] and further developed by
Prasad et al. [70] based on the dynamic material modelling (DMM). Such process
maps have been developed and used to optimize the hot manufacture processes

and control the final microstructure of the engineering part[71].

With the process maps the plastic in
A un s aefiend during hot working are determined by the plastic instability
criteria which are very important during hot working and a number of criteria have
been proposed in the past 30 years [72]. Some of these criterial will be presented

in this section.
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One of the most popular criteria was proposed by Prasad et al for evaluating the
flow instability. The criterion is based on the principles of irreversible
thermodynamics as applied to large plastic flow, and the authors suggested that

flow instability will occur during hot deformation if:

Where m is the strain rate sensitivity of the flow stress,y i s st r azyhis
the instability parameter [70][71][71]. This instability criterion was questioned by

some scholars because of the assumption that strain rate sensitivity was constant.

Because of that reason Murty et al. proposed a more strict plastic instability criteria
based on the second law of thermodynamics theory and the Liapunov equation.
The assumption for this instability criterion was that the strain rate sensitivity m is
not constant, and the power dissipation efficiency (d) was derived from J co-

content (according to DMM):

- - c p ] 'Q

Where 0 is the maximum of co-content and for unstable material flow

2m<d<0[73][68][71][74].

Semiatin et al. proposed a phenomenological criterion that correlates the flow
softening with the materials properties, such as the normalized flow softening rate

(0) and the strain rate sensitivity (m), by a parameter U= -2/ m, where Uis an
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instability parameter, for plain strain compression. Based on experimental results
on titanium and its alloys, they have recommended a condition of U> 5 for flow

localization or fracture to occur during hot deformation[75][76].

Malas and Seetharaman also proposed an instability criterion by considering that
d is the same as the strain rate sensitivity[77]. The four conditions proposed for

stable material flow are:

Where s is the temperature sensitivity.

Ti-6Al-4V has been investigated by many researchers in terms of process
mapping and instability. First was Prasad et al. who presented the process map
of an ELI grade Ti-6Al-4V with transformed (Widmanstatten) preform
microstructure, the map was for strain rate 0.001s* to 100s and temperature

from 750°C to 1100°C[74] .
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Figure2.14: Processing map obtainedn Ti6AF4Vwith 1000 ppm oxygen and equiaxed+ preform structure.
Contour numbers represent percent efficiency of power dissipatig].

Based on the map for the specific material Prasad et al. identified two instability
areas: in the U+b range (lower than 800°C and above 0.1s'!) as well as in the b
range (above 1050°C and 10s'?). These areas were investigated through optical
microscopy and were identified as adiabatic shear bands (ASBs) and flow
inhomogeneity of b, respectively. The microstructure of the specimen deformed
at 750°C and 100 s'! exhibiting adiabatic shear bands at an angle 45° to the

compression axis[74].

Another work presented by Aneta et al. on Ti-6Al-4V where test was carried out
in a wide range of temperatures (800°Ci 1100°C) and strain rates (0.01s1i 100 s

1), up to the constant final true strain value of 0.9 (Figure 2.15)[78].
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Figure2.15: Process map of T6AF4V at 0.9 of strain by Aneta etl@8]
Two instability regions were reported

green colour in the process map (see Figure 2.15), although the authors were not
specific about mechanisms. Also Luo et al. [79] investigate Ti-6Al-4V in terms of
the effect of strain at the process map. The research was conducted in a wide
range of temperatures (820°Ci 130°C) and strain rates (0.001s?i 10s™) (see

Figure 2.16). They concluded that the final grain size of primary d phase of Ti-

6Al-4V alloy varies significantly with increasing strain due to the combined action
and competition one another of several different mechanisms in high temperature
deformation. Furthermore, the strain significantly affects the efficiency of power
dissipation of Ti-6Al-4V alloy at the strain rates of 0.001s'! and 10.0s'%, however
at a strain rate of 0.1s'*i n t h e -phasesregion theeeffect of strain on the

efficiency of power dissipation is slight. And finally, the instability parameter of Ti-

6Al-4V alloy varies significantly with strain at each strain rate and deformation

46

by

t



Literature Survey

temperature. The unstable flow of Ti-6Al-4V alloy easily occurs at a strain rate of
0.1s'! in the U + bwo-phase region and a strain rate of 10.0s' in the d single-

phase region.
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The process map of a full lamellar microstructure was investigated by Zhang et
al. [80] by conducting isothermal hot compression tests at three strains 0.3, 0.5
and 0.69, at temperature of 7001 1000°C and strain rates of 0.001i 10s (see

Figure 2.17).
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Based on their observation they report that the instability domain increased with
increasing strain and it mainly located in the low temperature and high strain rate
range. Furthermore, the unstable flow was mainly attributed to the presence of
adiabatic shear bands, and the main dynamic softening mechanism has been

confirmed as DRX together with DRV.

Various instability criteria for the development of a Ti-6Al-4V process map were

investigated by Cai et al. by hot isothermal compression tests in the strain rate of
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0.0005st and temperature range of 800-1050°C. They developed a process map

based on the instability criteria of Prasad, Malas and Murtys (see Figure 2.18).
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The aut hor s desulfsrthatsreflacteé similar trends to the predicted
instability areasu s i ng Pr as a ds@rderiaa Thd pebdkefficierycy of power
dissipation, corresponding to the optimal deformation conditions, was located on
power dissipation maps with the deformation temperature of 1173K and the strain
rate of 0.005s, which indicates that both criteria can be used to determine the

optimal deformation domain for Ti-6Al-4V alloy. The instability domains in the
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proces si ng maps obtained from Prasadbs <crite
criterion showed significant differences. Overall, the processing map that was
devel oped ssritenoyp wad datetmméd to be more accurate (through
microstructure observations) than those developed using other criteria.

2.8 Adiabatic shear bands
Lee and Lin [81] describe the adiabatic sh e a r banding as fda | oc
i nstability phenomenon resulted from dynanm

1941 Trent was the first to describe the adiabatic shear phenomenon, and in 1944
the phenomenon was observed for the first time by Zener and Hollomon [81].
Rogers [82] was the first that classified the adiabatic shear bands into two types
Atransfor medo anNhen metdle dreo subjectdd to large plastic
deformations, it is possible to cause localization of plastic flow due to the localized
heating. The phenomenon is usually catastrophic; leading to fracture by localized

shearing [83].

During high strain rate deformation of titanium alloys, adiabatic shear bands are
frequently formed; these bands are narrow zones of highly localized flow. This
deformation mode is detected in high-speed metal forming and fabrication,
ballistic impacts and explosive fragmentation and has vital effects in terms of
loading conditions. It is widely believed that a thermally-induced plastic instability
effect, which suppresses work hardening in the deformed region, is the reason for

the formation of adiabatic shear bands [52]. This phenomenon is concentrated in
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narrow bands close to the plane of maximum shear stress due to elevated
material temperature [51]. The phenomenon arises when the rate at which heat
Is created as a result of local plastic flow exceeds that at which it is dissipated to
the surrounding material (temperature rises at a rate proportional to the plastic

flow rate).

A number of studies have been carried out to identify the mechanisms that lie
behind the formation of adiabatic shear bands. Me-Bar and Shechtman [84]
investigated Ti-6Al-4V under various heat treatment and strain rates as ballistic
targets. They observed that at shear bands the high rise in temperature can cause
transformation from alpha phase to beta phase. Furthermore, they observed that
micro cracks are formed within the bands due to tensile stress vertical to the shear
surface. Timothy and Hutchings [85] also investigated the different structure of
ASB in Ti-6Al-4V after ballistic impact. They concluded that the ASB consisted of
regions of high shearing distortion of the original microstructure. A critical review
from Timothy [86] about the structure of adiabatic shear bands in metals
summarisest he results of several researchers f

shear bands for steel, aluminium and titanium alloys.

Marchand and Duffy [54] examined a low alloy structural steel in terms of local
strain and temperature during the formation of an adiabatic shear band. They
revealed that the shear bands propagate in the material with a speed of 510m/sec
and the plastic deformation follows a three stage process in which the final stage

is the formation of fine shear bands due to localisation of the strain distribution. In
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1993 Shahan and Taheri [87] published a review about the modes of fracture,
mechanical properties, microstructure and formation of adiabatic shear bands in

titanium alloys summarising four decades of research.

Grady [88] performed a critical path analysis to calculate the shear band
toughness for a number of different metals. He reports that the magnitude of shear
band toughness had a correlation to the corresponding fracture toughness of

every metal he studied.

The shear band formation in alpha-hcp titanium has been studied by Meyers et
al. [89] by compression testing with a Kolsky bar in hat shape specimens. They
have reported that the formation of shear bands takes place in two phases. In the
first phase is instability, produced by thermal softening and the enhancement of
the thermal assistance in the motion of dislocations; the second step is
localization, which requires softening due to major microstructural changes in the
material. Furthermore, they have observed that the shear band region consists of
a mixture of elongated sub-grains and equiaxed micro-grains. Zhou et al. [90]
investigated the initiation and propagation of shear bands in C-300 steel and Ti-
6Al-4V. They have observed that shear bands are more diffused in Ti-6Al-4V and
at the same time Ti-6Al-4V presents a stronger resistance to shear banding. In
the same year Yang et al. [91] with the use of OM, SEM and TEM presented
research about the microstructure of adiabatic shear bands in pure Titanium. They
revealed that the microstructure in adiabatic shear bands consisted of a very fine

equiaxed grains with a low dislocation density.
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In 1997 Molinari [92] used analytical methods to characterise the spacing between
adiabatic shear bands. He has proposed explicit solutions for materials with no
strain hardening. In addition, he has achieved results for strain hardening
materials by using asymptotic developments. Another significant piece of
research in adiabatic shear banding had been conducted by Liao and Duffy [93].
They are investigated the initiation and formation of ASB in Ti-6Al-4V by dynamic
torsional experiments. They reported that during the localization of intense shear
strain in the shear band area, the temperature in that area increased very fast.
Additionally, inside the ASB the microstructure consists of fine and high elongated

grains parallel to the shear direction.

The propagation and microstructure of ASB was investigated by Li et al. [94] in
terms of simulations by using the mesh-free Galerkin approximation in two and
three dimensions. They concluded that the use of mesh-free interpolations is
efficient to avoid mesh alignment sensitivity and it can relieve mesh-distortion.
Furthermore, they reported that the use of multi-physics models permits the
simulation of dynamic shear band propagation and it predicts the thermo-
mechanical instability that takes place inside the ASB. Another investigation of
the propagation of ASBs was conducted by Bonnet-Lebouvier et al. [95] based on
research of Marchand and Duffy. Based on their research they introduced the
concept of #Apr oc eys sd ezfoi nneesadiedivatmiomadatingfivith
the shear band tip, where an intense stress softening is produced by thermo-

mechanical couplingo .
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Molinari et al. [96] have investigated Ti-6Al-4V in terms of formation of ASBs
during high speed machining. Their study primarily aimed to analyse the evolution
of the cutting force in the terms of ASB development and cutting speed. Burnes
and Davies [97] also investigated the formation of ASB during high speed
machining. Their research focused on the comparison of the formation of
repeated ASB formation during high speed machining and the well-known single
shear band formation. Xue et al. [98] investigated the evolution of multiple ASB in
Ti-6Al-4V and pure titanium. They observed that the evolution of ASBs patterns
shows a self-organization character during deformation. Furthermore, they
discovered that the number of ASBs in Ti-6Al-4V was less than in pure titanium

but the propagation velocity is almost three times higher.

Pure titanium and Ti-6Al-4V are not the only materials prone to the formation of
ASBs. Researchers like Qiang et al. [99] and Meyers et al. [100] investigated the
evolution and formation of ASBs also in other materials. Qiang et al. studied the
Til7 alloy and Meyers et al. with the use of the collapse of a thick-walled cylinder
and compression Kolsky-Hopkinsons bar investigated AISI 304L stainless steel.
Furthermore, Wei et al. [101] explored the formation of ASB in ultrafine grained
(UGF) Fe during severe plastic deformation and Lins et al. [102] investigated the
microstructure of ASB in a interstitial free steel. In 2006 Yang and Wang [103]
studied the micro-texture and microstructure of ASB in alpha-titanium. The result
of their investigations points to the fact that dynamic recrystallization occurs inside

adiabatic shear bands.
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Wang [104] researched Ti-6Al-4V ASB formation and focused on the calculation
of local shear deformation. He observed that the decrease of flow shear stress,
beyond the occurrence of adiabatic shear bands, is slower than the local plastic
deformation inside the ASBs; leading to shear localisation increasing. Because
ASBs formation is considered as one of the failure modes. Teng et al. [105]
studied the ASBs in terms of fracture initiation and propagation through numerical
simulations. Ranc et al. [106] studied the initiation and propagation of ASBs
through temperature heterogeneities and proposed an experimental device to

measure the temperature in ASBs.

In 2009 Liu et al. (Liu et al. 2009a) presented their work in Ti-6Al-4V and the
impact of strain rate and microstructure on the ASBs. In the same year another
two works were presented for Ti-6Al-4V; the first from Murr et al. [108] studied the
ASB failure due to microstructure evolution and the second from Liu et al. (Liu et

al. 2009b) correlated ASB formation with fracture.

In last five years several works have been published about the adiabatic shear
bands in titanium alloys. Beta-Ti alloys have been investigated by Yang, Jiang et
al. [110] and Yang, Li et al. [111] in terms of microstructural evolution and
microstructure effects respectively. Even though, several Ti alloys have been
introduced the last years, Ti-6Al-4V continues to maintain a strong position in the
aerospace industry. As a result the most recent works published for ASBs referred
to Ti-6Al-4V. Two of them examine the formation of ASBs in machining; Wan et

al. [112] studied the microstructural evolution and Ye et al. [113] modelling the
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evolution of ASBs. ASBs formation in Ti-6Al-4V was investigated in terms of
microstructure by Peirs et al. [114], microstructural effects by Osovski et al. [115]

and fracture by Zhang et al. [116].

The majority of the research which is presented in this chapter were conducted
with compression or torsion Kolsky-Hopkinsons bar or Taylor impact tests which
are very accurate in ultra-high strain rates (above 1000s?). For strain rates in the
area of 1-300 s'* where forming and forging occur, a significant gap arises due to
the range of equipment available for this strain rate range and lack of accuracy of
the existing equipment. The need for experimental results at the range of 1-300
st have created the need for new dedicated equipment able to produce accurate
experimental results. Such results may be used to simulate more accurate future
forming and forming procedures aiming to reduce the cost and achieve improved

microstructure and mechanical properties.

Based on the need for dedicated equipment for simulating the forming and forging
range of strain rates, in the next chapter were presented a bespoke servo-
hydraulic equipment owned by the AFRC and used in this research. The
challenges and the process optimization and verification of the equipment is

presented also.
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3 High strain rate process optimization

The servo-hydraulic forging simulator (Phoenix), was manufactured by
Phoenix Calibration & Service Limited under the Advanced Forming Research
Centre (AFRC) directions and specifications; Figure3.1, is a state of the art forging
simulator based on a bespoke design able to reach strain rates up to 300s1[117].
Since the equipment is unique, the experimental challenges will be highlighted,

and discussed. The route of experimental process optimization is described in the

chapter.

Figure3.1: Servehydraulic forging simulation) machine b)chamber anct) interior
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Figure3.2 Environmental chamber

Figure3.3 Interior of the environmental chamber
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3.1 Equipment description

The servo-hydraulic forging simulator (Phoenix) is capable of conducting
experiments (under strain rate control)
maximum of 300s™?, and is equipped with 2 load cells; the first is 100KN and the
second 500KN. The current set-up is adjusted for compression tests,
accommodating samples with dimensions of 12mm diameter and 18mm long, the
specimens dimensions conform to NPL code for practice for hot compression
testing [118]. The multi-functional design provides the capability for other
geometries also. Furthermore, the machine is capable for tensile and fatigue
tests. An unusual and at the same time unique characteristic is that both platens
move during the compression test in contrast with conventional equipment where
only one of the platen will move. Furthermore, each platen can be controlled
independently from the other which confers considerable freedom in setting up

complex displacement regimes.

The system is also equipped with an environmental chamber and argon supply
system which allows experiments to be carried out in a neutral (non-oxidizing)
environment and at the same time prevents the corrosion of the tungsten carbide
platens. Additionally, an automatic quenching system is installed in the chamber
which makes possible fast quenching (within less than 5 sec from the end of the

experiment).
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For high temperature experiments an induction heating system is used capable
of generating temperature up to 1300°C, the system has been designed to be very
flexible in terms of coils geometry (different coils can be used based on the
material being tested) and heating ramps. The temperature may be controlled
either using a pyrometer attached in the environmental chamber or by
thermocouples (up to eight thermocouples can be used simultaneously to monitor

the temperature).

Two software packages support the equipment with distinct functions; Figure3.4.
The first software fAConstant Strain
software dedicated for forging or compression tests. The input parameters for the
experiment are; the strain rate, the true final strain, the acceleration gap, the

profile duration, overshoot period and the PID (Proportional-Integral-Derivative

Rat e

controller). The second softwar eBuiid dehe WRrohi i

create a multistep forging profile.
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Figure3.4: Software interface supporting the equipment, lef€onstant Strain Rate Creator, right: Profile Builder

3.2 Experimental optimization

Optimizing an experimental procedure is always challenging and becomes more
challenging when the equipment is new and no previous method is in place. The
most significant step in the optimization procedure is to define the parameters that
influence the experiment and then minimize them to achieve a solid, repeatable
and accurate experiment. Due to similarities with the hot isothermal compression
test the protocols and the standards used worldwide to describe the experimental

procedure has been used as a baseline for the experiments [119].

Six main parameters have been identified that influence the experimental

procedure. The first is the temperature control, the second is the sample position,
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and the third is the strain rate variation which is linked to the acceleration gap, the
profile duration, overshoot period and the PID values. Two factors are important

with regard to the sample position;i t 0 s lootlegplatensire. is it central, and

the platens position in the coil.

3.2.1Temperature control

During the experiment an accurate and precise temperature control has been
identified as critical to achieving a solid, repeatable and useful experiment. The
system is supplied with an induction heating arrangement which is controlled by
a pyrometer. The ASTM standard, E209-18 [120], designates that the uniformity
of temperature within the specimen gage length should be within +5.5°C and -
11°C of the nominal test temperature up to and including 538°C and within +1%
and -2% of the nominal temperature above 538°C [121]. Due to changes in
emissivity and the volume of the heated platens the pyrometer which is used to
control the temperature lacks the accuracy for the precise temperature control
required by the standard, for that reason also thermocouples were used. The
thermocouple measurement where used to correct and drive the pyrometer input
and control of the heating. Experimental results have shown that even small
differences (2% of nominal temperature) in the temperature during high strain rate

compression tests can have a significant influence at the results.

To optimize the temperature control in conjunction with the pyrometer a very fine,

rapid response and minimum size thermocouple have been used (Type-K
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0.25mm). The small diameter of the thermocouple has been selected to avoid any
failure due to thermocouple thermal expansion. The thermocouple is carefully
spot welded to the sample and the temperature is recorded throughout the heating
phase. The combination of two measuring/monitoring methods minimizes the
actual temperature variation between experiments. The results of the temperature
optimization are presented in chapter 5, section 5.1.4. The optimisation study has
taken the best stringing practice from E209-18 and NPL guide to create a new

AFRC operation procedure.

3.2.2Sample position

The sample positioning is crucial due to the nature of the heating system which is
used (induction heating). An incorrect sample position inside the induction heating
coil generates a lack of temperature uniformity within the sample and as a result
non-uniform deformation would be obtained. There are two factors which
influence the sample position and hence temperature uniformity; the sample
position on the platens and the platen position within the coil. Any off-axis
positioning, either vertical or horizontally, will tend to create a non-uniform electro-
magnetic field within the sample. To address that factor a calibration tool. Figure
3.5, was designed and manufactured. The tool uses the platen shape and a

constant point in the chamber to identify the correct position of the sample.
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Figure3.5: a) Calibration tool, b) Temperature distribution sample

The position of the platens (vertically) within the coil also has a significant effect
on the temperature distribution inside the sample. To achieve a uniform
temperature distribution an experimental procedure was proposed to determine

the optimum position of the platens during heating.

A standard (ASTM E209-18) [120] compression sample with 12mm diameter by
18mm long was used, the samples were EDM machined with six holes of 0.3mm
diameter Figure 3.5. The holes were located 2mm from the top and the bottom
and two of them in the middle of the sample. The location of the holes was
selected to appropriate and secure monitor the temperature distribution inside the
sample.Six 0.25mm thermocouples were used to monitor and record the
temperature inside the sample. Three were inserted 2mm from the surface of the
sample (to measure the temperature near the surface of the sample) and the other
three were positioned along the sample centreline (to measure the core

temperature).
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Figure3.6 Experimental setup for temperature validation and uniformity

The experimental set-up is illustrated in Figure 3.6. The sample was inserted
inside the coil and heated to 500°C and the temperature monitored and recorded.
The platen position was adjusted until the temperature distribution satisfied the
ASTM standard E209-00 specifications [122]. The trial was repeated for a number
of temperatures starting from 500°C up to 700°C with a step of 100°C and then
up to 950°C with a 50°C step. The experimental set-up is demonstrated in
Appendix A. The results of the temperature distribution inside the sample and the

sample position with the platens are presented in chapter 5 and sections 5.1
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3.2.3Strain rate

Having obtained the necessary temperature control, the next stage in
experimental optimization is to then consider the control of the strain rate. Tests
at these high speeds may take as little as 0.1sec. In the case of this particular
equipment the input parameters are; the acceleration gap, the strain rate, the final
true strain, the profile duration and the overshoot period. With regard to the
acceleration gap, given the high speeds required to obtain these strain rates, it is
necessary to have an initial gap between the specimen and the top platen to allow
the upper actuator to reach full speed prior to impacting the sample. The
magnitude of the acceleration gap effects the initial phase of the test and needs
to be optimized to ensure that the top actuator hits the sample in the right speed.
The profile duration is the parameter responsible for the data sampling period of
the experiment. The software records up to 4096 values during the test. The third
parameter is the overshoot period which works as a counter for the recording

delay between the software and the hardware.

To achieve a minimum strain rate variation a number of trials were run to
determine the optimum values for the three parameters. For all the strain rates
that were optimized the true final strain was kept constant at 0.5. The strain rate
optimization was conducted for a number of strain rates and temperatures.
Samples from the same Ti6AIl4V rod were used to avoid inputting any variance in
the tests. A number of the optimized strain rates conducted at 950°C are

presented in Figure 3.7 and the average strain rate and standard deviation are
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shown in Table 3.1: Strain rate variation. Examples of strain rate optimization

experiments are presented in Appendix C.

200 — Strain rate optimization at 950°C
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Figure3.7: Optimized strain rate resultat 950°C
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Table3.1: Strain rate variation

Average Strain Standard
rate Deviation
10 st 0 60s™? 0.80
25 s 24 75s! 1.01
—-; 50 st 48 385! 4.68
)
=
8= 100 s 98.34s7! 4.07
o
150 st 151.50s™ 1.92
170 st 172.28g71 3.75
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4 Project Methodology
4.1 Introduction and DoE

This chapter describes the details of the methodology for the hot isothermal
compression test at low and high strain rates, and the metallurgical work which
will identify the effect of strain rate on the properties and microstructure of the
selected material. The selection of temperatures and strain rates was performed
based on the high speed industrial forging operation after consultation with
industrial partners of the AFRC.

For the design of experiment (DOE) the author explored several different methods
to avoid the i O n\ariable-At-a-Time (OVAT) approach. Antony [123] proposes
the classic DOE, Placket and Burman (P-B) desi gn, Taguchi O0s or
Shai ni nthe fullafactrial design that can provide superior and more
comprehensive results [124]. The author by comparing all these powerful tools
and investigating in the literature [125][126][127][128] for potential applications in
the present field of research concluded that the use of a full factorial design should
be the best solution due to the fact that is the only methodology that combines all
the interactions of the variables to identify the effect of strain rate on the properties

of the material.

For this research three full factorial design of experiments were used. The first
two full factorial design of experiments were referred to hot isothermal
compression tests with a conventional servo-hydraulic machine (low strain rates)
and the bespoke high strain tester (high strain rates) for strain rates 0.1 s, 1 s
and 10 s to establish a base line of the flow behaviour for the as-received
material. The third full factorial DoE was the main target of this work for strain
rates 50 s, 100 s and 150 s™*. For both designs of experiment three variables

were selected, strain, strain rate and temperature during deformation. For the
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base-line tests using the conventional servo-hydraulic machine (Zwick HA250),
strain and temperature was investigated in three levels and strain rate at two
levels as demonstrated at Table 4.1. For the high strain rate servo-hydraulic
machine the strain was investigated at two levels due to the machine® limitations
at this point, strain rate at one level and temperature at three levels as
demonstrated in Table 4.2. Both full factorial designs of experiment have been

designed to allow the final results to be combined and evaluated together.

Table4.1: Full factorial DOE for conventional seritydraulicZwickHA250

_ Level 1 Level 3
Variable Levels o Level 2 _
(minimum) (maximum)
Strain 3 25% 40% 55%
Strain Rate 2 101st 1s?
Temperature 3 850°C 900°C 950°C
Table 4.2: Full factorial DOE for prototype high strain rate sergdraulic machine
_ Level 1 Level 3
Variable Levels . Level 2 _
(minimum) (maximum)
Strain 2 40% 40% 55%
Strain Rate 1 1st
Temperature 3 850°C 900°C 950°C

The third design of experiments was used for the as-received condition and heat
treated (details of the heat treatment are given in the next section). Three
temperatures (850°C, 900°C and 950°C), three strain rates (50 s, 100 s and
150 s1) and one strain (55%) were investigated and the DoE presented in Table
4.3.
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Table4.3: Full factorial DoE for aseceived and heat treated microstructure

' Level 1 Level 3
Variable Levels o Level 2 _
(minimum) (maximum)
. 55%
Strain 2
Strain Rate 1 50 st 100 st 150 st
Temperature 3 850°C 900°C 950°C

The research methodology has been divided into six phases. The first phase was
the sample preparation. The second phase was the temperature distribution
inside the sample for correcting the pyrometer settings. The third phase was the
hot isothermal compression tests. The fourth phase was the analysis of the
results. The fifth phase was the material preparation for microscopic observation.
The sixth phase was the microscopic observation for flow patterns and adiabatic

shear band formation.

4.2 Material specificationsand initial microstructure

The material under investigation was Ti-6Al-4V whose initial chemical
composition is shown in Table 4.4. The materialdé gitial dimension was 12.7 mm
diameter and 2500 mm length and it conformed to the AMS 4928 standard [129].
The material was supplied by AirCraftMaterials UK as well as the certificate. The
reported UTS was 1051.6 MPa and the beta transus as determined by DTA
(Differential Thermal Analysis) was 995°C. The initial microstructure was
elongated alpha-phase following the direction of the rolling axis and the ASTM
grain size was 8.3. Figure 4.1 illustrates the initial microstructure, all the pictures
have been taken with the rolling direction from left to right. The same material was
also investigated after heat treatment at 1050 °C for 60 minutes and cool down at

5°C per minute in vacuum to achieve a lamellar microstructure (see Figure 4.3).
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The final microstructure after heat treatment is presented at Figure 4.2 with an

average lath length of 36 em and thickness of 3 em Figure 4.2.
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Figured.1: Asreceived microstructure of F6A4V bar
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Heat Treatment Ti-6AI-4V
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Figure4.3: Heat treatmentroute of T6AF4Vto achieve lamellar microstructure

4.3 SampleGeometricalPreparation for Compression

The samples were prepared by machining the initial Ti-6Al-4V bars and reducing
the diameter from 12.7 mm to 12 mm with 0.1 mm tolerance. Then the bar had
been cut in samples of 12 mm diameter and 18 mm height with 0.1 mm tolerance.
All the equipment used for the measurements of the samples such as calipers
and micrometres were calibrated and UKAS certified. The compression samples
conformed to the ASTM E209-18 standard and the NPL guide No3 based on the
work from Roebuck et.al. [130]. The Figure 4.4 demonstrates the dimensions and

the 3D model of the samples which were used for the compression tests.
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Figure4.4: Engineering Draw and 3D model of the samples used for compression tests

For the temperature distribution mapping two samples were machined with the
same dimensions as the samples which were used for compression tests ASTM
E209-18 [120]. The samples were drilled at six positions with 1 mm holes. Two
holes were placed at 2 mm from the top of the sample, two holes at 2 mm from
the bottom of the sample and 2 holes at the middle of the sample. All the holes
penetrated the entire diameter. The sample engineering draw and 3D model

demonstrated in Figure 4.5.
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Figure4.5: Engineering Draw and 3D model of the samples used for temperature distribution monitoring
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4.4 Temperature distribution monitoring

For the temperature distribution mapping two samples and the Phoenix machine
was used as demonstrated in Figure 4.5. Several temperatures ranges were
examined from 500°C to 950°C. At lower temperatures a step of 100°C was used
and from 700°C until 950°C a step of 50°C was used. Furthermore, at 950°C the
temperature distribution was also investigated in correlation with the distance of
the upper die and the sample top surface (see section 3.2.2, 3.2.3 and Appendix
A). For all the temperatures the distance between the upper die and the sample
was 2 mm. A 0.3 mm gap between the upper die and the sample and no gap with
the upper die were investigated at 950°C to identify the best heating position. The
position of the upper die has significant effect on the magnetic field created by the
induction heating system and the temperature distribution inside the sample.

Six K-type 1 mm thermocouples were used to monitor the temperature inside the
sample. Three thermocouples were placed 6mm inside the sample to monitor the
centre of the sample at 2 mm of the top of the sample, 2 mm of the bottom of the
sample and at the middle. The other three thermocouples were placed 10mm
inside the sample to monitor the temperature 2 mm of the surface also at the same
distances of the top, bottom and middle (Figure 4.5). The positioning of the
thermocouples were based on the stability and keeping the same position during
the heating. The thermal expansion of the thermocouple prevent the spot welding
to the sample because that could cause movement of the sample.

Both tests were conducted under the same conditions, six new calibrated
thermocouples were used and the temperature was monitored by a TC-08
Thermocouple Data Logger suitable for temperature from -270°C to +1820°C with
20bits resolution and sample rate of 10 samples/sec. The built in pyrometer was
used to control the induction heating system and monitor the temperature at the
surface of the sample. Photos taken during the experimental procedure are

presented in Appendix A. The test was split in three phases. The first phase was
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the heating of the sample at the required temperature, which was controlled by
the pyrometer. After the sample reached the temperature the second phase took
place where the temperature was maintained stable for five minutes. The third
stage was the recording of the temperatures from the thermocouples and the

pyrometer.

The results of the temperature distribution and thermocouple position set up
inside the sample was used to identify the best position of the sample in
connection with the top die position and to correct the pyrometer input to achieve
the right temperature for the compression tests. The experimental procedure,
results and utilisation of them to achieve optimal heating position are presented

in section 5.1.

4.5 Hot Isothermal Compression

For simulating deformation processes such as extrusion or forging the
compression test is the most suitable in comparison with the tension test, due to

similar mode of stress, smaller specimen and better controlled procedure [131].

4.5 lintroduction

The compression test at elevated temperatures has to deal with some difficult
problems. The first problem that arises is how to control and maintain uniform
temperature during the experiment. As the test must be isothermal this is very
important. Another problem is the uniform lubrication of the dies. Furthermore, hot
working plastic instabilities can be developed in the compression test due to
thermo-mechanical processes such as recrystallization and dynamic recovery.
The first type is associated with a maximum in the true stress-strain curve and the
second type concerns inhomogeneous deformation and shear band formation.
Finally, at elevated temperatures metals may become more strain rate sensitive

which makes the strain rate control an important parameter for the test [131] [68].
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To overcome the problems occurring in a hot compression test the experimental
compression method was split into four stages. The first stage was the selection
of the appropriate equipment for the experimental parameters. The second stage
was the experimental setup, which includes the selection of suitable lubrication
for the dies and the quench timing. All the individual elements were essential to
eliminate any variations during the test and allow the third and fourth stage to run
as effectively as possible. The third stage was the temperature and strain rate
control which was critical for the test. The final stage was the performance of the

hot isothermal compression test.

The tests were conducted by the author and an experienced technician at the
AFRC. Photos taken during the experimental procedure are presented in

Appendix B.

4.5.2Equipment Selection

The equipment was selected based on the experimental parameters. The
capability of the equipment to conduct the tests at the requested strain rates was
the main characteristic. For the tests with strain rates 0.1 s* and 1 s a Zwick i
HA 250 servo hydraulic press was selected, capable of 250KN load with an
attached furnace capable of produce temperatures up to 1100°C. A schematic of

the compression-testing machine is shown in Figure 4.6.
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Figure4.6: ServeHydraulic compression testing systeAwick HA25@image[132])

For strain rates greater than 5 s* most common servo-hydraulic machines
are not capable ensuring a constant strain rate. For that reason AFRC procured
a bespoke servo-hydraulic machine with the capability to conduct hot isothermal
compression tests at strain rates from 1 s to 200 s. The Phoenix high strain
rate tester is a specially modified servo-hydraulic machine capable of conducting
compression tests at strain rates that commonly available servo-hydraulic
machines are not able to support and maintain a stable strain rate during the
compression test. It is equipped with a closed chamber that is filled with a non-
reactive gas. Inside the chamber is installed an induction heating coil linked to a
power system adjacent to the press which is capable of rapid heating the test
piece and tooling to temperature of circa 1300°C. Furthermore, the machine is

equipped with an automatic system for water quenching in under 5 seconds.
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4.5.3Compression setugor HA250 servo-hydraulic machine

The experimental setup which is described in this section was followed for all the
samples to ensure the repeatability of the tests and to eliminate any external

parameters which would affect the final outcome.

Following machining all samples were washed with ethanol to ensure that they
were free of foreign particles on their surface. The clean surface was required for
the next step where the samples were coated with standard glass coating
provided by the AFRC. The chemical composition and details for the coating is
not availableast he c o at i nigtellecual préop&tg. dle coating provides
lubrication between the sample and the die and minimises the friction occurring
during the test and at the same time works as thermal barrier reduce the heat

loss.

The flat surface of dies is essential for the test. Both of the dies are made of
CMSX-4; a nickel super-alloy. The dies were incrementally ground by using three
different grinding papers P240, P600 and P1200 with water suspension. After the
grinding the surface was cleaned and coated with a Boron Nitride solution which
ensures lower friction between the dies and the sample and enhance the life of
the dies.

The dies were mounted on the push rods in the Zwick HA 250 servo-hydraulic
machine. The push rods were manufactured from Inconel 100, U720 super alloy
and Stainless Steel 316. The sample was mounted on the bottom die and placed
in the middle of the die.

To achieve the temperature needed for the tests a Severn Thermal Solutions SF
2113 clamshell furnace was used to heat the sample and the push rods. The
temperature was increased from room temperature to the target temperature
based on the experimental matrix which is described below at a rate of

12°C/minute, a total of 80 minutess to achieve 950°C plus 15 minutes of soak
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time. The temperature was controlled by a controller which was connected with
six N-type thermocouples. Three thermocouples were connected to three different
areas of the furnace and the other three were at the top and bottom die and one
at the surface between the bottom die and the sample. The six point control of the
temperature was essential for the accurate monitoring of the temperature before
and during the test. The required temperature was reached and maintained at
least for 15 minutes before the test started.

The final stage of the test was the quench. The Zwick HA 250 and the control
software allow a small move of the push rods after the end of the test. The small
move of the push rod allows the user to remove the sample with the help of a
tongs tool and quench it. The average time between the end of the test and the
guench was kept at five seconds to allow investigation of the microstructure after

the hot compression.

4.5.4Compression test matrixfor HA250 servo-hydraulic machine

The parameters and the levels are detailed in Table 4.1 and they are the result of
a full factorial design of experiments. The compression tests which were
conducted on HA 250 conventional servo-hydraulic machine given in Table 4.5.
As already mentioned the procedure was randomized and the sample reference

number used in the table does not indicate the order of the experiments.

Table4.5: Test matrix for hot compression testat HA 250 servédhydraulic machine

Sample Ref. Number Strain (%) Strain Rate(s?) Temperature(°C)
1 25 0,1 850
2 25 0,1 900
3 25 0,1 950
4 25 1 850
5 25 1 900
6 25 1 950
7 40 0,1 850
8 40 0,1 900
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9 40 0,1 950
10 40 1 850
11 40 1 900
12 40 1 950
13 55 0,1 850
14 55 0,1 900
15 55 0,1 950
16 55 1 850
17 55 1 900
18 55 1 950

4.5.5Compression setip for phoenix high strain rate tester

Samples preparation was as described above T machining followed by cleaning

and lubrication using the glass lubricant referred to.

The dies of the Phoenix are made of tungsten carbide. The surface was cleaned
and coated with a Boron Nitride solution which ensures lower friction between the

dies and the sample and enhance the life of the dies.

The dies and the sample were shielded inside an insulated chamber which was
filled with non-reactive gas (Argon) to eliminate the corrosion of the dies and to
inhibit the formation of alpha case on the titanium [133]. The sample was carefully
located at the centre of the induction heating coil. The heating of the sample was
controlled by a pyrometer at a rate of 10°C/sec and at the same time with a K-
type 0.25 mm diameter thermocouple spot welded to the surface of the sample.

4.5.6Compression test matrix for Phoenix high strain rate tester
The design of experiment parameters and the levels had been discussed and
illustrated in Table 4.2 and Table 4.3. The compression tests which were

conducted on the Phoenix special modified servo-hydraulic machine were divided

in three sets; the first set was the baseline tests, the second was the as-received
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condition of the Ti-6Al-4V and third the heat treated condition. The complete test
matrices are illustrated in Table 4.6, Table 4.7 and Table 4.8 respectively.

Table4.6: Test matrix of reference hot isothermal compression tests at Phoenix high strain rate skeydoaulic
machine

Sample Ref. Number Strain (%) Strain Rate (s1) Temperature(°C)
P4 40 10 850
PS 40 10 900
PG 40 10 950
P7 55 10 850
P8 55 10 900
P9 55 10 950

Table4.7: Asreceived Ti6AF4V test matrix

Sample Ref. Number Strain (%) Strain Rate(s?) Temperature(°C)
EQ1 55 50 850
EQ?2 55 50 850
EQ 3 55 100 850
EQ4 55 100 850
EQS5 55 150 850
EQG6 55 150 850
EQ7 55 50 900
EQ 8 55 50 900
EQ9 55 100 900
EQ 10 55 100 900
EQ11 55 150 900
EQ 12 55 150 900
EQ 13 55 50 950
EQ 14 55 50 950
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EQ 15 55 100 950
EQ 16 55 100 950
EQ 17 55 150 950
EQ 18 55 150 950
Table4.8: After heat treatment Ti6AF4V
Sample Ref. Number Strain (%) Strain Rate(s™?) Temperature(°C)
LH1 55 50 850
LH 2 55 50 850
LH 3 55 100 850
LH4 55 100 850
LH5 55 150 850
LH 6 55 150 850
LH 7 55 50 900
LH 8 55 50 900
LH9 55 100 900
LH 10 55 100 900
LH11 55 150 900
LH 12 55 150 900
LH 13 55 50 950
LH 14 55 50 950
LH 15 55 100 950
LH 16 55 100 950
LH 17 55 150 950
LH 18 55 150 950

4.6 Isothermal hot compression testflow stressanalysis

The data obtained from a conventional compression test are the load F from the
load cell and the displacement qopH(mm) from the Linear Variable Differential
Transformer (LVDT). In the case of the Phoenix high strain rate tester the data
obtained are the load F from both the load cells (load cell A is more accurate at
forces above 300 KN and load cell B below 300 KN) and the displacement ¢qpH
(mm) from the two LVDTs placed at the end in both push rods. The final value of

the displacement is calculated from the deduction of stroke B from stroke A. The
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displacement is corrected for compliance based on the compliance curve

obtained for each temperature [118].

The true stress is defined as the load F divided by the instantaneous cross-section
area of the sample (in our case a cylinder) with diameter D;. During an isothermal
compression test the cylinder with initial height Ho is deformed to an instantaneous
height Hi, the result is the expansion of the initial diameter Do following the law of

volume conservation:
OO0 OO0

(o]

The flow stress u, assuming frictionless conditions, can be calculated in
association with the deformation force F by:
O 10 10

"0 “0 “ 00

Furthermore, the true strain can be calcul at e d as a function of
(cylinder) instantaneous height H;by:
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Finally, during the compression testing the true strain rate - can be expressed in
terms of the instantaneous height Hi, and the instantaneous crosshead velocity Vi
by [131]:

o 0
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4.7 Determination of friction
During compression testing and metal forming processes, the material shape is

changing because of the contact with the dies forcing it to flow under load. The

workpiece and die (platen) move relative to each other under force, as a result
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friction forces are generated in the interface. The frictional forces resist the relative
movement, this influencing the deformation load and causing energy losses [134].
The friction in the interface can be controlled by applying the appropriate lubricant.
The system of sample, die and lubricant can be characterised in terms of a
coefficient (¢). The value of the coefficient lies between 1 (sticking conditions) and

0 (frictionless conditions).

The standard method to determine the friction conditions is the ring test. The
method was developed by Kunogi [135] and improved by Male and Cockcroft
[136] and gained wide acceptance around the world for the quantitative evaluation
of the friction. The method is simple and involves a flat ring shaped sample which
is deformed to a known axial reduction. The information on the friction coefficient
at the sample-die interface is provided by the change in the inner diameter of the
ring specimen. If the friction is high the internal diameter decreases indicating
poor lubricant performance; whereas if the friction is low the internal diameter
increases demonstrating good lubrication. To obtain the friction factor, the internal
diameter of the deformed ring must be compared with the value predicted by using
various friction coefficients, €. As demonstrated in Figure 4.7 the friction
coefficient ¢ is plotted against the reduction in height of the ring for a range of

friction values.
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Figure4.7: Fridion calibration curveq134]

Force measurement is not a requirement of the ring compression test, making it
one of the biggest advantages of the technique. Furthermore, the test can take

place for large-scale deformations such involved in forming and forging.

4.8 Process map and instability criterion

@As has been mentioned in section 2.7 for the development of process maps many
instability criteria are available. For t hi s research Prasado6s i
selected as it has been extensively accepted and used. The approach is based
on the Dynamic Material Model (DMM). In this model, the sample subjected to hot
deformation is assumed to be a non-linear dissipator of power. The energy
transactions occurring in the sample consist of two types: a temperature rise and
described by the component (G) and a microstructural change (J). The total input
power is partitioned between these two as decided by the strain rate sensitivity of

flow stress (m)[74].
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The processing maps were composed of par ameter
efficiency of the power dissipation and the parameter 3
0 ca

0 a p

e Q
TIIO(
- 4&0‘,'[
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Where ¥ is the applied strain rate. The variation of dimensionless parameter 3(y)
with temperature and strain rate constitutes an instability map. If parameter d has
a negative value, microstructural flow instabilities, such as adiabatic shear bands
(ASBSs), localization of deformation, or cracks, may occur. On a processing map,
such a region is considered as unsafe[137].

4.9 SamplePreparation and Investigation

Except for the compression tests the microstructure investigation and
identification were also one of the crucial aims of the project. The intent was to
compare the effect of the different process parameters on the microstructural
development. Standard metallographic procedure involving grinding and polishing
of the samples were used. Due to the microstructure and thermo-mechanical
history of the samples the process route of grinding and polishing was changed
incrementally to provide the best final result. The chemical etching of the prepared
samples was the last stage which revealed the microstructure and allowed

metallographic examination.
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4.9.1Sample Preparation route

The samples after the compression test were all cleaned and cut in the vertical
direction of the compression axis along the centreline as is shown in Figure 4.8.
In order to cut the samples the author used the Isomet 5000 cutting machine. In
some cases where the samples were too big for the isomet they were cut by an
EDM (Electrical Discharge Machining). The EDM cutting was conducted by an
experienced technician at the AFRC. All the samples were inspected for rough

edges before mounting with any being removed by using loose grinding papers.

The cut samples were mounted using an automatic SimpliMet 3000 mounting
press from Buehler. As a consequence of the s a mp |denengion the 40mm
diameter case was selected as the most suitable. The PhenoCure thermoplastic
powder was used to fill the case. The settings was set to 290 bar pressure and
temperature of 150°C to melt the powder for 110 sec followed by 270 seconds

cooling before the removal of the sample.

Compression
axies

Figure4.8: Cutting sample direction

The next step was the grinding and polishing. All the samples were subjected to
the grinding and polishing process as detailed in Table 4.9. For the grinding and
polishing an Ecoment 300Pro grinding and polishing machine was used with an
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AutoMet 300 power head. The process route of grinding and polishing which is
proposed was the result of many trials and alterations to the process due to the
material behaviour. The author can speculate that the problem occurred because
the samples deformed under different conditions have different volume fractions
of alpha and beta phase changing the general surface hardness of the material
from area to area and sample to sample. The surface hardness has a significant
effect on the rate of grinding and polishing. All the parameters selected for each
stage of the process are detailed at the Table 4.9 and the finish which was

achieved after each step is illustrated at Figure 4.9.

Figure4.9: Samples after each step ofgparation A) step 1P600 grinding, B) step-21200 grinding, C) Step 3
polishing, D) step 4 polishing, E) step 5 polishing and F) after chemical etching.

The final stage of the material preparation for microstructure observation was the

chemical etching. After the polishing, chemical etching is a necessity to reveal the

mi crostructure. The Kroll 6s method was us
and safety regulations the process was conducted by an experienced AFRC

technician. A solution of 1% HF (Hydrofluoric acid) and 99% H20 was used, the

sample was immersed for 15-30 seconds to reveal the microstructure. To ensure

over etching did not occur, regular inspections were conducted during the etching

operation. Finally, the sample washed with water after etching.
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Table4.9: Grinding and Polishing parameters and steps.

Step 1 Step 2 Step 3 Step 4 Step 5
Description | Grinding Grinding Polishing Polishing Polishing
Pad P600 P1200 Texmet P 9em | Chemo met Chemo met
Particle
, 25.8em 153 em 9em 0.02em 0.02 em
size
Lubrication Water Water Meta-Di Fluid None None
] Master Met 2 | Master Met 2
Meta-Di 9 em
] ) 0.02em 0.02 em
Suspension N/A N/A Polycrystalline _ _
Colloidal Colloidal
Diamond . .
Silica Silica
Rotation _
Compli Contra Contra Contra Contra
type
Plate speed | 150 RPM | 150 RPM 150 RPM 150 RPM 150 RPM
Plate head 60 RPM 60 RPM 60 RPM 60 RPM 60 RPM
Force 25N 25N 25N 20N 15N
. 3-5 . : . :
Time . 1 minute 6 minutes 6 minutes 6 minutes
minutes
Less
Finish Scratched Dull Shine Bright Shine | Mirror finish
Scratched

4.9.2 Optical microscopy (OM) and Electronianicroscopy (SEM, EBBS)

The microstructure observation and investigation was conducted on the initial and

deformed samples. An Olympus GX51 and a Leica DM12000M optical

microscope with five different optical lenses which gave magnifications of X5,
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X10, X20, X50 and X100 was used for microstructure observation . Furthermore,
the optical microscope was equipped with a
investigation. Both software (Olympus IAS and Leica LAS) were capable of 2560
x 1920 pixel analysis. For the analysis of the images the author used the image
analysis software from Leica (Grain Expert) with automatic grain size analysis
(ASTM-112-13) [138] when this was applicable. For grain size analysis when the
automatic procedure was not suitable, because of the grain boundary quality and
the software limitations to proper identify them, a Mathcad routine based on the

intercept line method that has been developed in-house was used.

The flow patterns and the ASBs were investigated by the Leica S6 D stereo
microscope. The stereo microscope was capable of magnification of X0.64
minimum to X2 maximum. Furthermore, the stereo microscope was equipped with
a full high definition camera. Video and snapshot images were taken by the author
to capture the flow patterns and ASBs in the samples which were deformed to
55%.

In this study a FEI/Oxford Instruments Quanta 250 FEG SEM has also been used
to capture micrographs. For SEM images, the acceleration voltage was 20kV, the
spot size 4.5 em and the working distance 10mm. A range of magnifications were

used to reveal the microstructure.

In the following chapter the results for the temperature distribution during the
optimization of the Phoenix high strain tester are presented and discussed. The
chapter will be mainly focused on the results from the equiaxed microstructure
(as-received) in terms of mechanical testing, modelling the flow behaviour,
identifying the strain rate effect and the temperature effect as well as

microstructure observations.
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5 Results and Evaluation of As-Received Microstruc ture

Based on the methodology described in the previous chapter the results and a
brief evaluation of every step will be presented in this chapter. Further discussion

and comments will be presented in chapter 6.

5.1 Temperature distribution inside the sample at Phoenix high strain
rate Tester

The temperature distribution inside the sample was a critical factor because the
compression test was intended to be isothermal. The induction heating system
was influenced by many parameters such as the position of the sample inside the
coils, the geometry of the coils, the number of coils and the frequency of the
electric current. Furthermore, the pyrometer which controls the heating system
measured the surface temperature of the sample which was not always the real
temperature inside the sample.

5.1.1Results of emperature distribution as a function of temperature

Two samples were investigated as has been described in the previous chapter
(section 4.4). The results of sample T1 are presented in Table 5.1 and the results
of sample T2 are presented in Table 5.2. Furthermore, to validate the results given
by the thermocouples the sample position after heating was measured to ensure
that it had not moved. The measurement conducted with the designed tool
presented in Figure 3.5. The reason for this is that thermocouples usually expand
and can change the position of the sample when heated at high temperatures.
The radial position of the thermocouples with respect to the centre of the sample
after heating in comparison with the initial position in the sample T1 is presented

in Figure 5.1 and for sample T2 in Figure 5.2.
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Table5.1: Sample T1 temperature distribution

Pyrometer Temperature
Sample T1
500°C | 600°C | 700°C | 750°C | 800°C 850°C | 900°C | 950°C
Top Centre
582 672 737 773 824 888 929 986
Top Edge
° 580 670 735 770 822 884 925 982
2 Middle Centre
’g 578 669 733 768 818 878 917 971
g Middle Edge
';, 585 678 740 774 824 884 925 982
Q
= Bottom Centre
3 569 667 735 774 824 883 920 976
o
£ Bottom Edge
l_"E’ 585 679 744 780 832 892 931 988
Average
579 672 737 773 824 | 88483 924 980
Standard Dev.
6 5 4 4 5 5 5 6

Table5.2: Sample T2 temperature distribution

Pyrometer Temperature
Sample T2
500°C 600°C 700°C | 750°C | 800°C | 850°C | 900°C 950°C
Top Centre
580 658 697 752 817 869 901 948
Top Edge
@ 598 676 711 763 830 883 916 962
% Middle Centre
‘g 599 676 713 765 831 884 918 966
5 | Middle Edge
';, 603 679 715 767 833 888 922 971
(]
S | Bottom Centre
S 593 671 711 767 835 887 920 969
o
€ Bottom Edge
é 599 676 716 772 840 893 927 976
Average
595 672 710 764 831 884 917 965
Standard Dev.
8 7 7 7 7 8 9 10
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Figure5.1: Thermocoupleadial position in respect to the centre of the sampleosition inside the T1 samplg)
after heating B) initial position
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Figureb.2: Thermocoupleradial position in respect to the centre of the sampieside theT2 sample A) after
heating B) initial position

5.1.2Evaluation of temperature distribution as a function of temperature

The temperature distribution test shows that the temperature inside the samples
is different from the pyrometers readings. The average difference between the
pyrometer and the thermocouple varied from 14°C to 95°C. This may be because
the difference between the thermocouple and the pyrometer had its 6rigin in the
fact that the platen size was several times bigger than the sample and the
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emission originating from the surface of the platens had influenced the
temperature readings at lower temperatures. The fluctuation of the temperature
inside the sample was between 9.70°C to & 4 . °C i@ relationship with the average

temperature of the sample.

After taking under consideration the final position of the thermocouples the results
from sample T2 are questionable. Due to the expansion of the thermocouples the
temperature readings were not reliable. Sample T1 however fulfilled all the
conditions which are required in order to be valid. The small displacement which
was noted at in the thermocouple located on the top edge would not affect the

results.

The results of temperature distribution inside the sample T1 show that the
temperature required for the experiments can be corrected based on the average
temperature inside the sample. The results indicate a 95% possibility that the
temperature inside the sample is the required one for the experiment with an error
of +6°C, values that conform to the ASTM E209-19 standard for rapid heating
[139].

5.1.3Temperature distribution versus top die-samplegap

The temperature distribution compared to the relative position of the upper platen
and the top surface of the sample was investigated in three positions 2 mm, 0.3
mm and in contact, at 950°C. Due to the final position of the thermocouples only
the results of sample T1 are considered as valid. The results of Sample T1 are

presented in Table 5.3.
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Table5.3: Sample T1 temperature distribution versus dg&ample position

Distance 2mm 0.3mm Contact
Pyrometer Temperature 950°C 950°C 950°C
© Top Centre 086 994 1000
= Top Edge 982 990 994
qé- Middle Centre 971 974 974
2 Middle Edge 982 985 984
0
é_ Bottom Centre 976 977 976
g Bottom Edge 088 0988 986
S
|5 Average 980 984 985
= Standard Dev. 6 7 10

The average temperature inside the sample shows a very small change in
relationship with the relative position of the top die to the sample. On the other
hand, the fluctuation of the temperature increases is significant when the distance
between the sample and the die decreases. The fluctuation of the temperature
inside the sample, in relationship with the average temperature when the sample
is closer to the die, goes beyond the + 6°C which has been set as the error target
for the compression experiments. The results clearly show that the 2 mm distance
between the sample and the die is the best position for the compression tests.

5.1.4Pyrometer correction based on temperature distribution results
After taking all the above results under consideration the pyrometer input
temperature has been corrected based on the average temperature distribution

on sample T1. The -corrected temperatures, used for the compression
experiments, are presented in Table 5.4. The final temperature inside the sample

97



Results and Evaluanh of AsReceived Microstructure

will be the required one with a possibility of 95% of an error within +6°C, which is

acceptable.

Table 5.4: Pyrometer corrected inputs

Experiment _ Pyrometer input _
Correction Error Confidence
temperature temperature
850°C -35°C 815°C +6°C 95%
900°C -25°C 875°C +6°C 95%
950°C -31°C 919°C +6°C 95%

5.2 Hot isothermal compression tests

In manufacturing industry, a significant amount of the production parts are
produced with conventional hot working processes such as forging and extrusion.
One of the most critical aspects of the metal forming process, is the determination
of forming energy and forces; which requires deep knowledge of the flow
behaviour of the formed material. The understanding of the flow behaviour during
hot forming processes is complex due to the influence of many parameters such
as starting microstructure, temperature, strain and strain rate [140]. Strain rate
and temperature also have a significant effect on softening and hardening

mechanisms, and a direct influence on the final mechanical properties.

The optimization of manufacturing routes and achievement of cost reduction with
optimal mechanical properties of the final part is important for the manufacturing

industry. Consequently, the study of the flow behaviour at different conditions
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(strain rate, temperature, strain), is necessary to quantify the constitutive
behaviour of the formed material. Even though a significant amount of research
has been conducted to determine the deformation behaviour of two phase alloys
(especially Ti-6Al-4V) [140], a comprehensive understanding of these materials
does not exist. Significant work has been presented by Seshacharyulu et al. [49]
for the hot deformation behaviour of Ti-6Al-4V with initial equiaxed microstructure
at elevate temperatures and a wide range of strain rates. A process map based
on flow behaviour is presented in this work and the flow instabilities at high strain
rates are highlighted and attributed to adiabatic shear banding. Also,
Seshacharyulu et al. [62] investigated the evolution of the deformed
microstructure of  Ti-6Al-4V with an initial lamellar microstructure. The
experimental work was similar to Seshacharyulu et al. [49] creating a
microstructural deformation mechanism map. Also, the flow stress behaviour of
Ti-6Al-4V  with a lamellar colony structure during hot working has been
investigated by Semiatin et al. [141] and correlated to microstructure evolution.
Semiatin et al. [142] also investigated the flow softening behaviour of Ti-6Al-4V
and concluded that the underlying mechanism responsible is the microstructural
evolution and the deformation heating. Further, Bruschi et al. [64] investigated the
workability of Ti-6Al-4V at high temperatures and strain rates and correlate the

flow behaviour to microstructure characteristics.

In order to optimize the manufacturing process routes, and achieve
microstructural and property control of the final part it is mandatory to understand
the constitutive behaviour of the material. Although, a significant amount of
research has been conducted globally to investigate the flow behaviour of Ti-6Al-
4V and the material® dependence on the initial microstructure, a significant data
gap exists especially at strain rates above 50 s which are important for high
strain rate forging or extrusion. It is therefore pertinent that the correlation of strain,
strain rate and temperature with flow behaviour is investigated in order to enhance

process models.
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5.3 Ti-6Al-4V flow stress corrections

5.3.1Friction correction

A friction coefficient equal to 0.1 was used for all samples and has been
suggested by t he authords S U p eingvconypessionftastom pr e
experiments (see description in section 4.7) which had been conducted at the
AFRC [143]. The ring compression tests as well as the experiments were
conducted with the same lubricant (AFRC IP), which was uniformly applied to the
sample with the use of a small brush. The friction correction was based on the
slab analysis presented in "Mechanical Metallurgy” by G.E.Dieter [144], as implied
in its name, the slab method is based on the assumption that the deformation on
the sample can be approximated with the deformation of a series of slabs, the
slabs shape can be either flat or cylindrical in this case cylindrical, which is not

changing during the deformation process.

5.3.2Ringing effect correction

At high strain rates the test frame or the test piece vibrate. The transducers
attached to the machine to measure load and displacement frequently register
their vibration superimposed on the true signal. This is called ringing [118]. The
ringing effect depends on the elastic characteristics of the material, the
deformation rate, and the components measuring the load and the displacement.
Roebuck et al. [145] have proposed a methodology to subtract the ringing effect

from the flow curve by filtering the flow curve with the moving average method.

In this study, because of the unique layout of the attached sensors (two LVDT and
two Load cells) the ringing effect is less strong (see Figure 5.3) in comparison with

other equipment that has been reported in the literature [145] (see Figure 5.4).
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The author exploring the signal filtering methodologies, concluded that running
average smoothening was not giving a sufficiently smoothed curve. The reason
behind that is the form of the ringing; a wave oscillation that is subject to the
degradation as a function of the time that can be better addressed through a non-
linear filter that takes under consideration the signal amplitude. The filtering of the
curves was applied from strain rates higher than 10 s up to 100 s1. Roebuck et
al. [146] have demonstrate that the ringing effect increases with the increase of
strain rate and became significant for strain rates above 10 s s*. For higher strain
rates the time of the experiment is so small that the ringing effect is not embedded

in the flow curves.
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Figure5.3 Ringing effect at hot isthermal compressiorPhoenix equipment
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Figure5.4 Ringing effectin tests on Al alloy 5052 at 50@[145]

5.3.3Machine stiffnesscorrection

The calcul ati on o gswastenductedbyhstamdardpsoceslures.f f n e
The results of the machine® stiffness are presented in Figure 5.5 and the values

which were used to correct the displacement are shown in Table 5.1.
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Figure5.5: Machine stiffness at different temperatures

Table 51: Stiffness values from correction curves

Temperature (°C)

Stiffness (N/m)

850 0,0000070
900 0,00000712
950 0,00000714
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For the high strain rate test the compliance correction was obtained through a
unigue experimental procedure after the isothermal compression test. The build
in software base on the experimental temperature and max load during the test,
executes a heating cycle and loads the platens for a small time period with the
same load to obtain the compliance correction which presented in form of a five

order polynomial.

5.3.4Friction and adiabatic heating correction

The stress-strain curves (flow curves) obtained from the hot isothermal tests are
not representative of the true material behaviour. Friction and adiabatic heating
are two factors contributing to the measured values and must be compensated

for.

In this work, the correction for friction and adiabatic heating due to deformation
was based on the slab analysis proposed by Dieter [144], and performed through
a MathCAD routine [147]. Both corrections were conducted together within the
routine. The friction coefficient is introduced to the routine with the uncorrected
data, the adiabatic heat is calculated from the energy under the flow stress curve,
taking under consideration the conduction heat losses from the ends and
subtracts them; when the remaining energy is converted to temperature rise. Then
a linear temperature sensitivity is assumed based on the flow stress data and the

final temperature correction is applied to the flow stress.
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Figure5.6. Effect of friction and adiabatic heating correction on the flow cunas850°C and 100-%

The effect of the friction and adiabatic corrections of Ti-6A-14V, at 850°C
compressed at 100 s, to the flow curve is presented in Figure 5.6. From the
curves the significant effect of the adiabatic heating is clearly demonstrated and
can be spot it on the difference of the flow curve and the increased values of

strain.

When metal is deformed at high strain rates, a significant amount of the applied
energy is converted to heat, the phenomenon is amplified especially in regions of
high localized deformations. The heat generation can lead to significant increase
of the temperature inside the metal, since there is no time to conduct the heat to

the environment [148]. The increased temperature inside the metal leads to the
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reduction of the flow stress. Therefore, all the hot isothermal compression results

have been corrected for machine compliance, friction and adiabatic heating.

5.4 Modelling of flow curves

As forging moves to a new era of virtual forging operation instead of trial and error,
accurate material behaviour becomes more and more important. Reliable and
versatile simulations become necessity to predict process routes parameters and

accurate final parts [149].

The complexity of materials flow behaviour during hot forging processes is well-
known. The underlining mechanisms such as softening and hardening are both
significantly influenced by many factors such as temperature, strain and strain
rate. During hot deformation conditions, the understanding of metal and alloy flow
behaviour plays important role for designing forging processes because of its

active part on metal flow kinetics and patterns [140].

The flow properties of the metals are often described through predictive models
(empirical-analytical or microstructural), empirical-analytical models using
empirically derived equations to calculate the flow stress as a function of the
process parameters. Microstructural models may also be used to describe the
material response (during and post-deformation) in terms of microstructure
parameters. Some examples of microstructural and empirical-analytical models

are presented in Table 5.5 and Table 5.6.

The idea behind modelling for metals should be to accurately describe the
mat er i al 6s ftolinclude formihgaempeosature, strain rate dependence,
and strain and work hardening. However, a single model which includes all these
phenomena is a very difficult task. Therefore, always some limitations will apply

to each model and must be carefully used.
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Table5.5: Examples of microstretural model[149]

MICROSTRUCTURAL MODELS FEATURES
Ewolution of grain size D during hardening and
A D=Dy -Cq-5-£" dynamic recovery
Dy = initial grain size
co—a.s g.=critical deformation for the onset of dynamic
B L B recrystallization
£, =K -Dg LZm £,= peak strain
Z = Zener-Hollomon parameter
W
c X= 1_5"9{._“ titos) J where Dynamic recrystallised fraction evolution
tos = ki -Dg-&™ -explQ/R-T) tys = time to reach 50% recrystallization
DDr’+1=X?I3'Dd+ﬁ_xj}2'ﬂﬂi ) L
D Dynamic recrystallised grain size evolution
Dy =K,y -(ZrA)™
X =1-expl-as -(titys)" ) _
E n o~m ) ) Static recrystallisation fraction evolution
ths =k2 - 'DU -Zp 'EXpt_Qs;ar ;RT}
Dy = X123 Dy +(1- X, P - Dy,
F o ! o . ", o Static recrystallised grain size evolution
'D.\.'Jr.nl = K.vr:.'.r & ! 'Dfl
X=1—53‘p{—ﬁ'm'{”f{|_5]k’") ) - . i
G ) Metadynamic recrystallisation fraction evolution
fog =k Z7  explQue (R-T)
Dy = X3 D, +1-X,F D,
H o ! et + . Do Metadynamic recrystallised grain size evolution
'me = K.lm'J 2P
45 45 e ) e Grain growth
| DY =D mer + B-1=10.95) xpl Qo | R ) tg.45 = time to reach 95% recrystallization
Phase transformation kinetics
J Zle)= l—cxp(—k -r”] £ = volume fraction at the growing phase at
time t
£ : equivalent strain £ : equivalent strain rate T © temperature
Dy« initial grain size D' average grain size &, : critical deformation
& peak strain £ : Zener-Hollomon parameter X : recrystallised fraction
{:time Q : activation energy R : universal gas constant
g5 ¢ time to reach 50% recrystallization ty gs © time to reach 95% recrystallization £ : volume fraction
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Table5.6: Examplef empirical modelqd149]

EMPIRICAL MODELS FEATURES
A a = k" Strain hardening
[47]
(e
B s=A-(A- B]Exr:i| = Strain hardening and dynamic recovery at
£} large strains
(48]
k e F{ﬁ | . .
c a=ke & ax ?J Slmulta_neous dependence on equivalent
6] . strain, strain rate and temperature

P
o = Aexplm T T ™ ™ expl m—“J
£

Accurate representation of the flow curve in

D . . hot deformation conditions
(14 &)™ explmye s M
T = Cpg (1- W)+ aouW
Teor = A[’.c',TIr: +£p jB[:'T’
E ! e reT) Accurate representation of the flow curve in
o sar = Cp expl-CyT ™21 hot deformation conditions
W=1- exp(— Re™® '
[46]
Z=¢ e::pfi = Alsinblaa )"
F RT Neglects the effects of strain
[42]
2
sorp -2 )"
G o =L sinh! __\RT) Accurate representation of the flow curve in
@ A hot deformation conditions
[43]
o ANEERE
H o= Lﬂ. + Be ! 14 Cln[;]{‘l lﬁl Accurate representation of the flow curve at
\ £ \m=To ] | high strain rate
[49]

Deformation history taken into account when
no recrystallization occurs

| Ao

[50]
o : equivalent stress; & : equivalent strain £ : equivalent strain rate
T :temperature Z : Zener-Hollomon parameter Q : activation energy

Ty - initial temperature T, : melting temperature

Many researchers have used different models to address the material behaviour
under various conditions. Zhao et al. [150] have used the Johnson Cook(JC)
model [151] and the KHL model [66] to describe the deformation behaviour of Ti-
6Al-4V under dynamic compression. To predict the flow stress of severely
[152] used the
constitutive equation proposed by Zener and Hollomon [153]. The common

deformed pure titanium at high temperature Sajadifar et al.
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features of all these approaches is that the models take into consideration the

strain, strain rate and temperature to describe the flow behaviour of metals.

This study is driven from a specific objective; to establish and enhance the
capabilities of the AFRC to test and properly describe the material behaviour
under high strain rates, with the final aim to offer the forming and forging UK
manufacturing industry more reliable material data which will be used to FE
simulations for more accurate and cost effective process optimization. As the
material response contributes to the prediction of energy use and maximum load,
this, together with the strain and temperature inside the formed or forged part

plays a significant part in the final process optimization and design.

As the Holy Grail of the modern manufacturing industry is cost reduction,
significant work is carried out to avoid uncertainties in the maximum forging load
which can lead to extra costs [154]. An example is presented in Figure 5.7;
Baniani et al. [155] investigated the cost associated with uncertainty in maximum
forging load for a screw press. They concluded that 30% uncertainty in evaluation
of forging load can lead to an extra cost of 5-9% for the forged material and a

potential extra capital cost for equipment acquisition of up to 90% [149].

extra costs of forgings:
+ 7-9% for stainless steel
+ 5-6% for Ni alloys

Stress [MPa]
o & 8. W 1R

—— expermental extra costs for:
= = - Screw Press
Norton-Hoff ‘_1 [s]s]e] - energy
Ha -Spittel o -
L = nsel-Spi :s 8 » - tooling
Strain i
= 600 P extra cost for:
S Z +87% ; .
- — spittel g_ - equipmen
§ —— Norton-Hoff — = 200 -
D o 1
= i
D
oc

Time [s]

//I 10 20 30 a0 \
ol Press Tonnage [MN]

Figure5.7: Costsassociation between uncertaintjn maximum forging loador a screw pres$149]
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In this work the flow curves were modelled by the Hansel-Spittel (H&S) rheological
law [156]. The constitutive equation was selected because it can adequately
incorporate the strain, strain rate and temperature effects at high temperatures.
Furthermore, much of the commercial high speed forging modelling is
implemented by the finite element software Forge® and Deform® and the Hansel-

Spittel (H&S) rheological law is widely used in this software [157].

The full form of the law is presented below:

, 0Q - - Q@ p - QF Y

Where , ,-,- are respectively stress, strain and strain rate and T is the

temperature given in Celsius, mp and medef i ne the mater.

temperature, ms defines the coupling of temperature and strain, m7 defines the

coupling of temperature and strain rate, the ms term coupling temperature and

0s

strainrate, mz,msaandmzdef i ne t he materi al 0sdegeadssi t i vi

on the material 6s s ens,icanstants msyandimearedakena i n

as zero[158] as well as m7, it was assumed that, at a given strain (or at steady
state), the stress exponent n = 1/(ms + m7 T) should be temperature independent,
i.e., m7 =0 [159]. A more simplified version of the equation is presented below:

, Q- - O

The simplified version of the equation was used to avoid over-parameterisation of
the flow behaviour. A non-linear approach was used to fit the model for all
conditions separately and globally. The materials constants were calculated using
non-linear regression after the correction of the flow curves for friction and

adiabatic heating.
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5.5 Asreceived microstructure

5.5.1Fow behaviour at low strain rates
According to the experimental plan (presented in chapter 4, section 4.5.4 and

Table 4.5), the flow curves of Ti-4Al-4V with as-received microstructure derived
from hot isothermal compression tests at two strain rates (0.1s and 1s), three
stain levels (25%, 40% and 55%) and three temperatures (850°C, 900°C and
950°C) are presented in Figure 5.8,Figure 5.9 and Figure 5.10.
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Figure5.8: Flow stress behaviour of ‘BAI4V at 850Cat strain rates of0.1s! and 1s' for three strairs
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Figure5.9: Flow stress behaviour of A4V at900°Cat strain rates of0.1s! and 1s' for three strairs
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Figure5.10: Flow stress behaviour of BA4V at $0°Cat strain rates of0.1s! and 1s' for three strains

The flow behaviour of the curves for the three temperatures strongly depended
on the strain rate. All the curves initially present strain hardening with a small peak
at all strain rates, followed by moderate flow softening. This type of flow behaviour

is well documented in the literature for similar microstructures [49] [50]. The flow
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softening behaviour can be attributed at the adiabatic heating, which increases
the temperature inside the sample and at the same time the proportion of the soft

b phase.

5.5.2Flow behaviour at intermediate strain rates

Following the low strain rate hot isothermal compression tests, the intermediate
strain rate test results (see section 4.5.6 and Table 4.6 ) are presented in this
section. The flow curves of Ti-4Al-4V with the as-received microstructure derived
from hot isothermal compression tests at strain rate of 10s, two stain levels( 40%
and 55%) and three temperatures (850°C, 900°C and 950°C) are presented in
Figure 5.11,Figure 5.12 and Figure 5.13.
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Figureb5.11: Flow stress behaviour of -HAF4V at85(°C at 10 $ for two strains
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Figure5.12: Flow stress behaviour of BAFV at 900C at 10 $ for two strains
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Temperature 950C
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Figure5.13: Flow stress behaviour of BAFV at 950C at 10 $ for two strains

The flow behaviour for the strain rate of 10 s and the temperature of 850°C and
900°C is similar to 1 s strain rate, with initial peak due to strain hardening
followed by flow softening. For both temperatures after the initial peak, a flow
instability is presented with multiple peaks, indicating dynamic recrystallization
(DRX) or flow localization [49]. As been discussed in section 5.5.7 the

phenomenon is due to flow localization. Similar behaviour at higher temperatures
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(in b range) have been presented in the literature [49], in this case the
phenomenon may arise because the actual temperature have risen due to
adiabatic heating or flow localization. At a temperature of 950°C, the flow
behaviour after the strain hardening in the beginning presents an immediate
steady state condition which is characteristic of a discontinuous dynamic
recrystallization (DDRX)[160]. The possibility that the flow softening is absorbed
in the unstable region of the flow, may explain the DDRX behaviour and not the
DRX that is expected [49].

5.5.3Fow behaviour at high strain rates

The high strain rate flow stress behaviour of Ti-6Al-4V was explored based on the
experimental plan detailed in chapter 4 and presented in Table 4.7. The results of
the 18 isothermal compression tests are presented in Appendix D. An example of
the flow curve and the corrected curves for friction and adiabatic heating, as well
as the flow curve fitted with the H&S rheological law for both the experiments
conducted at 900°C and strain rate of 100s? is presented in Figure 5.14 and
Figure 5.15.
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Figureb.14: Flow stress aB00°C and 00s?, experimental, with friction correction and adiabatic heating.
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Figure5.15: Flow stress at 90@ and D0s?, after smoothing and fitting with H&S

The curves for the as received microstructure derived from hot isothermal
compression tests at three strain rates (50s, 100s* and 150s™), at a strain level
of 55% and three temperatures (850°C, 900°C and 950°C) are presented in Figure
5.16, Figure 5.17 and Figure 5.18. The curves were corrected for friction and

adiabatic heating. Furthermore, they were smoothed and fitted with H&S model.
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Figure5.16: Flow stress behaviour of HAI4V at 50 ¢ and three temperatures (85@C, 900C and 95€C)
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Figureb5.17: Flow stress behaviour of BAFYV at 100 ¢ and three temperatures (858C,900°C and 9506C)
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Figure5.18: Flow stress behaviour of BAF4V at 150 ¢ and three temperatures (85%C, 900C and 95€C)

The flow behaviour of the curves for the three strain rates are strongly dependent
on the temperature. The flow stress curves initially show strain hardening with a
peak at all strain rates and temperatures, followed by moderate flow softening
except at a strain rate of 50 s for all temperatures (850°C, 900°C and 950°C).

This type of flow behaviour is expected for strain rates of 50 s and 100 s; that
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is documented in the literature [49][64]. For strain rates of 150 s there is no
comparable experimental data in the literature. The steady state behaviour at a
strain rate of 50 s and temperatures of 850°C and 900°C, follow the behaviour
monitored at 950°C and a strain rate of 1 s, indicating DRX or dynamic recovery

was in operation [50][161].

5.5.4H&S modelling of flow behaviour
As has been mentioned in section 5.4 the flow behaviour of the as-received

microstructure has been modelled with the H&S rheological law. The flow curves
and the material constants, as well as the percentage of confidence for the three

temperatures and three strain rates are presented in this section.
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Figure5.19: Experimental and modelled flow curves for 880 and strain rate 505
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B Experimental flow cureve at 850°C and 100s”
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Figure5.20: Experimental and modelled flow curves for 88D and strain rate 1005
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Figure5.21: Experimental and modelled flow curves for 88D and strain rate 1505

For the temperature of 850°C the confidence level and the H&S material constants
are presented in Table 5.7. From the results it is clear that the model
demonstrated a very good response and the reduced values of the confidence

are determined from the initial part (low strain) of the flow curve.
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Table5.7: H&S material constantand level of confidence for 83C

Strain rate Confidence
(s7) A ml m2 m3 m4 (%)
50 18783.4 -0.00234 -0.00125 -0.51287 -0.00565 94.4
100 17328.4 -0.00235 -0.18255 -0.48688 -0.01746 82.7
150 135135.7 0.001 -0.40049 1.3526 -0.07155 85.0

For the temperature of 900°C the flow curves, the fitted curve, the confidence level
and the H&S material constants are presented below.
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Figure5.22: Experimental and moellled flow curves for 908C and strain rate 505
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Figure5.23: Experimental and modelled flow curves for 98D and strain rate 1005
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Figure5.24: Experimenal and modelled flow curves for 90€ and strain rate 1505

Table5.8 H&S material constants and level of confidence for 900

Strain rate Confidence
(s7) A ml m2 m3 m4 (%)
50 17204.8 -0.00223 -0.01777 -0.54683 -0.00493 90.8
100 15615.3 -0.00239 -0.16921 -0.46547 -0.01696 80.0
150 0.13675 -0.00635 -0.45927 2.51148 -0.05918 697
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From the results the percentage of confidence is reduced with the increase of
temperature. This can be explained due to high degree of flow softening and also
because of the dynamic phenomena; dynamic recovery and dynamic
recrystallization, creating a shift of the flow stress curve to the right and also the
dynamic response of the equipment where the measurement are shifting from the

quasi-static to dynamic mechanical testing.

The flow modelling curves and material constants at temperature of 950°C and

the three strain rates is presented below.
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Figure5.25: Experimental and modelled flow curves for 980 and strain rate 505
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Figure5.26: Experimental and modelled flow curves for 98D and strain rate 1005
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Figure5.27: Experimental and modelled flow curves for 98D and strain ratel50s?
Table 5.9 presents the confidence level and the H&S material constants for

950°C.
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Table5.9 H&S material constants and level of confidence for 960

Strainrate Confidence
(s) A ml m2 m3 mé4 (%)
50 14484.80727 -0.00232 0.0034 -0.56495 -0.00141 73.8
100 16219.62002 -0.00415 -0.10159 -0.14514 -0.00826 5738
150 0.60564 -0.00494 0.37064 1.93987 -0.03541 553

As has been seen for 900°C, at 950°C, the confidence level is reduced with the
increase of strain rate. Even though, the values of confidence are reduced
significantly in comparison with the values at 850°C.The decrease in confidence
can be associated to extreme flow softening at high strain rates, and the dynamic
phenomena ( dynamic recovery and dynamic recrystallization) responsible for the

shift of the flow curve to the right at low strains.

5.5.5Srain rate effect

The effect of strain rate on flow stress is demonstrated in Figure 5.28 at 0.5 of
strain in Figure 5.29, which presents the variations of flow stress at three different
temperatures with the logarithm of the strain rate. For each tested temperature,
the strain rate sensitivity, as defined by the slope of the log flow stress versus the
log strain rate relationship, is minor increased linear for the 850°C to 900°C; and
significant higher increase for 950°C. However, as seen in the comparison of
temperature ranges, the flow stress is quite sensitive to temperature but relatively
less sensitive to strain rate. Typically, the macro s copi ¢c f |l ow st
at constant strain -) varies linearly with strain rate, meaning that a thermally

activated mechanism controls the deformation process [58].

The strain rate sensitivity (m) quantifies the effect of strain rate on the flow stress

of a material.

a 11,61, 71 1-Cr
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At a given temperature and plastic strain it gives a measure of the stress required
to generate a certain increase in strain rate. All the values of the equation
correspond to the same strain value. The strain rate sensitivity (m) values
determined by the hot isothermal compression test are presented in Table 5.10

for the peak stress.
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Figure5.28: Influence of strairrate on flow stress apeak stressat a constantemperature.
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Strain rate sensitivity (m) at 0.5 strain
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Figure5.29: Influence of strain rate on flow stress at a constant plastic strain of 0.5, as a function of temperature

Table5.10: Strainrate sensitivity (m) and different temperaturepeak stress

Strain rate sensitivity (m) Strain rate sensitivity
Temperature ]
peak stress (m) true strain of 0.5
850°C 0.08 0.11
900°C 0.08 0.14
950°C 0.2 0.18
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The calculated m values of the three hot isothermal compression tests at peak
stress reveals a small increase from 850°C to 900°C. In contrast, at 950°C the
value of strain rate sensitivity m presents a significant increase. At a strain of 0.5
the increase of strain rate sensitivity is clear with the increase of temperature.
Previous studies have been reported that the strain rate sensitivity has a clear
dependence on temperature, microstructure and strain rate [162][142]. The strain
rate sensitivity values are below the value of 0.3 which indicates that the

deformation is controlled by a dislocation glide process [163].

5.5.6 Temperature effect

The temperature effect on the flow behaviour of Ti-6Al-4V is illustrated in Figure
5.30; the plot of the peak flow stress as a function of the temperature for the three
strain rates demonstrates the influence of temperature on deformation stress of
Ti-6Al-4V.
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Figure5.30: Effect of temperature on the peak flow stresg the 3 different strain rates

From the plot the influence of the temperature for all strain rates can be seen; the

increased temperature has as a result a linear decrease of the peak flow stress

for all strain rates. The temperature effect is almost identical for all the strain rates.

5.5.7Microstructure evolution during hot isothermal compression
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This section presents and discusses the evolution and changes in the as-received
microstructure due to hot isothermal compression under a range of temperatures
and strain rates. In particular, the volume fraction of beta-phase in association

with hot working parameters such as temperature and strain rate is considered.

At an intermediate strain rate of 10 s** and the temperatures of 850°C, 900°C and
950°C an initial peak due to strain hardening followed by flow softening is
presented. For all temperatures after the initial peak, a flow instability is presented
with multiple peaks, indicating dynamic recrystallization (DRX) or flow localization.
In Figure 5.31 we can see that the flow instability occurs due to flow localization

and formation of adiabatic shear bands.
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850°C
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Strain rate 10s*
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Figure5.31: Flow localization at strain rate of 18sand three temperatures 85@C, 906C and 80°C

It is imperative to understand the flow behaviour of the titanium alloys, to control
the final properties through manipulation of the final microstructure. Hardening,
steady state flow and, most common for titanium alloys, softening, are the three
behaviours that have been encountered in this study. It is well acknowledged that
flow softening occurs at high strain rates and low temperatures due to adiabatic

heating or changes to microstructure morphology [164]. Because in this study the
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effect of adiabatic heating on the flow behaviour was corrected, consequently, the

flow softening must be related to microstr

The as-received microstructure was alpha-phase (Figure 4.1), following the
direction of the rolling axis, and a beta-phase matrix. The micrographs obtained
with SEM for 850°C hot isothermal compression tests are presented in Figure
5.32, Figure 5.33, Figure 5.34. The magnification was 2000, 4000, and 6000 from
left to right and top to bottom respectively for all micrographs.
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Figure5.32: SEM micrographs at 85C and strain rate of 505
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Figure5.33: SEM micrographs at 858G and strain rate of 100s
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Figure5.34: SEM micrographs at 88C and strain rate of 1505

The microstructure of the deformed samples for all strain rates for the temperature
of 850°C is bi-modal, consisting of primary alpha grains (U-dark), Ulaths between
the grains (U-dark), and martensitic b matrix in between (light). The analysis of the
volume fraction of beta phase in the centre of the samples where corresponds to

the strain presented in the flow curves is presented in Figure 5.35.
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