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Abstract

Titanium alloys represent an ever increasing proportion of niagerials employed in
aerostructural applications. Metastable beta alloys in particular, offer high specific strength and
good corrosion resistance that allow them to compete with stedal-BEMo-5V-3Cr and T4
10V-2Fe3Al are two such alloys used in th@in landing gear of large commercial aircraft.
Thermomechanical processing of metastable beta alloys is critical in obtaining the desired
microstructure, which in turn governs the mechanical properties. This therefore demands a
thorough understanding tife relationship between processing, microstructure and mechanical
properties in order to optimise the final product and process route.

This project characterises thecrostructural and mechanical property variation within forged
Ti-5553. Microstructuralvariables are quantified in order to examiheir relative influence

on mechanical properties. This reaffirmed the importance of microstructural control during
materials processing. Gradual changes in primary alpha morphology, beta volume fraction and
gran structure were observed throughout the forgings. However, it was also found that the size
of secondary alpha precipitates could fluctuate rapidly over relatively short distances. The
effect on mechanical properties vegnificant enougio completely everse the general trends
exhibited over the entire forginfj.was also found that the heat treatment response varied with
orientation.It would appear that unspecified microstructural variables limited the maximum
achievable properties in certain oridigas, preventing the heat treatment from further
affecting them. However, changes in work hardening behaviour were observed which thcrease
theproof stress while leaving the tensile strereghentialljunchanged.

The influence of subtransus thermomedcbalnprocessing on the microstructural evolution of
Ti-10-2-3 was also investigated. Flow curves exhibited an initial peak at low strain followed

by extensive flow softening. Microstructural analysis would suggest that the fragmentation and
globularisationof acicular alpha particles is at least partially responsible for this softening

effect. The use of torsion tests demonstrated thaiinear strain paths may not represent an
efficient means of gl obul ari si ngionphpiB@B)r y al p
was found to break down at a | inear strain of
could partially restore this up to an original linear strain of around 0.8. Solution treatment and
ageing revealed that more highly strainegioas were less responsive to age hardening.
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Chapter 1 Introduction

Titanium and its alloys are a highly prized group of materials, exhibiting a range of properties

that make them very attractive to many areas of industry. With its high strength, low density,

good creep properties (up to®BEC) and excellent corrosion resistance, titanium is the ideal
candidate for many demanding applications, particularly in the aerospace sector. The element
itself makes wup approxi mat e lsynthe foBn%filménitet he e :
(FeTiGs) and rutile (TiQ), making it thedth most abundat structural metal in the world].

However, the price of metallic titanium does not reflect this prevalence due to the high costs
incurred during extractioand processing. These costs are the result of its high reactivity with
oxygen making these operations difficult and expensive. Ironically it is this characteristic that
also gives it such good corrosion resistance since it causes the rapid formastabté axide

on any exposed surfaces, thus preventing any further reaction. Due to this high cost,
commercial success of titanium requires applications where its superior properties set it apart
from other engineering materigy. This has led to increasing usage in the aerospace industry
where the low density of titanium provides a key advantamgirel.1) [3][4].
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Figurel.1: Industrial trends of titanium: annual US titanium sponge consumption by end use
and titanium usage in Boeing aircrfgi[4]

Beta titanium alloys represent a growirggment of this demand. The high specific strength

of b alloys is one factor driving this expat
Ti-10-2-3 to replace high strength steel in large parts of the Boeing 777 main landing gear,
resulting in sigrficant weight saving$5]. I n addition, the corrosi

extends the lifetime of components and reduces the frequency of maintenance ifgerals
further advantage of titanium alloys generally is their compatibilityh polymer matrix
compositeg5]. However, as mentioned above, the cost of titanium inhibits its wider use, and
asFigurel.2 illustrates, this is not solely due to the issues with extraction. It can be seen that
thermomechanical processing (TMP) accounts for nearly half of the cost of diresh&d
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product7]. This processing is necessary to ensure that the properties offered by titanium alloys
justify the price tagin order to ensure the cesbmpetitiveness of titanium alloys it is therefore
critical to balance the property requirements against the cost of TMP. Optimisation of this
requires a comprehensive understanding of the relationship between processinguctieres

and properties.

Rutile Ore (4%)

Chlorination (9%)

Thermomechanical

Processing (47%) Reduction (25%)

VAR/CHM (15%)
Figurel.2: Breakdown of the costs involvedtime fabrication of titanium alloy platg].

T-5553 is a metastable b titanium all oy deve
and property improvements over the older alloylT2-3. It has been selected for use in

airframe and landing gear applications on the Boeing[8BMHowever, as with all titanium

alloys it is still a cetly material to work with. There have also been difficulties with obtaining

the required ductility for landing gear applicati¢@k This thesis seeks to address ¢hissues

and further investigate thermomechanical pr
improved understanding of procasscrostructureproperty relationships, the intention is to

aid in the optimisation of processing in order to maximise the liehatithese alloys offer.

Chapter 2 provides an overview of titanium
Given the different approaektaken in Chapters 4nd 5, the relevant methodologies are
included at the beginning of each respectiveptdra However, in order to avoid unnecessary
repetition, the characterisation techniques common to both chapters are detailed in Chapter 3.
The microstructural and mechanical property variation within a forg&db38 component is
examined in Chapter 4. Byudying the correlations between the microstructure and properties,

the aim was to identify key microstructural variables that could improve ductility. Chapter 5
investigates the influence of subtransus forging upon microstructural evolutiorl6f2¥3.

The original intention was to carry out this work on5b53, but material supply issues
necessitated the use 01028 fhe mamdindagsefshis prajdcti s h e d
are then summarised in Chapter 6, and finally, recommendatiohstfoer work are made in
Chapter 7.
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Chapter 2 Literature Review

2.1 Fundamental Aspects of Titanium
2.1.1Structure and Properties

At room temperature, pure unalloyed titanium exists as a hexagonal close packed (hcp)
structure known as t he wilbilhdergop dnaatiotrapic phase n he
transformation at 882 AC to a body centred
(Figure 2.1). The presece of other elements can strongly influence this transformation
temperatur e, | eadi ng tor amngubstdeentaliogst At o@r i at i
temperature, the |l attice parameters -aoxfi stthe h
and 0.468 -aam dd.r Thies 6gi ves a c¢c/a ratio of 1
structure (1.633). Thie phase doe not exist at room temperature without extensive alloying.
However, the lattice parameteriafitanium at 900 °C has been determined as 0.33Figure

2lal so il lustrates the families of | attice p
cell these are the basal plane, (0002), the three prismatic plprps,, and the six pyramidal

planes, p mp . The close packed directionsp gr, fall along the three axes,a and a.

For thei phase, being body centred cubic, the most densely packed planes are the six {110}
lattice planes. The closest packed directions are the four <111> dird2{ions

O

—
o
o
e
-l

~

0.468 nm

a14\

(1010)

Figure2.1: Unit cells for the low temperatutéphase (left) and the high temperatunghase
(right). Redrawn fronj2].
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The use of a four index system for the hcp unit celeisessary to ensure that equivalent planes
and directions have the same indices. This system is known as theBvilleris coordinate
system. Converting between the three and four index systems igeatkieough the use of
Equation 2.Xor planes, anéquations 2.2.5for directiong10].

For Planeltkl) My(hkil)

0 00 2.1)

For Direction i 6 v]étyjuivtw]

6 -¢o U (2.2
0 -¢v O (2.3)
o 6 U (24)
O Uee (25)
As a result of the | ower symmetry of the hec
di splay significant ani sotropy. A <lasticdy of

modulus varied from 100 GPa (loaded perpendicular to-thes} to 145 GPa (loaded parallel

to thec-axis). While this phenomenon is asitnost pronounced in single crystals, the formation

of crystallographic textures in polycrystal./
anisotropy. It is therefore important to take these effects into account when processing titanium
alloyswi t h a high volu[@le fraction of U phase
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2.1.2 Mechanisms of Deformation

Deformation oftitanium is accommodated through the movement of dislocations and the
activation of mechanical twins. The occurrence of twins is most prevalent in pure titanium and
some U rich alloys, particularly when deforr
i n two Iipdleys, and élthbtigh it can occur in thphase, it is entirely suppressed in

age hardenedalloys.Figure2.2illustratesthesh pl anes and directions
Since the close packed directions are all of the typegm |, these constitute the major slip
directions. The slip planes which incorporat
plane itself, (002), the three prismatic planes of the typepm and the six pyramidal planes

of the type p mp . Combining these slip planes and directions gives a total of 12 slip systems
(Table2.2) [2][11][12].

However, only fouof these are truly independent, whereas the Von Misesionitstates that

a minimum @ five are required for homogeneous plastic deformation of a polycrystalline
material. This may force slip inthep go direction on one of thep g¢ planes (second

order pyramidal planes). While these types of dislocation have been observed, thé Critica
Resolved Shear Stress (CRSS) for them is much higher than for other slip siis2gms

However, when stress is applied parallel to Haxis, this is the only viable form of slip since

the Schmidt factor for the other directions is zero. Consequently, this gives rise to further
ani sotropy in the mech an idifiaulties pxparigneed with glis o f C
in the U phase also help explain the[2lgreater

Concerning deformation of the phase, the greater symmetry of the bcc unit cell provides

much more freedom to deform plastically. In common with most other bcc metals, the slip
systems for t he bllpdretoron ane oftheé fallowonp types of phare: < 1
{110}, {112} and {123}[13]. As a result, the b phase is no
as the U phase. However, due t o it ghases,canyi ent a't
texture inthd phase is |ikely to influence the U p
mechanical propertid4][4][15][16]. If thei phase is retained down to room temperature,

certain alloys mayalso accommodate some deformation through the formation of stress
induced martensitgd.7].
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{1122} {1071}

<1123

| {1070}

Figure2.2: Slip planes and directions in the Hdphase. Redrawn frofg].

Table2.1: Slip systems in the hdgphasg2][11][12].

Slip System  Burgers Vector Slip Direction Slip Plane Number of Slip

Type Type Systems
1 @ p @m (0002) 3
2 ® p @m p @M 3
3 ® p @m P mp 6
4 o @ P @O P Ag 6
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2.1.3 Alloying

The alloying additions made in titanium are usually classified according to their effect on the

i trarsus (T') (Figure2.3) [2][1]. Those whicHower the T are referred to as stabilisers,

while those that raise it are known as U st a
and these are classified as neutral el ement
element Al, ong with the interstitial additions O, N and C. Aluminium is a popular choice for
alloying as it has good solid solubility in both phases and is readily available. However, the
intermetallic compound FA | ) (e&bs to embrittlement. As a result, the @amtration of

aluminium in conventional alloys is usually kept below 6 wt% in order to minimig#l Ti
formation. Oxygen can be used to increase strength, although its presence is tightly controlled.

At elevated temperatures, oxygen diffusion into the serfaf components can lead to the

formation of an U rich | ayer near the surfac
can compromise fatigue performance, and thus precludes titanium from use in the hotter parts
of gas turbine engines. Theear e ar t h el ement s, al ong with B,

though much less soluble than Al and rarely y2¢d

The b stabilisers can be categorised as &eitt
(Figure23) . At sufficiently high concentrations,
retaining the b phase down to room temperatu
some form of intametallic phase under equilibrium conditions. The solubility sfabilisers

in the U phase is generally duwhaseeif timeoand encoc
temperature permit. Of the isomorphous elements, V, Mo and Nb are the most common
addiions. While Ta and Re also belong to this group they are rarely used due to their effects
upon the alloy density (a particularly important factor in aerospace alloys). Mo and Nb are
similar in their influence of the;Tlowering it to around 750 °C at cardrations of 15 wt%

(down from 882 °C in pure titanium). V is more potent, bringing theldwn to 700 °C at

about 15wt %, while also maintain2ng greater
Common b eutectoid formers are Cr, Fe and Si
Mn, W, Pd and Bi. There are numerous others which have never éisentlkely due to cost

or i mpracticality (e.g. Pt , u) . H is also

brittleness that its presence is generally kept to a minimum (typically no more thd®@25
ppm). Cr and Fe are even more effectivstabilisers than the isomorphous eleménfThe
eutectoid temperature of &667 °C and situated at approximately 15 wt%. Fe is more potent
still, with a eutectoid lying around 600 °C. However, the intermetallic compounds that form
below the eutectoid are vedgtrimental to ductility. For this reason the concentration of Cr in
conventional alloys is typically kept below 5 wt%. This slows the eutectoid decomposition
enough to prevent Tigformation. The exception to this practice is Si, where the intermetallic
TisSizis intentionally formed to improve creep properties. The eutectoid forming elements also
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tend to exhibit very Il ow solubility in the
partitioning almost completely to thephas€18]. It should also be noted that the diffusivity

of Fe in U tiveg highubm canslsorincreasedhe |diffusion rate of other
elements that are pres¢f}. This has important implications in alloy design when considering
creep properties and aging kinetj8s.

A A
B
a+p B
o) o
= =
© ©
(0] (O]
Q. Q.
= - €
@ @ a
= - > >
a Stabiliser Concentration Neutral Elements
A A
o g
= 2
© § ©
(0] [}
Q. Q.
S IS
2 o+ e
a
a+ TixAy
B Isomorphous Stabiliser Concentration B Eutectoid Stabiliser Concentration

Figure2.3: Clockwise from top left, the effect fstabilisers, neutral elementseutectoid
stabilisers and isomorphous stabilisers on the Xiphase diagram. Redrawn frd@j.

Amongst the neutral elemts, Zr and Hf are isomorphous with Titanium, possessing the same

U/ b transformation and being completely solu
on Tp, but the effect is small and varies with concentration (small amounts loveéghtly,

whi | e higher concentrations raise it). Sn is

¢

no effectony. However, in the presence of Al , it w

for Al in the TkA | p ha [@]leIn ¢rdér to better understand the alloying behaviour of
Titanium, attempts have been made to represent multicompoheyd as binary TX
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systems. For heavily U stabilised systems, :
represent the net effect of all oykgqmagon2.6f he r e
is that developed by Rosenburg for detemation of this valug¢19].

0 a 00 T x®i T dYE p TO (2.6)

2.1.4 Alloy Classification

Titanium alloys can belassified into five broad categories depending on their constitution.

This is best illustrated with a pseulimary isomorphous phase diagrarigure2.4) [2][20].

This shows qualitatively the effects of 1incr
elements would be expected to alter this diagram, the sluggish nature of the eutectoid reactions
can lead to behavim similar to @ isomorphous modgR1]. Figure2.4 also illustrates the
martensiticstart/finish (dashed line labelledsil Compositions to the left of this line will
transform martensitically when cooled rapid]|
which sit on the very far left of the phase diagram. These contain very littlor b p has e
room temperature, and all the grades of commercially pure titaniunTijdR here. The
excellent corrosion resistance and good wel d
in the chemical industry. Typical applications includmthexchangers and piping. Pressure

vessels are another possibility, although strength is a more significant consideration in these
roles. This may warrant the us$smnggd2]. stronger

Bet ween the Ugxtiaenshse Bmf ahboWs. These cont
b and represdodrt weenompmepmits emg properties. | n
enables higher strengths to be achieved but reduces corrosion resistance. Precipitation of
secondar vy ilphaseiptovidesisigrifibaat strengthening. In addition, where the Al
contentexceeds 5%, coherent particles ofATI can be precipitated v
providing further strength. The incredibly populas6Al-4 V. al | oy f all s i nto t
This alloy dominates the market thanks to its excellent balance of propediéadsa great

deal of use in the aerospace indugftly Applications often includstructural components

within both airframes and enginfl4]. However, Ti64 is unsuitable for use at temperatures

above about 350 °C on account of its creep performance. In a gas turbine, this prevents the use

of Ti-64 towards the rear of the high pressure compressor. In order to improve creep properties,

socal | etlo66nebapyB83dtuah eaempil oyed. Technically
but are situated closer to the U transus, p
under equil i brium. S i nIoedersl df ighiwde ifastar thanim the h e b
U phase, the near U alloys exhibit superior
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b . Il n addition, since Fe is a fast diffuser
(including t he anum)litpredence is misimisedin sudh all@f28]iThe

term BAndl Imey as tam bftereusel intarth&ngeably to describe the latter, since
truyst able b alloys are not very common. The
Mg and Th. | f cooled sufficiently qgphasekolrgom t hi s
temperature whilmvoi di ng the formation ofhaseasrnbtensi t
thermodynamically stable, it is then possible to precipitate a uniform dispersion of very fine
secondacrayl IUe d sion order to distinguish it fron
known as primary U). hBhesestomemgtyhd&niisgsefthed
alloys are responsible for the highest achievable strengths among all the commercial titanium

alloys. In addition, the corrosion resistanc
U+ b a[6]l o ¥ Hsemorphous stabiliser Mo has been shown to significantly enhance
gener al corrosion resistance at concentratic
less susceptibility to hydrogen embrittlement. However, it should be noted that this effect will
be reduced in the aged c[@.ndition as more U w
near
a a a+f metastable B

Temperature —»

B Stabiliser Concentration —»

Figure2.4: Pseudebinary isomorphous phase diagram aftabilised titanium. Redrawn
from [2][20].
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The dependence of the yield stress upon composition gives rise to a further subdivision of the
met astable b allaryd 6meavidlhy ght shhirleinged® al |l
are those lying closest to thesMThese alloys are the least stable, and readily decompose upon
aging to produce the greatest volume fractio
associated with alloys such as-I0-2-3 and T#5553. The more heavily stabilised alloys sit

further to the right of the pseudo binary phase diagram, closer to,tAédse alloys offer

greater formability and a lower modulus of elasticity. This makes titeal for use in
applications such as springs and fasteners. Examples include Betd %3 @nd Beta 21S.

They are also suitable for casting, which offers economic advantages due to nearer net shape
processing8][6][24][25]. Table 2.2 lists the concentrations of some elememiguired to

suppress the Mline below room temperature. Just as Al is used as a reference element for the
degree of U stabilisation, Mo iisstalligatioa.n e mp |
Equation 2. tetermines the Mo equivalence (wt%) baspdn the data iffable2.2 [26].

Table2.2: Concentrations of individual elements required to suppregs®&ow room
temperaturg26].

Mo Ta Nb W V Cr Ni Mn Co Fe
Wit% 10 50 36 25 15 8 8 6 6 4
At% 5.2 209 225 8 14.2 7.4 6.6 53 4.9 34

[Mdeg= [ Md] + 0.2 T4 + 0.28[ N + 0.4] W] + 0.67[ V] + 1.25[ C + 1.25[ Ni] +
1.7[Mn] + 1.7[ C4 + 2.5[ F4 2.7)

As mentioned earlier, the term b alloy is of
alloys. InFigure2.4, metastable alloylsave been explicitly labelled as such, so in this
context the term b atowvandgtheright mmdsidetofdhephase st a b |

di agram. There also exists the term d6near b
the Msr. Thee ar e often included under the cl assif]
meet the exact definition of a true b alloy.
teemi al |l oy may be used to describe all of thos

and stabl e b al | oy dikewthe métasthbie alioys,dhe stablaélloyse d as s u
can retain the b phase down tngrateislessicritcelmper at
fori retention since there is little/no tendency for decomposition. Retention iofthese

makes these alloys very formable, even cold workable, but due to their stability they are
unable to precipit atteistrengtislimided ang they find ey littk r e s u
use on an industrial scdl2].
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The clasdication of titanium alloys in the aforementioned manner helps clarify and explain

their gener al behaviour. However, it is i mpo
preci se, and can be misleading. it usuabyx a mp | e
contain a small amount of b phase (this helr

tolerance)2]. The Myt line also becomes nearly vertical below about 400 °C. It is therefore
possible for an alloy with a bulk composition near thg td contain martensite and retained

i due to local variations in chemistry. This mattefuikher complicated by the formation of
stress induced martensite. In some metastaalieys, the application of a stress will cause the
retained t o undergo a transformation to U0 marte
transformation can besaow as 150 MPa. This may be exceeded when guenc¢hick
sections, or even jushechanically polishing a specimen. Electrolytic polishing avoids this
issue, and limitations on component dimensions can reduce quenching dtt@§s€are
should also be exercised witrethise of Al and Mo equivalence values. They are a useful guide,
but the exact behaviour of a multicomponent alloy may Y2lrylt should be noted that the
relative influence of an element on thesvhay differ from its influence upon the,.T
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2.2 Phase Transformations

The transformation between the bcc and hcp phases of titanium has beenocstodlaw a
crystallographic orientation relationship of the form:

(110) € (00 02)

PPP i € P @TTU

This was first demonstrated by Burgers for Zirconium, and later confirmed in titanium
[27][28]. Figure2.5 illustrates how the atoms within the (110) plane of the bglase shift
in order to make the transformation to
vice versa for the transformation back ¥d1]. Refer toFigure2.1 for the orientation of

t

these planes in their respective phases.

twelve hexagonal variants which camrfofrom a parent bcc crystal. However, some variants

may be unintentionally favoured as a result of prior deformation of fese. During
cooling, selective nucleation of these
[14][16].

Figure2.5: lllustration ofi transformation to th& phasg1].
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2.2.1 Nucleation andDiffusional Growth

Under slow cooling, the transformationfroh o U occur s t hrough a di ff
and growth process. T hiegraih bquidarisseandfrapidlysformsmau c | e &
continuous layer. As cooling continues, coloroes par al | el U plates nuc
grow into the grains. Within a colony, all plates will share the same variant of the Burgers
relationship. These colonies grow into the grain interior until they impinge on each other,
giving rise to a chacteristic lamellar structureFigure 2.6(a)) [2][20]. The U plate
separated by a thin layer of solute enrichethined . Despite this layer, easy slip transfer

occurs between parallel plates, and therefore each colony effectively acts as a larger
microstructural unit. However, there can still be some difference in the relative ease with which

di sl oc at ipleasedransfer to thépkaseUThis is caused by variation in the alignment

of slip systems between the two pha<is

I f the cooling rate is increased, the col on
redued. Colonies begin to nucleate upon the boundaries of other colonies, increasing the
number of variants within each priorgrain (Figure2.6(b)). In order to minimise the elastic
strains, U plates that nucl eate on the bro:
perpendicular to them. With more rapid cooling, this selective mechanism of nucleation and
growth, combined with the smaller colonysizé el ds a O6ébasket weaved t
(Figure2.6(c)) . Further increase in the cooling rat
OWi cdimd 2ttend micr odgigured.6(d)ya][20]. The gremtermumber ofd (
variants and finer precipitatiqgerovide a much smaller efttive microstructural unthan the

colony microstructures. The tendency to form a more interwoven microstructure increases with
greater ©Db[2lstabilisation
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Figure2.6: The effect of cooling rate on microstructural development. (a) was furnace
cooled, whereas (K@) were cooled at progressivdiysterrates. Adapted frorf20].

2.2.2 Metastable Phases

At sufficientl y phas il udegd a nmgensitiattams®rmationh Tis b
occurs when the cooling rate reaches the point that diffusional processes can no longer
accommodate the phase change rapidly enough. In this case a diffusionless transformation
takes place involving theooperative movement of atoms through a shearing mechanism. The
specific shear systems activated in this process ares[JdH pand [111} pTT ps, OF in fOur

axis (hexagonal) notatiorgppo o ¢p p ¢gand ¢ppo o PTt P p[29]. This transformation

al so obeys the Burgerds relationship,4.and th

The morphologyo f U6 is dependent upon the solute ¢
6aciculardé martensite. 6Massived martensite,
pure titanium and those alloys with relatively high martensitic transformatiopetatares

(Ms). As such, these alloys are very dilute with respectdot abi | i si ng el ement
stabilisers may be present since they raisé/kke Massive martensite itself presents as large,
irregular regions approximately 80 umacrosg;, ont ai ni ng small packet s

32



(or laths) around 0:-2 pum thick. The plates within each packet all share the same Burgers
variant. O6Acicul ar é mar tManthghetseluteocontent) farmingn a |l |
a tightly mixed disti buti on of U plates with Burgers v
dislocation density is typically high within martensitic plates, and twinning may also be present

in order to accommodate the transformaf@®]. Subsequent annealing of
field leads to decomposition into the two equilibrium phases through the precipitatiat of
dislocations and plate interfad@$. As solute content rises, a distortion of the hexagonal lattice
takes place, giving rise to martensite with
Decomposition of this martensite appears to begin in a spinotiébescross regions of high

and low solute contef80]. While the microstructures detailed previously refer to cooling from

above T, they also apply t ol pchoaslei nfg erledgi niehse fU o
during hot workingw i | | remain upon cool ing, and i1s rei
the cooling rate, the phase fraction will transform to one of the microstructures mentioned
above[20].

With enough alloying of stabilisers, martensite formatiean besuppressed entirely and the

I phase retained down to room temperature. HoweveFiqse 2.7 indicates, there are a
number of other phases which may form under certain conditiaij8]. Of the metastable
alloys, many of the leaner onesexhibp hase f or mati on during decor
This phase presents as a uniform distribubbrextremely fine particles. It can form upon
guenching, or, as in more heavily stabilised alloys, during subsequent ageing (in the region of
300500 °C). The. formed during quenching is known as athermalwhile that induced
through aging is referred tas isothermal . Formation of the athermal type occurs through a
diffusionless transformation that involves the periodic displacement of [111] planes in the
<111> direction (these being perpendicular to one anofhé}) The particles formed ard o

the order of 24 nm n diameter and therefore require the use of transmission electron
microscopy (TEM) to resolve them.

Of the alloys which form athermal Xhe leaner compositions yield a hexagonal structure

(though not hcp), while richer alloys exhibit a trigonal symmefhe transition between the

two is a continuous function of compositi{]. In more heavily stbilised alloys, s@alled

isothermal- can form during ageing. Localised segregation creates solute lean regions in the

I phase which then transform through the same shear displacement mechanism as the athermal
particles[31]. These particles can grow in a compositionally invariant manner, but will

subsequently stabilise through solute rejeciR]. The resulting particles are larger than the

athermal type (up to 200 nm across) and their shape is dependent upon the precipitate/matrix

misfit [17]. In low misfit systems (e.g. o and TiNb), they form ellipsoids, aligning their

long axis with one of the <111directions of the phase. In high misfit systems (e.g-\i

Ti-Cr and TiFe) they take on a cuboidal appearance, oriented such that their flat faces are
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parallel to the {100} planes of thephase. Isothermal can also form through aging of the
athermaltype [2][33]. In alloys with even greatér stabilisation, another solute lean phase

known asi & mfarpn during lowmedium temperature agein§igure 2.7). This occurs

through a phase separation reaction, as short range diffusion creates solutgiteani(16 )

within a solute rich matrixi (phase)4][34]. The crystal structure 6f6 i s t hat of a
distorted bcc lattice. The resulting precipitates are extremely fine and exhibit Eemom

different shapes including spheres, cuboids and plates, depending on misfit and coherency
straing2]. Decomposition of the phase inté b is @articularly important in alloys where the
formation of. is suppresse{B4]. This can be achieved through alloying and/or the use of
appropriate heat treatments.r&it ageing (quenching straight to the ageing temperature) and
the presence of Al , Zr, Sn awp350 are known t
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Figure2.7: Pseudebinary isomorphous phase diagram daftabilised titanium, illustrating
metastable phas¢k7][8]
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2.3 Mechanical Influence of Metastable Phases

Metastable phases can affect the mechanical propertiesllofys in a number of ways. While

the athermal phase is not believed to have much direct influence on mechanical properties,
the isothermal form has a significant effect upon strength and dudid&jf37][38].
Deformation of thé phase occurs through slip in the <111> direction on the {110}, {112} and
{123} planes For a dislocation moving in the parénphase, only one of the fourvariants

will provide a slip direction that coincides, while the other three act as barriers. Isothermal
particles thus provide a significant strengthening effect through the howdd dislocation
movemen{37]. However, it has been shown that the stress required fepadsymechanism

is generally higher than that required for shear. Therefore, at sufficiently high stresses it is
possible for dislocations to sheaparticles, and in so dog their resistance to further shearing

is reduced, giving rise to strain localisation. This creates intense slip bands, leading to void
formation and early crack nucleatidB8]. The macroscopic effect of this is a severe
embrittlemen{39].

The extent of this influence&ould appear to depend upon the size, morphology and volume
fraction of . particles. For a given volume fraction, larger particles lead to greater
embrittlement. This is thought to be caused by the interaction of more slip systems with larger
particles,combined with the greater difficulty of cresBp. As a result, dislocations pile up
more rapidly and voids are formed earlier, at lower strigi@}41]. However, if the volume
fraction of. phase is kept below 0.6, it has been found that substantial improvements in yield
strength can be achieved without unacceptable loss of duptifityln addition, studies of the
metastable alloy Ti-10-2-3 revealed that grain size refinement could significantly improve
ductility with only a relatively minor reduction in yield stren@3]. Despite this progress, the

phase is still generally regarded as deleterious to ductility and avoideaimimercial
applicationq2][44].

However, industrial thermal regimes often emplop r eci pi t ati on as a O6pt
order to nucleate a more homogenousrdisto ut i on of intragranul a
preferenti al nucl eation of U at grain bounda
to a very noruniform distribution[6]. Developments in this area have raised the prospect of
utilisingthe. phase to engineer the secondary U anodo
[45][46]. The exact mechanism by whichphase assists U nucl eati or
reports of nucleation within precipitates, and other studies indicating nucleatonor
immediately adjacent to the k interface[45][35][47]. It would appear though, that the level

of misfit has some influence. In the case of high misfit systemssucivas TiU pr eci pi t a
believed to nucleate on ledges and dislocationskainterfaces. For lower misfit systems, the
mechanism is less well understood. It has been proposed that solute rejectionpiaailes

creates Al rich zones in the immediate vicinity ofthei nt er f ace. Since Al i
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this would encouragenuelet i on of U precipitates. pariclesse t o,
Ot hers have reported U particles[38. dowewemregatiess bfi n t h e
the exact mechanism, there is little doubt that.thehas e can assi §7f]. wi t h
Figure 2.8 illustrates the effect of different thermal historiep on U phase f or mat
21S, an alloy that is known to form isothermal48]. Both samples were solution treated

above T, then cooled to room temperature and subsequently aged at 600 °C for 8 hours.
However, the cooling rate from solution treatment was varied between the two samples. While

one was air cooled all the way to room temperateigufe2.8(a)), the other sample was only

air cooled part way, being furnace cooled from about 4D(Figure 2.8(b)). It can be seen
thatFigure2.8(a)e x hi bits much coarser U |l aths that nu
into the grain interiors. These laths were unable to fill entire grains, leaving regions of retained

i at the grain centres. On the other hafidure28(b)di spl ays much finer
distributed more uniformly throughout the grains.

This microstructural variation can be explained by consulting the time temperature
transformation (TTT diagram of Beta 213-{gure2.9) [49]. Air cooling and the subsequent

rate of heating provided insufficient time for formation. This resulted in heterogeneous
nucleation and gromt of U at grain boundaries. However
slow enough to allow homogenous nucleation of isothermaiollowed by heterogenous

nucl eation .pfaricheshegyéel ding a much finer
precipitaes[6][49].

Figure2.8: Micrographs illustratig the effect of different thermal histories on Betaab$y
experienced a slower cooling rate prior to ageAdppted fron{6][48].
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Figure2.9: TTT diagram for Beta21S. Adapted frd6i[49].

Heavily stabilised alloys such as Beta 21S display this type of behaviour because the kinetics
of . formation are more sluggish than the leanemlloys. Table 2.1 illustrates the
improvements in yield stress and high cycle fatigue strength conferred by the finer, more
uniform microstructure[6][48]. An alternative way to encourage a more homogenous

di stribution of secondary U is to employ a
temperature age is designed to ugearticles as precursors to nucleate a uniform distribution
of U precipitates. The second, hi gher tempe

desired stazgee.i nYuwc h sbé drees $ alloymas the phase forms mare | e a n «
rapidly, allowing nucleation during heating to the ageing temperflirelowever, quenching
to the ageing temperature (direct ageing) may suppress or avimdnation, leading to a

coarse, nofuniform microstructurg17][49]. The mechanical influence of thd phase i s
similar to that of the phase. Like , it also maintains a coherent interface withithraatrix,
providing stength but compromising ductilif][50].16 i s al so used as a 0|

aid U nucleation and pr omo tistribuion[g®]. ghisuisni f or m
particularly important for the heavily stabilisedalloys given their slower precipitation
kinetics (see abov¢]7].
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Table2.3: Mechanical properties of the microstructures exhibitefignre2.8. HCF is at 10
cycles and R = 1. Froife][48].

Condition " 02(MPa) HCF Strength (MPa)
Air Cool Only 985 350
Air Cool + Furnace Cool 1120 500

The influence of titanium martensite upon mechanical properties is somewhat different to that

of the FeC sy st em. Whil e U0 pr otianigre aloyss ib iméessst r en
significant than that provided by martensite in steels. This is due to the smaller elastic distortion

of the hexagonal lattice compared to the severe straining of the bcc lattice in ferrous martensite

2. The orthorhombic U666 martensite that forn
no direct effect on strgth [52]. However, martensite can significantly influence the elastic
modulus of titanium alloysFigure2.10 illustrates this effect in the I system under rapid

cooling (solid line). With increasing vanadium content, the modulus drops sharply, reaching a
minimum at around 10% V. This behaviourdsaracteristic of titanium martensite as the
concentration of stabilisers increasgg][53. The transition from U6
[54]. However, the competing phase causes a sharp spike in the modulus at about 15% V.

The modulus then drops again, reaching another mmi@iL20% V, where rapid cooling can

retain the phase down to room temperature. The modulus of gf@se then rises with solute
content, but is generally | ower itphaasenfield hat 0
removes these fluctuations andates a tie line in accordance with the rule of mixtures (dashed

line) [2][53].

As mentioned earlier, the orthorhombic U066
alloys. This can give rise to superelastic and shape memory effects. Superelastic properties
arise where large strains are accommodated by thesigleeformation of stress assisted
martensite. This phenomenon gives two yield points in a sétess curve, with the lower one

being the 6trigger stressd at which martensi
transfor mat i othel phase alows @dvety af a felatiety large stfas][56].

I n the case of 0 p e r maartensite, Ghis dteifh oan soenetimesnbe i n d L
recovered by heat i ngstdmpesature)avhezeupora the natieasitee i t
transformationeverses Thi s ef fect 1 s [B7[E8wHormation obstdssa p e me
assisted martensite appears to be influenced by the stability bfghase, with increasing
stabilisation suppressing stress induced transformations. Thus, the occurrence of deformation
induced martensite is affected not only bg tftominal alloy composition, but also its thermal
history. Sol utii phase field alaws panitpning of solutesbetieen the two
phases, stabilising them and inhibiting the formation of stress induced mar{BB{iEe)].

Al t hough U66 provides Ilittle in the way of
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phase does makealloys potentially useful in orthopaedic implaf#d. A low modulus is
desirable in these applications in orderetesure sufficient load transfer to the surrounding
bone. Failure to do so is believed to cause bone resorption and associated loosening of the
prosthesis. This 06str esbaleyhsinaethadmodutués machf ect i
closer tothat ofbone[60]. While titanium itself is relatively biocompatible, concerns over the
toxicity of somée stabilising elements (e.g. V, Cr, Ni etc) has lead to a search for safer alloying
additions[4][58]. Other work has looked at inducing martensite through deformation. In
addition, despite the embrittling effect of thgophase, some studies haattempted to induce

a controlled amount to improve strength without an unacceptable increase in mdobgess

will require carefulmicrostructuralcontrol in order to balance these competing properties
[60][61].
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Figure2.10: Variation in elastic modulus (E) with vanadium content ¥ 18ystem. Solid

line represents 24 hrs at 980 followed by water quenching. Dashed line represents
modulus after annealing at 600. Adapted fronj2][53].

Like the other metastable phases, martensite can also influence subsequent microstructural
development, and thus have further, indirect effects upon mechanical properties. This has
important implications fothick sections where there is the possibility of quenching stresses
inducing UbO6. alays $H02-8 wnd dransageh184 demonstrated that age
hardening of stress assisted Ubofslowersooledbr e ef
speamens. Therefore, careful attention should be paid to quenching stresses when trying to
ensure uniform properties throughout large comporjéiis
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2.4 Process Metallurgyof Titanium Alloys

As mentioned earlier, the major obstacle hindering the widespread applicatibeanofim

alloys is the high cost of extraction and processing. This is due in part to its high reactivity,
which makes extraction difficult, and complicates subsequent procg2sirig addition, the
temperature sensitivity of microstructural development often requires the use of isothermal or
nearisothermal forging practices, adding further castl complexity{62]. Today, the Kroll
process remains the predominant method for extraction of metallic titanium, although there are
ongoing efforts to develop more efficient production roy3]. The Kroll process itself
involves the reduction of Tigby Mg. This is a batch process that has to be conducted under
an inert atmosphere and therefore incurs substantial cost. The resulting product is porous and
spongelike in appearance. In order to produce a solid, homogenegus several further
melting operations are required. These are carried out through vacuunmaetting (VAR)

or cold hearth melting (CHM). Care must be taken to prevent the introduction of defects at this
stage, as they are difficult to remove throughsequent processing.

Of particular concern for segregation prone alloys such d$-2t3 and Til7 is a defect

known as Obeta fl eckd. This occurs where se
stabilisers. These regions do not harden adequategsponse to ageing, e driving brce

for U precipitation is lower Fatigue performance is compromised by this, as the strength

mi smatch between these soft o6beta flecksd ar
localisation and early crackioleation. Alloys containing eutectoid stabilisers tend to solidify

over a relatively wide temperature range, exacerbating segregation during solidification. As a
result, alloys such as-li0-2-3 ar e more susceptible to Obeta
practice, such as the use of smaller diameter ingots and lower melt rates help reduce these
segregation problems. However, this only adds to the already high cost of production,
particularly since VAR is already a batch (ingot) operation. Recycling seapobvious way

to lower costs, but great care must be taken to avoid contamination, as the cost of removing
defects later is consideralj¥.

Melting is carried out multiple times in order to minimise the presence of defects. Once these
steps are complete, an ingot is subjected to thermomechanical processing in order to achieve a
suitably shapegroduct with the required microstructure (and hence properties). This stage can
be subdivided into primary and secondary procesfj{64][65]. Primary processing is
intended to break down the coarse ingot microstructure and producéoemyrequiaxed
microstructure that will respond to subsequent thermomechanical processing in the desired
manner. Secondary processing focuses on optimising the microstructure and achieving a shape
that is as near to that of the final component as praciitae$ latter point helps minimise
machining losseR].
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2.4.1 Primary Processing

Typically, anas cast ingot is first given a homogenisation treatment in gfese field. The

initial hot working is also carried out in thephase field through a process known as cogging.

This involves feeding the ingot/billet through an open die press whilengtatbout its long

axis between forging steps. In this way the ingot is transformed into a longer, narrower billet

[66]. Since segregation prone alloys are typically cast as smaller diameter ingatsayhego

require an upsetting operation to ensure sufficient strain can be applied during cogging.
Following initial deformation, rapid cooling is employed to minimise the formation of grain
boundary U, either t64)oraggessivenadolng (TigoR-8)fi2t hi ng (
Al pha alloys will be furt heandmetastablealloyscan t he U
be worked in ifphasefied. phase ( U+

The presence of primary U phagran baundaiehand f or g i
prevents excessive grain growth during subsedghental treatmentgl 7]. Care must also be

taken when forging in the phase field, as selective recrystallization can introduce a mixed

grain structure of widely differing sizes. Once formed, thermal treatments alone cannot remove
such a nofuniform microstructure. Theaes of processing maps hel ps
through which working must be conducted to avoid such problems. The exact temperatures
and processing routes will vary between alloys. Some metastalliteys such as Bet@ are

processed entirely withithe! phase field, while others begin with super transus forging and

finish with subtransus work (e.g.-6246)[2][62].

In recent years, it has become clear that the ingot breakdown can have significant influence
beyond that whih is observable by conventional microscopy. This has come about due to the
development of Electron Backscatter Diffraction (EBSD), which has permitted a more
comprehensive analysis of texture evolution. Day&q investigated the textures formed
during production of a 834 billet, and demonstrated that secondary working was not an
efficient means of removing them. The persistence of such textures in a final prosiuct ha
implications for fatigue performance. Similar results of texture variation were reported by
Nasseri[68] in a T6246 billet. CrawfortH69] also showed how billet texture could affect
machinability further downstream in the production route (with possible implications for
fatigue life).
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2.4.2 Secondary Processing

Secomlary processing consists fafrging/shaping operatiorthat convert a billet into a part

with the desired final microstructure, ideally with a shape as close to the final component
dimensions as possil@2]. Fori alloysthi s i s oft en Ic)phasefieddvhereut i n
a specific volume fraction of primary U wil!l
This iIis due to the direct and i ndtherresdting ef f ec
mechanical propertie}$]. The pr esenc easmiffluepce evaiwionyf tHé ¢ a n
phase substructuig0]. However, given the temperature s
these requirements often result in a very narrow temperature range in which to operate. In
addition, the flow stress can vary markedly with only minor fluctuations in temperdtoe

effect of die chill can therefore lead to strémcalisation and corresponding microstructural

variation throughout the workpief@4].

Adiabatic heating can also complicate matters, compounded by the low thermal conductivity
of titanium. This is © particular concern when forging near thetransus, when such
temperature fluctuations could exceed the transus and transform the microstructure completely.
Strain localisation can also result from minor temperature variations due to the temperature
sensitivity of the flow stress. A compromise matso be made between energy input and
dimensional accuracy. Higher temperatures provide lower flow stresses, whereas better
dimensional accuracy is achieved at lower temperafR@¢sTemperature and flow stress will

also have an effect upon die life that will need to be accounted for. The difficulties associated
with microstructural control of titanium alloys thus make the usesathermal forging an
attractive option. This involves maintaining the dies and workpiece at the same temperature
during forming. With a constant temperature maintained throughout the forging operation,
slower strain rates can be employed¥2a0? s?). This in turn keeps flow stresses low and
minimises adiabatic heating, resulting in a uniform microstructure throughout the workpiece.

The cost of isothermal forging equipment is substantial, but the process control that it offers
can justify the expender high value products. It is also capable of achieving nearer net shape
than conventional forging processes. This helps offset some of the expense through material
savings, in addition to reducing the time and tooling costs of machining excess raatasial
[71].The use of computer software to model complex forging operations novitpére rapid

and cost effective development of production plans by reducing the need for expensive, time
consuming trials[72]. Common programs emplayein this process are DEFORM and
ABAQUS, providing significant modelling capabilities coupled with user friendly interfaces.
Currently, much of this modelling is empirical, relying on curve fitting of process variables
(strain, strain rate, temperature}hvmicrostructural evolution. While this can provide accurate
results within a given range of process variables, it can struggle to deal with variations that
encompass multiple modes of deformation. In order to overcome this, a more fundamental,
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micromechaistic approach is required, based upon a deeper understanding of the actual
deformation processes taking place. Much work on high temperature deformation during the

t wo p hig $iedd aim@te address this matt@0][73]. However, despite advances in

forming technology, there are still significant limitations to the final shapes that can be attained
through forging processes. This can result in the need to remove substantial quantities of
material when machining the riged part to its final dimensions. It is not uncommon for
compl ex, forged aer ospaecf |cyodbmproanteinot so ft ol Op:ols s
the original forging is machined away). This adds significant cost to production, but also
represents an gprtunity for significant savinghrough better process modelling.

Unfortunately, there are factors beyond the forging process itself that can limit the final shape.
The use of ultrasonic inspection to detect defects often requires forgings to posstbsear

shape. Improvements in forging processes may not be fully realised while the component shape
is limited in this way. Although powder metallurgy offers the potential for near net shape
forming, at present it cannot match the properties of focgetponents in high performance
applications[73]. Therefore, with cost continuing to besignificant hurdle, the successful
application of titanium will require @horough understanding of processicrostructure
property relationships in order to maximise performg@te

2.4.3 Microstructural Development ofi Titanium Alloys

As mentioned previously, in addition to the forming objectives of secondary processing, it is

also necessatyp achieve the required microstructure. The defining characteristic of metastable
ialloys is their ability to achi éeaualeysf@uch hi
While this is accomplished through the preci
able to obtain a wide range of microstructures in ordeptimise other mechanical properties

such as ductility and toughndé2]. The exact process will depend upon the specific alloy and
intended use, but a distinction can be made between the high strallgiy's and the more

heavily stabilised ones. The lower transus of the more heavily stabilised alloys permits
deformation at lower temperatures, and in some cases even cold6jo@f the various

different processing routes availalfégure2.11i | | ustrat es whanneal &adw
condition. This microstructure is achieved through a recrystallization heat treatment in the

phase field prioto ageing. Low magnification micrographs reveal the presence of continuous

| ayer s of i grainabounaages. tAthheggher magnification, transmission electron

mi croscopy ( TEM) shows the fine scale seco

hardemng. Figure2.11(b) also revealsthesmal | ed Opreci pitate free
the grain boundary U | aysesuppressed due fo rectianefgi o n,
stabilisers by the grain boundary U. This | 8
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along the grain boundaries and early crack nucleation. While it is possible to encourage more

uni form nucl eswithinbgr af n8 phroughethe use of 6
.andid6, the formation of Iigminboundatesissnavoidabladye r s a
to preferential nucl eati on o fanndéhledaconditiomie s e | ¢

unsuitable for high strength alloys, where the strength mismatch between the aged matrix

and grain boundaries is most pronounced. On the other hand, heavily stabélksg such

as Beta 21S, Beta C and-T%-3 employ similar ppcessing in the manufacture of various
products including strip, springs and nut clips. The grain sizeanhealed microstructures is

also typically smaller for al | oy si alldysa This |3 because the rate of grain growth

above the transus is exgnentially dependent upon absolute temperature. As such, the lower
transus of alloys slows this process considerably. Typical grain sizes for high striength
alloys might be 400 Onm aloys,mpas endll as 40 psr@od Om f
heavily gabilised alloys[6].

Figure2.11: Beta annealed microstructures in Beta21S§t{a)and -CEZ (c)(d). Left hand
images are light micrographs, right hand images are TEM micrographs. Adapted from
[61[74].
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Since thé annealed condition is unsuitable for high streng#iloys, alternative processing
routes have been developed in an attempt to
first two of thesei( processing and throughansus processing) focus upon minimisation of
grain boundary U ifoonripradessioghisintehdeeto grdduce acdbimodalt
microstructure which mitigates the effect of these layers on final mechanical propeégues.

2.12 provides an example ofiaprocessed microstructure. For this condition, deformation is

carried out in theli phase field, followed by sufficiently rapid cooling to prevent
recrystallizatonad mi ni mi se the growth of grain bound
consisting of unrecrystallissédgr ai ns wi th highly deformed bol
form on these grain boundaries adopt their deformed shape, leading to a discontiaupus w
appearance, with some side plates growing into the grain interior. The length of these side
plates can vary but is limited by the width of the deformegrains Figure 2.12(a)). An
annealing step is used to control the size a
an ageing step precipitates a dFgue2lPput i on
The size and volume fraction of these fine
provide. The asymmetrical shape of the unrecrystallisggains also leads to anisopic
behaviour in mechanical properties influence
for during the design phase of a comporjéht

Figure2.12: Beta processed microstructure of6B46, under light microscopy (a), and TEM
(b). Adapted fronj6]

The intention of througlransus processing is to break up and globularise the grain boundary

U as it forms. This is achi étrangls andfinighiagn nni nc
t h eli) phdse field. If successful, the resulting microstructhoeill consist of deformed
grains, decorated by Figuepl®a)d6][%]. WdrkdpGErPUSION U par
i-CEZledtotheirnaminghi s a Oneckl aced microst[féictur e
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As with thel processed microstructure, an annealing step is used to coatsatérand volume
fraction of U particles, before ageFigue produ
2.13(b)) [6]. Careful control of the deformation time within thegphase field is requiretb

avoid recrygallization ofi grains Figure2.13(c)). In addition, it is also important to limit the

ti me spent W iphakei freld to peeven{ fdrmation and globularisation of

i ntr ag rFgareRll3d) [74. (

-
S

|
4}7

Figure2.13: Throughtransus processed microstructures. (a) and (b) a6246. (c) and (d)
illustrate possil# complications (in this case, forCEZ), where recrystallization has begun
(c) and intragranulddhas formedluring deformation (d). Adapted frof@][77].

The creation of a bimodal microstructure is intended to minimise the detrimental effect of grain
boundary U by grairesize Eigure @.14)t The process route for such a
microstructure begins with a homogenisation treatment in thlease field. The cooling rate

from this heat treatment determines the thioc
then takes ipphaseéal i notbeegW+up and recrystall

producing isolated, globular U particles. Fo
produces a new set of small, equiaxed b grai
betweente gl obul ar U particles. Like the previ
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empl oyed to set the size and volume fraction
induces precipitati oFgure2fl4(b)).iAn enpogantassue atlhe p| at e
beginning of the process route iIis the coolin
cooling rates lead to thicker layersofgraimundary U. Once formed, t|
to break up and globularise in the deformation §8pFigure2.15s hows a r emnant
on a prior b grain boundary t[aThisgeaonybest ed i
removed by repeating the deformation step and alréla¢nhents thabllowed it, adding extra

time and cost to productidf].

Figure2.14.Bi mo d a | mi c r-QEZ,tunder tghtunicrescapyn(a),@and TEM (b).
Adapted fron6].

Figure215: A r emnant iUgrdindouedary imheat aeatpdrbimodal
microstructurei(-CEZ). Adapted fronj6][77].
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2.4.4 Microstructural Influence of Mechanical Properties ini Alloys

The ability to manipulate the microstructwrd b al | oys t hrough ther mo
provides the opportunity to fine tune mechanical properties for specific applications. However,

in order to capitalise on this, a thorough understanding of the relationship between
microstructure and propegtis I s required. As mentioned pre
all oys is achieved through the precipitatio
undeformable particles that impede the movement of dislocations, and thus strengthen the
material. Tle resistance of these particles to deformation appears to be related to their small
size. For a given volume fraction, a smaller particle size results in a higher particle density.
This reduces the interparticl &rixpngeguemlgit and
is more difficult to reach the critical stre
It should also be noted that the dislocation
This lends further strengthrbugh dislocation hardeniri@7][78][79][80]. Since the strength

provided by U/b interfaces is derived from
effect is faund to be inversely proportional to the interparticle spacing (Orowan relationship).
't i s therefore possible to esti matguatibrhe vVyi e
2.8[8][81]:

YOYPU Y @ (2.8)

Where TYS is the tensile yield strength (MPa) and d is the interparticle spacing (um). The level

of strengthening provided by second phaasicles is also dependent upon their shape. While

a distribution of spherical particles will improve strength, the hardening effect of particles
adopting a needle or plalié&e morphology can be an order of magnitude grd&8&r Thermal
treatments are wutilised to control the di s
temperature is critical in achieving the desired sizéh wower temperatures generally
producing a finer distribution. The coolirand heatingates during solution treatment and
ageingcan al so affect the size and morphol ogy
Section2.3 t he homogeneous precipitation of prect
more wuniform distribution of secondary U.
cooling/heating rates involved in thermal treatments will influence the formationesé th

precursor phases, and by ext en §]. ohe soluttome f i n
treatment is also used as a means to mani pul
field, a controlled volume fraction of coar
particles are too large to provide any sigm@nt strength, they can be used to control the volume

fraction of retained b that is available for
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solution treatment temperature will generally lead to a lower aged strength, since the volume

fracionof coarse primary U wil/l be greater, and
be lower. In addition, partitioning of stabilising elements during solution treatment leads to

greater stability of the b phavelenefrattibonod i n t
secondary U leading to a | ower aged strength

temperature prevents recrystallization, it is possible to see an increase in aged strength since
this can enhance U pbaseenacteaheonnéhaoeghef
stability [17].

Given that the primary U particles provide
temperature will have little effect on the ultimate tensile strength (UTS) in the unaged
condition. However, the gld strength and work hardening behaviour can be affected if

changes in the b phase stabil i tagestofofm(sueghnce t
as Uod §[83 frat example, in Fl0-2-3, higher solution treatment temperatures can
redce the b phase stability to the point t h

deformation. This leads to a reduction in yield strength and improved work hardening, but
almost no effect on UT884]. Similarbelavi our has been obse+tved i
7333, where changes in solution treatment altered the yield strength to a far greater extent than

the UTS, prior to agein5].

In addition to strength, other mechanical properties can also be optimised through
microstructural control. However, it is often the case that these properties compete with each
other, and thus a compromise must keched for a given application. For example, as with
many alloys, ageing to a higher strength will generally lead to a decrease in ductility. However,
for a given strength level, it may be possible to improve ductility by altering thermomechanical

processig . For equivalent strength | evels, the b
processing) provides far superior ductility
ductility comes about as a r es unothiglostrengtthe r ed
b alloys |l eads to strain |l ocalisation within

concentrations at grain boundary triple points, leading to early crack nucleation. By reducing
the b grain si zgth(distdanee bawedneg@ih bounelarystriple pointk) ésn
reduced, lowering the stress concentrations and thereby improving ductility. Consequently, the
true fracture strain has been found to be proportionaltgwihere D is the grain boundary
length)[6].

Unfortunately, improvements in ductility brought about through thermberecal processing

often lead to a reduction in fracture toughnésy. In b alloys, the high
matrix results in &endency for cracks to follow grain boundaries. This actually confers greater
fracture toughness to microstructures with |
favourable route for cracks to grow (greater deviation from the macroscomtatiref crack
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growt h) . Further mor e, when a crack does ent
crack deflection than globular U particles.
| arge b grains and a criordractu@ tougbhesp eompaied to ¢he , of
bi modal (U+b worked) microstructur@7]6ki th it
However, an improvement in toughness does not necessarily translate to better fatigue
performance, since this is dependent upon other factors such as crack iffR@itidrne rate

of fatigue crack growth (FCG) may al-GEd vary
showed that the propagation of small fatigue cracks (microcracks) was siatverbimodal

mi crostructure than the b annealed condition
rapidly in the bimodal microstructure, but despite this it was still capable of delivering greater
fatigue strength[6]. Il nterestingly, mi c r ose tfieldu exhibitr e s a
significantlylower FCG ratesta U aged sampl es of equal stre
to enhanced slip reversibility reducing the accumulation of damage at the crack tip, and
therefore slowing its advance. However, the greater reversibility is a consequence of
deformation througtcoarse planar slip, which increases the rate of crack nucleation and
ultimately leads to a shorter fatigue Iffie7][86].

I n the case of unrecrystallised microstructu
anisotropy in the tensile properties. Generally, the best ydilfound when testing parallel

to the working direction (longitudinal axis). However, there is a substantial reduction in both
ductility and vyield strength when tested at 45° to the longitudinal and short transverse
directions. The drop inyieldstrenh ar i ses from the crystallogrt
whereas the ductility is compromised because
position of maximum shear stress (45° from the applied stress axis). This exacerbates the stress
concentrations at grain boundary triple points, and promotes early crack nucleation. There is

also a drop in ductility (relative to the working direction) when tested in the short transverse
direction, though not as severe as at 45°. The normal stress aaing gmmin boundary crack

wi || be greater when the elongated b grains
leads to faster crack propagation and a reduction in du¢€lity

With a relatively low elastic modulus and density, titanium is well suited for spring related
applications in aerospace. The weight sgsiof such springs can be as much as 70% when
compared to their steel counterparts. This substantial reduction in weight is a result of the
combined effects of low modulus and density, since half as many coils can be used (i.e. half

the volume) at 60% othe density of steel. In addition, the corrosion resistance of titanium
springs is superior to that of steel, reducing the frequency of maintenance and replacement
[24][5]. As mentioned irBection2.3 t he room temperature b phas
the U phase, making b alloys the | ogical cho
are achievable n near b alloys through the formati
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required, ageing may be necessary, but since
corresponding increase in the bulk modikis

It is obvious that understanding the microstructural influence of mechanical properties is a
prerequisit€for successful manipulation of these properties. Unsurprisingly though, given the
difficulty in separating the effects of individual variables there is still much confusion. For
example, despite the apparent advantages of the bimodal microstructure tisties lrave

found conflicting results, with reports of inferior ductility under certain conditions (but at
equivalent strength level$37]. However, given the number of competing microstructural
variables, it is possible there exilifferences that are unaccounted for. This also illustrates the
difficulty encountered with optimisation of mechanical properties, and underscores the need
for a deeper understanding of the fundament .
titaniumalloys.
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2.5 Ti-10V-2Fe-3Al

Ti-10-2-3 is a high strength metastablalloy which sits very close to thedv[8]. It exhibits
excellent forgeability and can be heat treated to a wide range of strength levels in order to tailor
properties to specific applicatiofi®4]. It has good hardenability, although water quenching
from solution treatmens requiredo ensure a sufficient resportseageingIn the high strength
condition, this limits the section size at heat treatment to 76[8hnThis can also impose
considerable residual stress that dfect dimensional accuracy when machining. Such
residual stress should be closely monitored as32-3 is also known to form stress assisted
martensitg17]. However, Til0-2-3 offersgreater tensile strength thanh e ubi qui t ous
alloy, Ti-6Al-4V. At a section thickess of 76 mm, T10-2-3 can reach 1193 MPa, compared

to 965 MPa for similarly sized TAl-4V component$88][89]. This allows it to competeith

steels in aerostructural applicatiof&!]. One notable applicatiois the Boeing 777main

landing gearwhere it replaced 4340M. This resulted in weight savings of approximately 270
kg per aircraf{5].

Thermomechanical processing is hecessary to achieve the correct balance of properties for a
specific application. Gl obul ari sati orbe of t h
weighed against the toughness requirements, which benefit from a more acicular morphology

[8]. Hot def or mghase feeld is characterised bydan initial peak in flow stress at

low strain, followed by extensive flow softening. The observed softening is believed to be
caused bybreak p of acicular primary U pariAl es in
low strain rates, deformation is dominated by dynamic recof@&kly The microstructural

evdution during subtransus forging is very temperature sensitive, exhibiting a relatively
narrow Oprocessing windowbé in which to opera
a result of the iron content, althouighprovements in melt practice arew capable oflealing

with these issu€$].
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2.6 Ti-5AI-5Mo0-5V-3Cr

Ti-5553 was developed in the 1990s by VSMPO to address some of the issuesMii3i

It combines marginally superior mechanical properties with improved processing
characteristics. It is based upon the older Russian &ly22, exhibitingdeeper hardenability
thanboth T+10-2-3 and its predecessor, V2. The lower iron content reduces segregation
issues. This allows higher melt rates and an accelerated production schedule. Homogenisation
of ingots is not required, savirigne and improving yield. Air cooling from solution treatment

can be employed up to a section thickness of 150 mm. Further, the aged strength exceeds that
of Ti-10-2-3 and VT22. It also exhibits a shallowér approach curve, providing a wider
processingvindow [8].

The Boeing 787 main landingegr features 15553 extensively, making up the Bogie beam

and inner cylindef24]. The deformation behaviour is reported to be similar to that-a0™

3, with dynamic recovery being the daorating mechanism. The microstructural evolution is

also more stable with respect to forming variables, in particular temperature and strain rate,
allowing for easier processii§2]. It has also been confirmed that3553 exhibits athermal
formation of the. p has e, raising the possibility of el
[93]. However, as with all titanium alloys, it remains an expensive choice for manufacturers,
which remains a barrier twider use.

53



2.7 Summary

Beta titanium alloys represent a growing fraction of the materials employed in aerostructural
applications on account of their high specific strength and good corrosion resistab@- Ti

3 and Ti5553 are two such alloys thaave found use in the main landing gear of large
commercial aircraft. However, the high cost of these alloys demands exceptional performance.
This places a great deal of emphasis on microstructural development to ensure the mechanical
properties meet suchtamdards. Thermomechanical processing (TMP) is critical in the
achievement of these objectives, and therefore a thorough understanding of the relationship
between processing and microstructure is required. This is particularly important given the
costly naure of TMP itsel. Redundant work that achieves marginal refinement of the
microstructure only adds to the cost of production with little improvement in properties.

In addition to this, the influence of microstructure on mechanical properties must be understood
in order to guide the microstructural objectives of the forger55B3 represented an
improvement in processability over-I0-2-3. However, these alloys avperating at the upper

limit of their capabilities in such demanding applications as aircraft landing gear. This requires
consistency in mechanical properties, and althougib5B8 can meet the strength
requirements, there have been difficulties with obiteyj the required ductility. This thesis
intends to examine these issues by investigating the prouessstructureproperty
relationships in metastablealloys.
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Chapter 3 Characterisation Methods

The specific methodologiesnployed in Chapters 4 and 5 areluded at the beginning of each
respective chapter. However, to avoid repetition, the characterisation techniques employed in
both are detailed here.

3.1 Microscopy
3.1.1 Light Microscopy

Reflected light microscopy was carried out with a Nikon microscope on etched specimens.
Sample preparation began with mounting of the specimen in Bakelite. Specimens were then
ground flat using p800 SiC paper under 30 Newtons of force and water lubriatiten
rotation was 150RPM). A plane surface could be achievedlimButes. Once flat, specimens
were ground on p1200 SiC paper under the same conditions for 5 minutes. Fine grinding was
carried out with 9um diamond suspension on an-Mibgo compositelisc for 6 minutes. The

force and platen speed were also 30 Newtons and 150 RPM respectively. However, additional
lubrication was unnecessary since the diamond suspension is water based.-8heMD
polishing cloth was employed for the final step, togettigr 0.06 pum colloidal silica. As with

the fine grinding, water lubrication was unnecessary while polishing. The duration was 10
minutes, with a 1 minute break in the middle (11 minutes in total).

The break employs water lubrication in the absence tfidal silica. A 5 minute wateonly

step is also included at the beginning and end to clean the disc and specimens. It is imperative
that all specimens and holders are washed between stages to prevent coarser grinding media
contaminating finer abrasives.t c hi ng was carried out via | mme
10 seconds. The etchant was made up using standard laboratory concentrations of the acids in
guestion. This consisted of 6 vol% hydrofluoric acid and 12 vol% nitric acid with the balance

being water. Mechanical polishing of i0-2-3 has been known to induce strassisted
martensitg2]. However, none was observed in this study (possibly due to the stability that the

U phase of f-polishingwassimecessaeyc t r o
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3.1.2 Electron Microscopy

Electron microscopy was carried out with an FEI InspectF Field Emission Gun Scanning
Electron Microscope (FEG SEM). The sample preparation procedure was very similar to that

for light microscopy. The key differences were the lack of etching and removal of specimens

from Bakelite at the end. This ensured electrical conductivity was maintambdthe

specimen holder in the SEM chamber. Etching was not required, since imaging was carried out
under backscattered meaeda.t rlatsitd ias ddpardsrikerfd ver
upon the atomic numbef the elements present. Given the piarting of elements between

the two phasem i titaniumalloys( U ig),nhis generates significant contrast and improves
consistency between samples.

3.2 Quantitative Metallography

In order to provide consistent microstructural information, analykisnicrographs was
necessary to quantify the features present. Various technigues are available, with advantages
and disadvantages to each. The primary U
Determination of this parameter can be carried out viarakeweethods, including point
counting, lineal analysis and areal analysis. For details on the specifics of each of these
techniques, the reader is referredtigginson et aJ]94]. These are all based on the assumption

that thevolume fraction is independent of the plane and orientation in which it is measured
[94]. Relative to point counting, lineal analysis can provide a more reliable figure per
micrograph. However, it is not necessarily the mdftient means of acquiring such data

since the speed of point counting allows analysis of more micrographs in a given time. On the
other hand, this advantage is only fully realised if the number of available micrographs permits
a large enough area to bevered.

A further consideration was the analysis of particle morphology within micrographs. Both point
counting and lineal analysis can only provide volume fraction measurements. However, the use

of software such as ImageJ to perform areal analysis atsadps the ability to quantify
particleshape For this reason, analysis was carried out with ImageJ in order to provide both
volume fraction measurements and information on particle morphology. Howeeguas

3.1 illustrates, this presented the problem of distinguishing between microconstituents when
they exhibited similar grayscale valu€sgure3.1(a) presents an example micrograph of aged
Ti-10-2-3 . The |l arge primary U particliethatiar e vi
per meated with shesholdedFgury 3.1(0)), it 8&h benseen that the

secondary U forms a dense, interconnected a
secondary U app®the resolgiionefithe imade;ialkdark gixels aneeactually
the same shade). This array contacts the | a
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6fillingéd the |l atter with another shade (sin

as well). Manually altering the threshold would compromise the consistency of area fraction
measurements. The only satisfactory way to resolve this issue was to delineate the boundaries
manually, as inFigure 3.1(c). After thresholding, ImageJ can then produce an accurate
depiction of t HrigureB.1(d)nThesy particlepdaratbea be(analysed to
provide information about their size, area and morphology. The minimum and maximum feret
diameter were chosen #ise Gshaped e s ¢ r .i Thase & defined as the minimum and
maximum dimensions of each partic]85][96]. However, the data was not normally
distributed, so results were presented as the median feret min and median feret max. This was
considered to be a more reliable measure of aeténdency than the mean. The combined

volume fraction of retainedand secondary U was also calcul e
U volume fraction from the whol e.
l ,[
0 '
[ 0 I Y [
Figure3.1: Aged T+10-2-3 micrographunder BSEI conditions. Original image (a),
thresholded (b), manually delineated (c)
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Quantification of secondary U proved diffi
made to determine the mean interparticle spacing. This can be determined by first placing a
series of lines over a micrograph. These should be spaced such paatide is in contact

with two lines. The number of second phase particles which intersect each line is then counted
up. Dividing the length of each line by the number of intersections per line gives the mean
linear interparticle spacing (aras it is kown). Combining the means of many lines from
multiple micrographs improves the statistical reliability of the result. However, a problem
arises when the second phase particles are not spherical (or circular, as they would appear in a
2D plane such as a magraph). One approach is to place lines at random orientations on the
micrographs so that, given a large enough sample, all directions are measured. Another
approach is to use circles, instead of lines, as was doneFhguee(3.2). In principle, this
effectively ensures all angles/directions are also sampled, but covers a greater distance per
micrograph, which it was assumed would improve the rdiigtaf results. It is important to

bear in mind though, that the circumferential distance between particles will deviate from the
linear displacement. It is therefore advisable to ensure the circles are as large as possible to
minimise this source of enr¢@4].

N L

det mag [ |[spot| HV
Figure3.2: Backscattered electron micrograph of5653 secondaryd lllustrating the
procedure for measuring interparticle spacing over all directions.
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3.3 ElectronBackscatter Diffraction

Electron Backscatter Diffraction (EBSD) was employed throughout this investigation to
provide orientation information about the microstructures examined. This was carried out using

an FEI Sirion FEG SEM. Most data acquisition vpasformed by Oxford Instruments HKL

Channel 5 Flamenco software, although some large maps were obtained using fast acquisition
software. Posprocessing of results was conducted by the Channel 5 suite of programs. The
EBSD processiitselfreliesuponthédir acti on of backscattered el
patternd on an appropriately positioned det e
the absorption of backscattered electrons, producing a clearer diffraction @fermhis

pattern is then used to determine the orientation of the crystal lattice at the point beneath the
el ectron beam. By scanning the sucohsagucted of a
This can then be represented with the use of a colour scheme that illustrates the orientation at

each indexed point.

In this project, these maps are presented in IPF (Inverse Pole Figure) colouring. This allows
easy interpretation of orientah information by eye. However, it does not identify rotation

around the reference plane normal which can obscure some changes in orientation (e.g. grain
boundaries and |l attice rotation). The OAI I E
information. However, it is harder to interpret by eye since the colour of each pixel is based on
three separate scales defining eaarcohu nEdudl eerr raor
which appear to overstate the misorientation between gf@iis For this reason, the IPF

colour scheme was used in combination with the grain boundary delineation function in HKL
Tango. This required a neaontiguous map in order talculate the misorientations between

adjacent points. However, indexing deteriorates at grain boundaries, so it was necessary to
apply noise reduction to the dat a. This fun
points based on the orientatiorfsneighbours. This feature should be used with caution as it

may mask unknown phases or indicate surface contaming®}n Application of noise

reduction here was based od Biearest neighbours.

An accelerating voltage of 20 kV and spate of 5 was used in EBSD data acquisition. The
step size varied depending upon the scale of the features of interest. The number of bands (min
max) was set at-3 for most maps. This balances reliability/accuracy of the data against the
indexing rate. Asmall number of maps were indexed & Bands to improve the indexing rate.

This proved to be a false economy, as the presence of psgomhoetry compromised the
reliability of the data. This occurs where different orientations that present similarhiKikuc
patterns confuse the acquisition system. Two adjacent points with similar/identical orientations
can then end up being recorded with very different orientations. Including additional bands in
the diffraction pattern helps avoid such errors.
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Contoured ple figures are also used to present the aggregate orientation data of some maps
using HKL Mambo. Determination of a pole figure begins by considering the orientation of an
indexed point at the centre of a sphere. Selected plane normals (poles) are extéhthey
intersect with the sphere surface. Points of intersection can then be projected onto a reference
plane. Repeating this procedure for all indexed points produces one figure that represents all
orientations in the map. However, interpretatiofiksly to be difficult given the amount of

data presented. The application of contouring to illustrate the pole density allows for easier
identification of preferred orientations. The colour contour scale emplagsents this data
asMultiples of UniformDensity (MUD). The projection method can be stereographic or equal
area. Stereographic projection maintains angular truth. However, a random orientation
distribution presented in this manner will result in a higher pole density near the centre of the
figure. For this reason, equal area projection is @isedll pole figures presented he@9].

For more information on EBSD driexture analysis in general, the reader is referred to Engler
and Randlg[97]. Sample preparation for EBSD is essentially identical to that for SEM,
although the specimesize and shape is restricted by the specific holder employed.

3.4 Hardness Testing

Preliminary Vickers hardness testing was carried out with a manual Mitutoyo hardness tester.
However, towards the end of the project, a Durastamautomated hardness tedbecame
available (courtesy of R. Goodall). This fully automated device allowed the rapid acquisition
of a much larger quantity of data. This includes the hardness maps in Chapter 4, and is the
reason for the slightly illogical order of their presentaf&ince it would have been preferable

to carry them out first). Therefore, in order to ensure consistency, all manually tested specimens
were retested with the Durascan. Only these values are reported in this thesis. Sample
preparation was identical to thfar light microscopy, except etching was omitted. A polished
surface provides a more sharply defined indent. The load employed was 0.5 kg (4.905 N), with
a dwell time of 3 seconds. The short dwell time was used as the Durascan relies on a load cell
to cantrol the indentor force. Where indents were placed in close proximity {fas iardness
traverses in Chder 5) a minimum spacing of three times the indent width was maintained to
prevent work hardening distorting adjacent measureni&dis.
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Chapter 4 Microstructure -Property Study of Forged T+5553

As outlined earlier, this chapter examines the microstructural andhamieal property
variation within a forged 76553 component. By analysing such variation, the intention was
to identify and quantify the influence of microstructural variables on key mechanical
properties, with a specific focus on strength and ductilihe component under investigation
was the inner cylinder of a Boeing 787 Dreamliner main landing gear (MLG), an example of
which is illustrated inFigure4.1. Although this shows the component in service, the actual
study was carried out on sefimished components in the -&&ged and rough machined
condition. In this state, the forging is sadidd would have been subjected to further machining,
heat treatment and other finishing operations before final assembly of the MLG. However,
machining operations will not affect the bulk microstructure, and this condition provided the
flexibility to studythe influence of heat treatment on the@seived material. Messi@ugattr

Dowty kindly supplied material for this project in the form of sections removed from two
separate forgings, one of which is showirrigure4.2.

The contents of this chapter begins with the methodology employed to assess the
microstructure and mechanical properties of the material proddedExperimental Methgd

This is specific to this chapter and may refer to characterisation techniques described in Chapter
3 that are common to both Chapters 4 and 5.6&$i&14.1 outlinesthe resuk begin with the
macrostructural and microstructural analysis of the two forging sections. This includes the
effect of heat treatment on the second forging. Following this is the mechanical property
assessment of the second forging, before the firstrfgrgirevisited for hardness mapping. A
review of the observed relationships between microstructure and mechanical properties is then
presentedand finally a summary of the main findings in this chapter. These results have been
presented in this order taore accurately reflect the order in which the characterisation was
carried out, and clarify the evolving experimental methodology. As will be explained in greater
detail later, an unexpected finding during hardness mapping prompgetlssis of some

initial results.
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Figure4.1: Righthand main landing gear of a Boeing 787. Arrow indicates the inner
cylinder. Photograph by Julian Herzog, taken at the Paris airshwuh@ 2013 and shared
under a creative commons license (4.0). Image has been cropped to fit.
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4.1 Experimental Method

Material for this investigation was supplied by Mes®egatt-Dowty (MBD), having been
sourced from their forging supplier, VSMP&/I SMA. This material took the form of

sections removed from cylindrical forgings of3%53 Figure4.2). For this study, two

forging crosssections werexamined, both approximately 320 mm in diameter and 100 mm
deep, as indicated Figure4.3. From this point forward, where it is necessary to distish

bet ween these two sections, they will be ref
accordance with the order of their delivery. Their compositions are as specifialla#.1.

Taking these and applyingyHation2.7, it is possible to determine a molybdenum

equivalence for each forging (using the mean % where a range is given). These work out as
12.95wt% and 12.93wt% for forging 1 and 2 regpely. Since Mo equivalence is intended

as a guide rather than an exact rule, a more sensible figuitd perhaps be 13wt% for both.

Figure4.2: As-received material. Section of-bb53 inner cylinder forginggrovided by
MBD (305 mm ruler).

An approximate outline of the final component is also overlaifigure 4.3 [101]. Since

forging was complete by this stage,is clear that a significant quantity of material is
subsequently machined away in order to reach the final component shape. At the narrowest
point in the cylinder wall, only 13% of the
t o f logf@mastaBil for that area). Rough machining would be carried out prior to heat
treatment, while finish machining would be completed {hestt treatment to ensure
dimensional accuracy. In practice the heat treatment would have involved a solutioariteatm

63



approximately 40°C below;Tfor 4 hours followed by air cooling. Ageing is carried out at
approximately 608&20°C for 8 hours and also followed by air cooling. This is in accordance
with MBDOs own i nt e3103.&ull ddapseanmofbe disaldseddonreasolkT L
of confidentiality but the basic requirements are includedable4.1. MBD also stated that
changes were made to the process route between deliverywbtf@gings. The exact details

of these changes, and the process routes themselves were regarded as commercially sensitive
information, and cannot be clarified. As a result, although analysis of the two forgings showed
many similarities between them, ciaumt must be exercised when generalising about both. This

also presented the opportunity to investigate the effect of such process variation on the final
microstructure and mechanical properties.

— 100.00 mm —
320 mm Diameter
Flash Line
—_— - H = —— —— = —
Min Inner Component Dia
Max Inner Component Dia. _~ &
Min Outer Component Dia.
Max Outer Component Dia
SECTION ‘A-A

Figure4.3: Forging crosssection with final component outline overlaid. The flash line may
also be referred to as the transverse direction and the tieetas the short transverse

As Figure4.3 illustrates, the two protuberances on either side of the forgings correspond to the
excess material, or o6flashdé, that was forcec
(having been trimmed back betweemdiog steps) have been used to orient theeasived

material and relate sample locations back to the original forging. In order to clarify orientation,

the cylinder axis may be referred to as the axial direction or longitudinal axis, while the
directionper pendi cul ar to this and connecting the
l ined (or o6transverseo6 direction). At right
lined (vertical in the diagedam)o dhetbeemdshe
direction despite it being of equal length to the transverse direction in order to distinguish
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between the two. No defining feature could be found on either forging to differentiate between
each face. It therefore had to &esumed that the forgings were symmetrical either side of the
centre line and flash line. However, despite their cylindrical shape, it would seem unwise to
extend this assumption to one of an axisymmetric forging on account of the flash line.

Table4.1: Composition] transus (T) and mechanical properties of@seived material

T 0.2% PS UTS Elong. Al Mo \% Cr Fe
(°C) (MPa)  (MPa) (%)  (Wt%) (Wt%) (Wi%) (Wit%) (Wt%)

MTL -3103 n/a >1170 1240 >4 4.4 4.0 4.0 2.5 0.30
Spec. 1410 5.7 5.5 5.5 3.5 0.50
Forgingl 843 1225 1308 6.9 495 516 516 271 0.36

5.00 5.23 5.21 2.72

Forging2 848 1232 1308 6.9 490 519 494 268 04

4.92 5.25 4.96 2.72 042

Macrostructural and microstructural characterisation began with forgingigure 4.4

illustrates the shape, location and orientation of the sampiesvesl for examination. The

large, hatched slices are positioned perpendicular to one another in order to elucidate any axial

or radial variation in the macrostructure. One rectangular slice was situated along the flash line,
while another was positioned npendicular to this, along the centre line. Between these two

ri ght angled slices, a O6quarterd cross sect
circumferential variation. A carbide tipped bandsaw was employed to bisect the forging along

the centrdine, before a cut was made along the flash line to yield a quarter block. From the

three perpendicular surfaces were cut the actual sample faces.

These slices were then polished and etched in a similar manner to that mentiomapotéldC

the major diference being their size, and consequently the lack of mounting in Bakelite. Due
to the uneven surface of the slices, they had to initially be ground flat. This was carried out
with the coarsest silicon carbide paper available, p120 grit. A slower pragregsithe grit

scale, through p240, p400, p600, p800 and p1200 then followed. Unlike the Bakelite mounted
specimens, the 9 um diamond suspension step was substituted with two fine grinding steps
using p2400 and p4000 papers. Polishing was completed \W@Bhpdn colloidal silica and

water on an MD Chem polishing cloth. As with the Bakelite mounted specimens, etching was
carried out by i mmersing in Krollds reagent,
slow the rate of etching. This facilitatedsea handling during the etching process. Imaging of

the etched surface was carried out with a high resolution scanner at 1200 dpi. Higher resolution
settings were available, but due to the file size, these were not practicable to use. In addition to
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the macroetch samples, extra slices were removed adjacent to these, from which smaller
microscopy specimens could be removed. These took the form of small cubes approximately
10 mm along each edge. They were prepared for light and electron microscopy inrazxorda
with the procedures set out €hapter 3.Electron backscatter diffraction (EBSD) was also
employed on some specimens. Hardness tests were carried out with a D8faaoctomated
indenter using a Vickers indenter tip. Due to the inherent scattaramess data, bulk hardness
values were determined from the mean of 25 indents per specimen face. These were placed in
a 5x5 square grid with a spacing e2 Inm. The specimen surfaces were tested in the polished
and unretched condition for easier and raoconsistent measurement. The Durasi@&n
automated indenter was also employed to create hardness maps of the macroetch slices (in the
polished, uretched condition). The grid spacing for these varied, and was informed by earlier
results. These had showrregter microstructural variation radially compared to the
axial/longitudinal direction. It was therefore decided to increase the axial spacing (4 mm)
relative to the radial spacing (2 mm).

Figure4.4: Forgingl sample layout. Hatched slices for maatahing and hardness mapping.
Cube samples for microscopy, EBSD and hardness testing.

Tensile testing was carried out upon forging 2, along with microstructural analysis in order to
examine the influence anechanical properties and make a comparison with forging 1. Testing
was carried out by Element Materials Technology, an MBD approved supplier. Cylindrical
samples, 80 mm in length and 12 mm in diameter were removed via Electrical Discharge
Machining (EDM)by Electrotech EDM Services Ltd. Tensile testpieces were then machined
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from these cylinders. Testing was carried out in accordanceB&tEN ISO 68921:2009.
Figure4.5 (a) shows one of the testpieces, the dimensions of which conform to this standard.

I’vl' R R R R R R TR BT R Y ~3

.*Mu e,

G

Figure4.5: (a) Tensile specimen from forging 2, (b) and (c) illustrate removal of microscopy
specimens.
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Figure 4.6 provides a plan view of the sample layout in forgingTBe purple rectangles
represent the cylinders from which tangentially oriented testpieces were removed, and the
blue/red circles represent the cylinders from which axially oriented testpieces were removed
(viewed end on). The layout was chosen based uposyimmetry elements of the forging, and

in light of the observed microstructural variation in forging 1. By spacing tests at regular
intervals across the flash line and down the centre line, the intention was to highlight any
variation throughout the fongg, both radially and circumferentially (the latter by comparing

the flash edge with the bottom edge). Although the centre material would largely be removed
during subsequent machining operations, any variation within the forging could be used to
examineghe relationship between microstructure and mechanical properties. It should be noted
that Figure 4.6 shows the opposite sides of forging 2 being testempared to the
microstructural examination of forging 1. This was chosen in order to allow comparison with
preliminary mechanical tests conducted on forging 1. These had to be positioned on opposite
sections due to the removal of microstructural spectas indicated iRigure4.4. However,

due to the symmetry of the forgings, it is assumed that either side of the flash line is equivalent,
asisthedt opd6 and Obottomd sections of the centr
this reversal of position when consulting results figures.

It can be seen iRigure 4.6 that the axial specimens (blue/red circles) have been arranged in
pairs. This allowed one specimen from each radial location to be tested inrgweiasd
condition (blue circles) and the other in the heat treated conditidnc{reles). This heat
treatment was carried out in accordance with MBD internal specification-81DB3 (see

above) at their Gloucester site. Samples were heat treated as 80 mm x 12 mm diameter
cylinders, before machining into testpieces. The tangentialrapas (purple rectangles) were

also arranged in pairs, one in theraseived condition and the other heat treated. This is not
immediately apparent iRigure4.6 as they are situated one above each other. The arrangement
was such that the seeming impingement of specimens at the forging centre was not actually the
case (for a mordetailed view, see appenglix

The testpiece image Irigure4.5(a) also shows excess material leftover from the machining
operation. This was left on until immediately prior to testing as it had saBpled orientation
information inscribed on the end. It is also possible to see the mark formed by EDM during
removal of the sample cylinders (horizontal white line atheftd end). This was used to orient

the specimens since there were correspondingswerkhe forging. The black line drawn along

the specimen coincides with this EDM mark, allowing orientation of the tensile specimen after
the excess material was removed completely. This excess material was also utilised to provide
microstructural inform@on. As Figure 4.5 illustrates, this material could be cut into small,

cube shaped specimens suitable for microscopy.
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320 mm Diameter Max Outer Component Dia.

Min Quter Component Dia.

Max Inner
Component Dia.

Min Inner
Component Dia.

Flash"‘ Line

—— — — ] | S S s | s s e

Figure4.6: Forging 2 specimen layout for tensile testing. Blue and red circles represent
axially oriented specimens in the-@zeived and heat treated condition, respectively. Purple
rectangles represent tangentially oriented spetéystacked two deep, oneraseived and

one heat treated at each location.

The layout of tensile specimens ad-igure4.6 was intended to positicime specimen gauge
lengths as close to the flash line and centre line as possible. Since the tangential specimens
displace the excess material (microscopy sample) some way from the flash line/centre line, it
was only axial specimens that were used for osituctural examination. However, the excess
material could be situated at either end of a testpiece, so the axial microscopy specimens could
be displaced along the longitudinal forging axis by8@Omm. It was assumed though, that (as
found in forging 1)the axial variation in microstructure was much less significant than radial
variation. Therefore, for simplicity, any axial displacement was ignored, and all microscopy
specimens were depicted in the same plane, Bgjine4.7. It should be noted however, that

when comparing microstructures with the tangential mechanical properties, there is a radial
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displacement of about 15 mm between the microseapyple and the testpiece gauge length.
The significance of this will depend on the degree of microstructural variation between the two,
and the consistency of this variation. As with forging 1, the microscopy specimens were also
used to collect hardnesstdaThis was carried out in a similar manner, using a Dura&@an
automated indenter with a Vickers indenter tip making 25 indents per specimen face.

Figure4.7: Forging 2 layout of microscopy samples frim excess material of axially
oriented tensile specimens. All samples shown in the same plane for clarity. Grey faces are
those subject to examination.

4.2 Macrostructural Examination

Figure 4.8-4.9 reveal the etched macrostructure of the centre line and flash line slices. For
clarity, the scanned images were edited to remove dust and scratches, and the intensity
increased by 95% to better match whah de seen with the naked eyegappendixfor
unedited versiosiof these images). Frokigure4.8-4.9 it can clearly be seen that the observed
features exhibit a significant degree of directioyalthanges in colour and shade create the
appearance of bands that run almost parallel to the forging axis. What appear to be very large
i grains or macrozones are visible in the darker, outer half/third of the two slices. The boundary
between these two g®ons does not quite lie parallel to the forging axis, shifting slightly
outwards towards the top of each slice.

Within the lighter, central region, the macrostructure appears finer, whilst also exhibiting some
isolated grains or macrozones that areglareven than those in the darker, outer region. These
are more obvious in the flash line slice, where two, very larg&ins/macrozones sit next to
each other. In the outer third of the two slices (darker region), trains appear elongated
parallelto the forging axis, but also larger and wider in the flash line. There is also a narrow
light band near the outer edge of both slices that runs parallel to the forging axis. Referring to
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the quarter crossection Figure 4.10), this band, along with the others, appears to extend
around the forging, between the two perpendicular slices. This is most clearly illustrated by the
3D stitch ofall three maar-etchegFigure4.11). It can also be seen that the path of the light
band maintains a near constant displacement from the forging edge, tracing a quarter of an
almost circular path. However, the boundary between the central, lighter region, and the outer,
darker region, doemot. Its shape is reminiscent of a rounded corner, suggesting this was
induced by imposed strains during forging from a-nwoular crosssection. The slightly off

axis nature of this boundary in the rectangular slices, when vieweddimeasionally,
implies that the central, lighter region varied in cross section along the forging axis. This may
indicate that the imposed strains varied along the forging length.

The uniform displacement of the light band from all edges however, suggests that this may b
the result of a thermal effect after forging (or at least, in the final stages, as finishing steps
produce only minor shape changes). Compared to the grain structure of the rectangular slices,
the quarter crossection appears finer and possibly moreia@gqed, depending upon location.

This would make sense given the morphology of grains in the other two orientations (slices).
The elongated nature of thegrains in the axial direction would produce a more equiaxed
appearance when viewed end on (as ingtherter crossection). In the lower right corner of

t he quarter slice, the grain structure appe
grains laterally. This may account for the widegrains in the flash line slice compared to the
centre line Around the forging edge, the grains may also be elongated circumferentially. Both
of these phenomena are presumably the result of material flow during hot forming.
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Centre

145 mm

Figure4.8: Scanned macretch ofcentre line slice. Intensity increased (+95%) and edited to
remove dust and scratches (see appendix for original image).
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Figure4.9: Scanned macretch of flash line slice. Intensity increased (+9%¥l edited to
remove dust and scratches (see appendix for original image).
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Centre Line

o Flash Line

Figure4.10: Scanned macretch of quarter crossection. Intensity increased (+95%) (see
appendix for original image).
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Figure4.11: Three dimensional stitch of Figures4180.
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4.3 Microstructural Examination:
4.3.1 Light Microscopy

Figure4.12-4.18 depict a range of light micrographs taken from various samples across forging

1. These have been subdivided by magnification and orientation. Those micrographs taken in

the same orientain as the two rectangular slicésqure4.12-4.14, andrigure4.16-4.17) will

be referred to as tangentially oriented images since the viewing direction is tangential to the
forging circumference. Those micrographs oriented perpendicular to figsee@.15 and

4.18) will be referred to dseingaxially oriented since the viewing direction is parallel to the
forgingdés | ongitudinal axi s. The micreogr aph
adjusted to improve clarity for the reader (brightness, contrast, sharpness). While they do not
provide quantitative analysis, they serve as a qualitative guide to the microstructural variation
observed throughout the forging.

Referring to the low magfication, tangential micrographs &igure4.12 and 4.13, one can

see similar directionality to that observed in the mastohes. With the exceptiaf Figure

4.12(a), thel grains appear elongated in the axial direction. Althdeiglure4.12(a) appears

to be the odd one out, further examination reveals it not to be as dissimilar as first appears.
Figure4.14 presents a wider view of the an@aFigure4.12(a), and it can be seen that the

grains become much more elongated only slightly further from the edge. Under higher
magnification(Figure4.16(a)), the region irFigure4.12(a) appears to consist of finer, more
equiaxed grains. Thisband of finer grains extends most of the way updtge of the
microscopy specimen. This may be an indication of localised deformation near-thalldie
interface producing low angle subgrains, or a new set of recrystallized grains.

While thei grains appear elongated in the axial direction in most regions, this effect was
greatest near the forging edge. Here, the aspect ratio became very high, producing narrow bands

of light and dark graingjgure4.12-4.13). At the forging mid radius, the tangentially oriented
micrographsexhibit the widest grains. The central micrographs in these figures typically

show narrower, higher aspect ratio ggithough not quite as elongated as those near the
forging edge. In agreement with the maetohes, the radial variation of the microstructure

within the forging appears much more significant than the axial variation. Due to time
constraints and equipmievailability, this led to a compromise between the number of
samples examined and the characterisation techniques employed. As such, only one set of
micrographs were taken in the axial orientation, and it was assumed that these were
representative of ehcadial location along the forging axisigure4.15and4.18). Consulting

the low magnification axial micrographBigure4.15), it can be seen that thegrains may

adopt an elongateelquiaxed, or pancaked shape depending on location. This is likely due in
part to the wvariation in deformation histor
sectiond6 of the centr e |andthkereforaprodicadareeqeaxeder i e
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i grain morphology (when viewed e, but elongated in the axial directioR)qure4.15(a)

and (b)). However, lang the flash line the strain may have been considerably higher, and
resulted in greater lateral flow of material. This could account for the pancaked nature of these
i grains, elongating them in the transverse (and longitudinal) direction. This effezrap
greatest at the flash edge, where the strain is presumably at a ma¥igura4.15(e)). Thus,
although it is possible that some recrystall@atmay have occurred near the forging edge, it
can be said that the grain structure largely consists of deformed, unrecrystallised grains,
oriented parallel to the longitudinal axis of the forging.

It can also be seen at the forging centre andradiis that the grain boundaries are

delineated with | ayers of primary U, which
more visible in the high magnification light micrographsg(re 4.16 and 4.17). These
mi crographs also help illustrate the morpho

within the retained matrix. It can be seen that there are both intergranular and intragranular
particles, and that the morphology of these varies across the forging. Near the edge, these
particles are of a more equiaxed or antgel obul a
they appear elongated.

It is notable that the thickness of the more
gl obul ar U particles. This alludes to the n
Al t hough U par foimas hgb aspect eafioglates pdraillehtd they{110} planes

of thel matrix, hot working will break these up, producing a distribution of more equiaxed,
globular particleg17]. This provides another indication of strain distribution throughout the
forging. The moreglou | ar appearance of U particles ne
conclusion that strain was higher there than at the forging cdrityar¢ 4.17 and 4.18).

However, it would appear that the strain was also high enough at the top of the centre line to

gl obul ar i s eFiguré4el6 dod 418) &stended time at temperature will also
spheroidise U plates, baddularimbrphslogpis stllceasorsblyy s g u
stable[17]. In addition, it seems unlikely that the edge of a forging of this size would remain

hotter for longethan the centre.
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