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Abstract

The aim of thigesearchwasto investigate and developlternative thermomechanical processing
technigues to improve the foigg outcomes, at industrially viable temperaturesof two cast
peritectic solidifying consolidatedtitanium aluminide alloys45XD (F45AF2Nb-2Mn-1B at%) and
4822 (Ti48AF2Nb-2Crat.%.

This study diffeed from existing work onTiAl alloy compositionrprocessingmicrostructure
relationshipwith an emphasis on controlling the initial microstructdoeoptimiseprimaryprocessing
(i.e., ingot breakdown)kfficiency and produce a microstructure that improves the outcome of
secondary processing@e., isothermal closed die forgingr hot rolling) ideallyapproachinga strain
NI S &Sy aA Hok idsdl alloysechsolidatioh dy hot isostatic pressing (Hiejowed by
primary compressioralone does not remove thecasting segregation or thanisotrofc behaving
lamellarcontentthat hinders secondary processinglternative processes are required

For 45XDthis studyfound that integraing HIPand homogenisation stagesto one step usingHIP
equipment proved beneficialto the forging outcomein comparison to the traditional two step
approach.Achievingan elementally homogeneous and refined fulymellar microstructureenabled
high levels ofjlobularisationand dynamic recrystallesd materialfrom 50 % primary compressiorat
1100 °C and 0.001!sThis aidedsecondary compressigneturning the highest strain rate sensitivity
of 0.32

For 4822, thistudyinvestigated the impact of cyclic heat treatment (CHAQ cooling rateon HP

and homogenisednaterial, as well asts subsequent effect on fongg outcomesFor the first time,
industrially relevant induction heatingquipmentwas appliedo conduct the five cycles tihe single

h LKl &S {SYLENked@sSdEmMedargmn refinementThe compression results
showedthat CHT, irrespective of cooling, provauaccessfulvith uniform 50 %primary compression
at 1100 °C and 0.001 scompared to theshearingnstabilityof HH material. This led to secondary
compressiorof CHT materialeturning material high in dynamic recrystallised content émee of

lamellarmorphologieswith astrain rate sensitivity of 0.25.
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dwell at compression temperature followed by another 25% compression

25% + RT + 25% 25% compression of material in the HIP condition followed by
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compression 2 hour, 1200 °C heat treatment with air cooling

AC Air cooling

ACCHTAIr cooled cyclic heat treatment

AFRC Advanced forming research centre

ASR Asreceived

ASTM American Society for Testing and Materials
at%  atomic percentage

BCC Body centred cubic

BSE Back scatter electron

C Centre of cyclibeattreated work piece
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1 Introduction

1.1 Intermetallicsand titanium aluminide
Intermetallic compoundsvereRSFA Y SR Ay ™ ditermetaliic compokirdif akofkl phases &

containing two or more metallic elements, with optionally one or more-nogtallic elements, whose
crystal structure differs from that of the other constitueatil]. They show both metallic and ionic
bonding characteristicbetween dissimilaratoms such asFeAl or T+Al overFeFe orTiTi bonding

respectively This leads tolarge, long rangeordered crystal structuresThis order brings with it
properties that lend intermetallic compoundsto applications asvaried as superconductors and

metallic glasses to neoonducting composite].

With ever increasing demands on automotive and aerospace engine manufacturers to develop
systems with improved efficiency and reduced environmental footprint, advanced designs are based
on higher service temperatures, lighter weight, and higher operatpmeds. With popertiessuch as
high temperature stability, oxidation and corrosion resistance, high strength, and creep resistance,
while also having a low densjiptermetallictitanium aluminide (TiARlloysbeganbeing incorporated

into aerospacalespnsin the latter half of the 20th centurf3].

The difficulty, as with most intermetallics, is their inherent brittle naturdcat temperatures. This
leads to high processing costs due to the elevated temperatures required to achieve acceptable
workability. If further gpplications of titanium aluminidare to be madethen the processingand
production of high integrity titanium aluminide alloys requires further research andjreater

understanding
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1.2 Backgroundndjustificationfor this study
This project is a collaboration between Tier One members of the Advanced FdResearch Centre

(AFRC), a recognised Centre of Excellence in innovative manufacturing technokxgasch and
development metal forming and forging research. TIMET, as a global producer of titanium alloys and

Tier One member of the AFR€ovidedtitanium aluminide cast inganaterial for the project.

Titanium aluminide (TiAl) alloys fill an important gap between high temperature anddeigsity
superalloys and low temperature and ledensity titanium and aluminium alloys. This is particularly
important when considering high temperature applicationsisas automotive and aerospace engine
componentd4]. Titanium aluminides compare favourably to nickaked superalloys in terms of their

high elastic modulus and low density, and to titanium alloys in terms of high temperature stability and
oxidation resistancs]. The interest in this study is in investigating methods to e¢hsé production,

and therefore expandtheir possible uses in theesoengineand in other industries. With drives
towards improved efficiency being seen across the transport sector, advanced materials are essential

if we are to meet our climate change goals.

One major obstacle to further application identified is in the processing of a material with an inherent
brittle nature at low temperatures (<800C). TiAl alloys show both metallic and ionic bonding
character giving defined loagnge ordered, therefore brittle, phases. For Tihky are based on

16 ¢ AJ(TEIOEZ O hdBE |). Their brittle natureleads to wrought processing techniques being
largely avoided due to the high processing and equipment costs involved in multiple processing steps
working at elevated temperatures which are necessary to achieve acceptable workability, as reviewed
by Appel et al[6]. Therefore, reducing processing steps and/or improving forging outcomes would be
of industrial interest.

There are also challenges created by the initial casting procassng of TiAl alloys such as 4822 (Ti
47.248A2Nb-2Cr at%) and 45XD {@5AF2Nb-2Mn-1 at%) used in this study, follow a peritectic
solidification pathway resulting in solidification porosity and elemental segregation, which promotes

the formation of bittle phases and large grained lamellar microstructures.
This results in a material that shows:

1 Ease of fracture and flow localisation during processing
1 Plastic anisotropy due to large grain sizes

1 Slowrecrystallisation due to elemental segregation

A reviewby Kim, S.L., and Kim, Y. \Wiscussedi S @S NI f  doldlaking itnprévéimients to and
expanding the use of titanium aluminidgg® ¢ KS G LI GKgl &é¢ adlNIa ¢A0K

target application or end use. This target then requires clear specific properties. This is followed by
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investigation and understanding of the compositiprocessingmicrostructure relationship of that
YFEGSNRAIFE FyR GKS a5FGFS Yy26tSRIAS YR LYF2NNIGA2YE
microstructure can then be identified to provide these pesties.

Asimilar methodology has been followdu this study by identifyingprocesse®f interestcapable of
producing components and new applications for theaterial. These target processesuch as
isothermal closed die forging and hot rollimgguire high integrity forged titanium aluminide stock,
high in dynamic recrystallised material and free of anisotropic grain morphologies

The aim of this PhD research isitwestigate and develop alternative thermomechanical processing
techniques to improve the forging outcomeaf industrially viable temperaturespf two cast,
peritectic solidifying, consolidated titanium aluminide alloy&XD (FA5AF2Nb-2Mn-1B at%) and
4822 (T448AI2Nb-2Cr at.%)

To start the projecta literature review will identifypromisingingot processing techniqudbat may
improve the efficiency of the initial ingot breakdown stage, referred to as priramypressionThese
processes and primary compression will look to produce high integrity, forged titanium aluminide
stock ready foisecondaryprocessing by high deformation processes, such as cldsefbrgingand

hot rolling, potentially expanding the list of possible applications.
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2 Literature Review

2.1 Titanium aluminide
Titanium aluminide materials fill an important gap between high temperature and-dwgisity

superalloys against low temperature and lalensity titanium and aluminium alloys. Titanium
aluminide provides the compromise between these materials, as showiginmel. The difficulty as
mentioned earlieris in the processing and apgdtion ofa material witha brittle naturg hence the
drive to near net shape processing routes and application away firatential damagein service The
following chapters describe the current theory behind the processing, microstructure and properties

of current titanium aluminide$8].
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Figurel: Specific strength versus temperature diagram for structonaterials[8]
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2.2 Crystallographyphases and alloyirgg titanium aluminide

2.2.1 Phase diagrageffect of aluminium
Titanium aluminidgTiAl) is an intermetallic compound that contains, at its most basic, titanium and

aluminium. There are three intermetallic titanium alunaas * -TiAl," >-TiAl andh -TiAk. Theseare

prevalent at different concentratiosiof aluminiumrespectively as shown Figure2 [3].
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Figure3: TrAl phase diagrar8].
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Figure2: titanium aluminidephasediagram[10].

From an engineering point of viesingle phase alloys are of limited interest due to their brittle nature
at all temperaturesthroughout their solidification pathway5]. Thedual phase! tehalloys ofan
aluminium content o#5-48 at%havebeenof interest fora number of years due to the phase fraction
at this aluminium concentration providing the ductility required for katrking[9]. A more detailed

phase diagranshowing this regios shown inFigure3 [10].
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2.2.2 Crystal structures phases iritanium aluminide
The h>-TeAland -TiAlphases give different structures-TisAl being hexagonal Rwhile ' -TiAl ha

a tetragonal Ldstructure, as shown ifrigure4 respectively together with available slip planes and
lattice parameterg11]. The traditionatitanium phases ohexagona(HCP} I bydy centredcubic
(BCC) structures areonly present at high temperatureand, if alloyed accordinglyn titanium
aluminide alloys 2 NR S NJB/R2 whigh will be discussed later in sectich3.1.5 This phase is

important when considering wrought processirgutes[12].

h -TAl hexagonal D@structure 1-TiAl tetragonal Lglstructure
a=0.5782 nm, ¢=0.4629 nm a=0.4005 nm, ¢=0.4070 nm

[001]
S 011

[100] b

Figured: Left,h »-TAl hexagonal D@structure a=0.5782 nm, ¢=0.4629 nRight, -TiAl tetragonal
L1 structure a=0.4005 nm, ¢=0.40mén [11].

2.2.3Alloyingof titanium aluminide
Alloying of titanium aluminide has been one methodraproving propertiesExtensive research has

given four distinct generations of titanium aluimide alloy up until now, by applyingdifferent
combinations and ratios of elements to enhanpgeperties such asluctility. This ductilityfrom
alloyingarises from improving four aspeats the intermetallic structure; enablingore slip modes,
removing or at least changinghe long range orderjntroduction of ductile phases that allow
deformation and changesn solidification during thermomechanical processing to givenere

controlled or refined microstructurg3].

Moving away from sirig phase | f £ 2 @ & (i 2 of Radidug aluiiitmic@ncenttatisnwith
small additions of additionatlements typified the first generation of titanium aluminide aloy
described byKim and Dimiduf13]. The 4822 (Ti 48AF2Nb-2Crat%) alloy characterises this first
generation being the firsttitanium aluminidealloy applied to a commerciakro engine, these flying
from 2012 in General ElectricdB turbine engineg14].

Firstgeneration singleohasealloyshave a general formuldescribedby.

TH(50-52) AH(1-2) X2
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and dual phase alloyss.
TH(44-49) Al-(1-3) X1-(1-4) X2-(0.1-1) X3
X1 coveringmanganese chromium; X2 beingniobium, tantalum, tungsten molybdenumand X3

describingsilicon carbon boron, nitrogen, andyttrium.

The second generation described Agpel et al[15] restructured the formula fotitanium aluminide

alloys, these all being dual phase systems

T(45-49) Al-(0-2) X1-(0.55) X2-(0-1) X3
The roles of these alloying elements were retained, alloys include 454BAR2Nb-2Mn-at%-0.8TiB
vol%) thislikely to beapplied to future RollRoyceturbine engineg14].

The hird generatiorof titanium aluminidealloys are dominated by those described as TNkfitim,

niobium, molybdenun) or TNB tftanium, niobium, boron) alloys, these are higher in X2 alloying

elements, particularlyniobium, than earlierl f f 2@8a 6KAOK 3IA0Sa RAAGAYOGABS |y
properties, which willbe discused in later chapters. These alloys, again dual phase at room

temperature follow the formula[16];

Ti(45-46) A-(4-8)X2(0-1)X3
The removal ofboron from the formulation andthe increasedsignificance placed on the grain
refinement offered by massive transformation via pasiidification heat treatmentswas the focus
of the EuropeaMPRESS proje[dt7]. This gave the fourth generation tifanium aluminideswith an

alloy of configuration;

TH(45-46) Al-(4-8)X2
In the IMPRESS project all of X2 wiabium, T 46AF8Nb (at.%)The project teamtook this new alloy

from raw material and produced turbine blades for both aero and stationary gas turbine etg8jes

X1,X2 andX3 elementsall play differing roles in the solid solution and are comntimoughoutthe
generations providing a compromise between properties of ductility and toughness compared to

temperature stability and oxidation resistance.
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Tablel: Effect of alloying elements in Titanium Aluminides

Element General alloying effect Position in alloy hs i 2NJyS
formula stabiliser

Al Increases oxidation NA h
resistance and lowers
density

Nb Increases oxidation X2 i
and creep resistance

Ta Increases oxidation X2 i
and creep resistance,
tendency for hot
cracking

W Increases Oxidation | X2 j
and creep resistance

B Grain refiner X3 h

C Increases creep and | X3 h
oxidation resistance

Cr Increases ductility if | X1 i
added in small
amounts; increases
oxidation resistance in
high conc.

Mn Increases ductility X1 i

Mo Increases strength, X2 i
and creep and
oxidation resistance.

Si Improves high temp | X3 i
mech properties

Y Grain refinement in X3 i
lamellar structures

To explain the mechanisms and the effects of these elemewts must break down these groups

further in terms of how they alter théinary TiAl phase diagram_ y

stabilisers refer to elements whichy ONB I a S

ortransus,of pureti A G F Yy A dzy s b

GAGEYAdzY YSGOLIf £ dzN
2 NJ pnagethiBsform&tioniitetnBeratture |

AYONBE AAY 3 ¢KEBA A plia§sRadoNt G dzNE =

presentin TiAlalloysat room temperaturebut theystill impact on theealloys during sdtiification, as

will be discussed in 2.3
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X1 elementsvanadium manganeseand chromium are appliedto improve ductility of two-phase
alloys,as they are found to reduce the strain caused by the tetragdistbrted face centred cubic
structure of the ! phase this caused by the atomic radii differencetitanium versusaluminium X1
elements reducehe c/a ratio of the unit cellThis is by substitutioat aluminium sites in the unit cell,
leading to a weakening of the-Al bondingdue to changes in the elednic structure of the unit cell.
In turn, this alters the bonding in the unit cell to become more isotropnd reduces the lattice
resistance to dislocations along the %2 (110) direction, showigure4b, when compared to binary

titanium aluminide[19].

These additions ddowever, reduce the oxidation resistance of the allgyeventing the formation
of protective aluminium oxidet high temperatureshence the need for X2 alloying elemefi2§].
The X2 atomsniobium, tantalum, tungsten molybdenum do not inhibit the formation of protective

layers, in particular aluminium oxide 8%, providing increased oxidation resistance

Smaller X3 element additions are made for reasons including oxidation and cresstance,
castability as well as more regularicrostructure refinement. Aditions of boron and yttrium offer
grain refinement boron and itseffect on solidificatiorand microstructurewill be discussed latein
greater depth[21]. Rarelyappliedelements such asarbonand silicon haveshownimprovementsin

creep propertiesreductions inmelt viscosity andmproved high temperature propertig@2¢24].
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2.3Titanium aluminide alloys and themnicrostructures

2.3.1Microstructures !
Herg the focuswill be on the dual phase F33s-
alloys over the oubf-favour single phase 1 i
alloys[13]. The titanium aluminidealloys i
of concernin this studyare dual phase 5} 1400 -
alloys exisingin the! t»region at room < -
temperature However, it is the g 12004 _.--°
procesing and cooling from higher g' _f K
temperature phasesn heat treatment &

o N 1000 -
or solidificationfrom castingwhich gives @, !
the materials microstructure and ] ':'
therefore its properties. This section 800 ~ ,"

L
describes the microstructures tifanium T T T T  — |
30 40 50 60

aluminidealloys, how alloyingvith boron Figure5: Example of phase diagram and working at different

impacts theseand the effect of the temperatures to achieve different microstructures foklEilloy4822[25].

solidification p&hway the material has

followed.

2.3.L1Neargamma
Neargamma is composed of equiaxed grainsg of

g A0 K &épbsitsadNaFigures, thisforms
via heating in the #» phase field as shown by
point T4 inFigure5 [25]. This microstructure
lends itself to positive tensile properties at room
temperature but poor fracture and creep
resistance, moving the microstructure to the

background in terms of research attention.

Figure6: Neargamma microstructurg25]
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2.31.2 Near fullyjamellar

Colonies consist of nedamellar grains df 2+ plates

with the presence of small equiaxedyrains.

This microstructure is formed high in the~ region

at point T2 theh .+ plates and the equiaxed NJ { A 2
as well as the size of the grains is controlled via the
cooling rate and composition of the all¢g6]. The

image atFigure? is 4822(T+48 Al-2 Nb-2 Crat%) an

alloy which applies a near fully lamellar

microstructure to give its mechanical properti@s

Figure7: Near fully lamellar microstructuf25s] .
service These at room temperature are more

ductile and tougher than the more widely usefdlly lamellar microstructure, discussed below

however when in comparisoat higher temperatures they are inferif27].

2.31.3 Fullylamellar
Fully lamellar microstructuredike that of thenear fully lamellaistructure, consist of' t» lamellae

with the equiaxed deposits beingabsent Formedfrom casting solidification oria heat treatments
F62@S GKS h { NI Rgardzitihe dpent at fifisktgmiperatundead ¥ graingrowth
and so large lamellagrain sizes upon further coolingdescribedbelow. The solidifying route of the
fully lamellar microstructureloes not follow a eutectic pathway, baanfollow two different routes
depending on the aluminium concentration of the all@B]. Route 2 is the pathway followed by the

alloys of concern in this study upon solidification or heat treatment.

w 2 dzii SHhmbh 2t ¢

w2 dzii §b T Mip h

This study byDenquin and Nakanvestigated the
mechanismof lamellar formation and described
how the disordered' and/or ordered D@2 TsAl
structure transformed into the 1o face centred
tetragonal structure of . They found that the
lamellar structureforms in two stagesfirst pre-
nucleation This isvhere dislocations upon cooling
cause stacking fauls of an FCC typeABGABC,
withinthe HCP Y I, f ABPAB stackingype. This

T1 200 um
Figure8: Fully lamellar microstructur@5]

stacking fault can repeat every two basal planes
resultingin the change ofrystal structurédrom HCP to FCThe crystallographic relationship between
HCP and FC®llows the Blackburn orientation relationship, {1£1(0001) > and 6LmMO8(~ 60 1HOSH 2,
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the (0001) basal plane of the HCP structure being the habit plane interfacing the two phases, leading

to the alternate adjacent phases of the lamellar structesentually forming wittfurther cooling

These stacking fault®wer the activation barrier for the second stagaicleation andgrowth 2 ¥
from the FCQype stacking faultdn the h matrix uponfurther cooling Nucleation consists of atom
transfer; thislowers the energy barrier forthe ordering of FCC into thieng range ordered Ll
structureanddistortion ofthe FCGtructureto give face centred tetragonal (FChpasothe ! phase
This sequence of events also explains Bhly O K hprodlidébasinglelamellar grain of identical
size upon coolingue to the single set of basal planes in th€P" structure matching that of th&CT
structure 2 ¥ ThS dpghasepresent in the lamellar graitransforms at lover temperaturesby an
2NRSNA Y3 B RADOR)Y ¥ IFI YAy 3 ethé Samecrystalographi&drightation,
to givethe! tylamellargrain From this mechanism the lamellar structure can form to give either the

fully or nearly lamellar microstructurd29].

2.31.4 Duplex

Duplex microstructures arecomposed of equal

partsof h2+1 lamellae with equiaxed. This gives a
compromise of good room temperature ductility

and toughnessbut poor high temperature creep

resistance Such structures areofmed low in theh

+ ! phase, at a temperature that produces equal
volumesof bothh | y R ! LipaiafileY G KA &
being alloy dependent. The fine-grained

combination of both phases begins with the heat

treatment transforming h>. G 2 . To reach
equilibrium h LINBOA LA GFGS&a 3INBG Ay
Tl @2dzNJ 2F  GKS SHWY diatioyis reached. Bash (phabes grow nnYgvain size at

Figure9: Duplex microstructurg25]

temperatures in theh +1 phaseover time in a competitive process, inhibiting each other, hence the

fine-grained microstructurg30].
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231p 1 A2t ARAFE@AY3I YAONRAGNHOGdzNB &

S : - . These microstructures are gained via the alloying of
titanium aluminidewith i stabilisersto the point
where orderedbody centred cubi¢BCC) (B2/ o),
is retained at room temperature andisorderedi
is present at elevated temperatures. The Al
concentration acting ash stabiliser, of the alloy
dictateshow suppressed the phase boundary is by
the i stabilisers In i solidifying alloys the Al

concentration tends to be lear44 at%][31].

Alloy refinement investigations byhang et 3l

Figurel0:i a2t ARATe@ABH YA O . o
Imayev et aland Chladil et alfound olidification

0 KNR dzZ3 K (&K JrtpiiatheikhtadtBroughd M A& SaaSy dAl £[32d82. | 92A R aS3NI

Sq solidificationfollows as such;

Ug+ My +" " b " bholfbhdlyl ‘o, b
TKS @2fdzyS 2F h |G KA 3K atioher telfpedatirexziéRidpentdeitn teS G I A y SR
SEGSYy(d 2F h | yRlloy[35]aiGl oAt AaSNA Ay (GKS

The microstructure itself, as given by the solidification rowtensists ofi,+: € I YSt € ' S gAGK GKS
SlidAl ESR 1 | a aS88y fitghiud dunBite wihaditidna §raidatidatse® 4 2 F
io.¢ KS NI ii$ pkege@tR¥ the bat treatments of the alloyllow it, removal ofi K $from the

structure atroom temperatureachievesa more creep resistant structuf86].

Thedisorderedi phase presentat hightemperatures provides these alloys witkeveralbeneficial
properties over other conventionditanium aluminidemicrostructures Good workabilityductility,
S@Sy |G ft 2 pwitligld segye§aiion Ravinda homogeneous and fine microstructuegen

in the ascast condition37].

2.31.6 Effect of boron additions
Afterthe first generationof boron free, dual phasalloys additions of boron have influenceianium

aluminidemetallurgy to reduce processing co&train refinemenbf the ascast microstructures the
aim ofthese additions,ideallyremovingmuch of thecostly wrought processinghe boron enables

refinementthrough the changes caused in solidification path\izi).

Studies of the 1990s looked at the concentratemmd the sourceof boronrequired to achieve grain
refinement These gave the guidelines in how to apply boridascessfully but no clearcut
mechanismThese early practical studies concluded that titanium diboridexlT$Boreferred, with a

minimum concentration of 0.5 at%and that the borides must be homogenously dispersed through
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the melt pool prior to castin§B8]. From 2007, the mechanism of how boron altered the solidification
pathway was beginning to reach conclusions, this was found to alter depending on the path followed
this being dictated by the aluminium concentratioftith severaimechanisms suggested for different
aluminium concentrations and different solidification pathwayse topic waslater reviewed by
Hu[39].

For meritectic solidifyingd [ b i dllgy$isuch as 45XDhe titanium boride precipitatey’ dzOt SH G S b
growsinto the high temperature disordered 2lso presenas well as any liquid preserithis relies on
a critical boron concentration; this point is where the boride precipitate forms before the phase

transformation occur$33].

¢KS 02NAXRS randahrientalida homogengbasly dispersgd0]. As cooling proceeds
GKAE 3IAPSa G(GKS 1 dniN Ghe Islbsedquéns IBmelfriNggaide sanfieJandom

orientation[41].

2.3.1.7 Effect of rapid cooling

As time at temperature and slow cooling rates influenced ¢hstmicrostructuresdiscussedibove

NI} LAR O22ftAy3a FNRBY KAIK (SYLISNI i dzNBaisa leadJtoNIi A Odzf |
microstructures angbhase transformationsf interest, in particular air cooling, which is covered here.

Phase transformations are reviewed in greater detaiRaynanujar{29].

1T IANI O22fAy3 6!/ 0 2Tb FlyEK FINgER 22 X6 RHVASY & G2 NG & Sy

transformation
T 21 GSN)ljdzSYy: O ROY*F & aMBS + GNI YaF2NNXYIFGAZ2Y
T LOS 6FGSN) |jdzSyOK o6L2v0O TbYl 8&aA@S + GNIyaFT2NYE

Ly (KSA NIDay2Na|T 225§ Rorphologies could be produced from AC to VM4Q]. The

authorsT 2 dzyteuld beobtainedA y (62 F2N¥A& RSLISYRAYy3I 2y gKSNBE Al
INFAY® LydSNYF fum(F S NIFK SNBY R2 OI8O |YSAI®2 NW Sy G G SR+ £ I
h INFAya Fa G§KS I Y SdpénicodingwithohizBeinglaNddntamtSvihiayy graidi 2 F 2 NIy
02dzy R NE® DNJI AY 0 2 dzygh grovBroniits igraikKb® iddary of oriellaidelsd grain 6 !

into the adjacent lamellar grain, with no apparent orientation relationship with its host lamellar grain.
Theproperties andcompresd 2y 06 S K| @ A Rldaiidan? micrastiuSuieS for TiAl alloys is not

well documented.
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2.4 Compositionprocessingmicrostructurerelationships ofitanium
aluminide

This gctionwill describe the production of titanium aluminidgockand products focusing on ingot
metallurgy through tothe wrought processing methods employed to achieve the desired
microstructures as described ifigurell[43]. How these techniques are applied and their impact on
the microstructureand its deformationwill be discussedproperties will be mentioned where
appropriate these being relevant to further processii®pecial mentions of near net shape processing

and powder metallurgy will be made.

Ingot powder
metallurgy metallurgy
7 :
Investment Cast - .
v Hot-isostatic |
Hot-isostatic pressing
pressing — —
homog€n|5|ng Near net
‘ : shape
— : - . - forming
| Hot forging ‘ | |Isotherma|forg|ng‘ Forging/
\ | o [ ~| | Shaping
——F
Flattening Heat
N treatment
Conventional Diffusion bonding/ machining, —
forming superplasticforming joining,
. 7 - coating

Figurell: diagram displaying processing routes possible for titanium aluminide

2.4.1 Titanium alumide stock production

24.1.1Ingot productiorand casting

Titanium aluminide ingot production differs little fromr
conventional titaniumin terms of melting equipment with PRI . l &
vacuumarc remelting(VAR), plasma arc meltin@ AM) and I

induction skull meltindISM) being viabl@t4]. Electron beam l

melting (EBM) has become popular for titamualloys but is
avoided for titanium alumiide alloys due to the relatively high

alloying
melt pool

homogenization

vapour pressure of aluminiumPAM hascertain advantags melt pool
over the other techniques in terms of processing cost a
flexibility, as it can produce a variety of ingot sizes fro
different feedstock types of a reproducibfemogeneity and
quality, due to processing under an inert atmosphgra)].
PAM

Figurel2: Diagram displaying PAM process,
with homogenization step and ingot
drawing44]
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A significant difference between titaniumnd titanium aluminide production is the fedstock
required. The high proportion of aluminiurand alloying elementsecessaity results in three different
melting temperatues to be consideredthat of titanium (1668C), anymasteralloy present,
containing thealloyingelements, 1650°C) and the aluminium(660°C) This range otemperatures

causesissuessuch aghe formation of titaniuminclusions in the melt pophs shown irFigure 13To

Compacted consumable
electrode consisting of
Ti-sponge, Al and master-
alloy granules

vacuum

TiAl formation at
the electrode face with
embedded Ti particle

Unalloyed Ti drops
down through the melt
pool, forming a Ti-rich
inclusion

tr

Vacuum Arc Remelting

Figurel3: Diagram displayingy ARprocess, wittmethod of Tinclusion[44]

reduce inclusions,the VAR procesmust be runseveraltimes, 1| K2 dzZ3 K G KA &  atiieAf f R2S
problem completely. PAM does not have this issue with its near contiheating; however,
vaporisation of alloying elements aconcernthoughthis can be mitigated through additions avell

asmaintaining an inert atmosphere under pressy4d].

Whenthe melt pool has beethomogenisedcasting takes placdhis can be via traditional investment
casting or centrifugal casting give an ingot readyof further processingincluding machining and

o oo hot working[45].
copper crucible

When castingspecific alloy

medium
frequency
induction
coil

compositions are used neawet shape
products can be achieved with little

further work, such as engine valves and

turbocharger turbine wheels [23].

ISM Reviewed byNoda applying precision

Induction Skull Melting casting techniques, such as counter

gravity- low pressure casting removes
_ _ _ _ _ the need for further consolidation or
Figurel4: Diagram displaying ISM process and pouring for

centrifugal casting, also used for casting melt from the VAR machining [22]. Usually to achieve

processef4] the desired properties, this large
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grained, ascast microstructure(in the region of50-400>m depending on the alloy compositipn

requires refining vimne or moreof the processes desibed in following sectiog[12].

24.1.2 Powder metallurgy

As shown irFigurell, powder metallurgy can b#he other starting point for producingitanium
aluminidecomponents Powder is producegia the atomisation o& pre-alloyed electrode or from a
melt pool, these are known aectrode induction melting gas atomisation (EIGA) and plasma melting
induction guidng gas atomisation (PIGA) respectively. Both have their benefits and drawB3Giks
requires less energy and is saferthhs melt pool does not have to be sustained, but relies on a pre
alloyed electrode, leading to questions over homogeneity of the pow8GA is in the opposite
position, itrequires mordn terms ofenergyto maintain the melt pool with all the hazards that entails,
however this melt pool ensures a homogeneous powdéroughout the processhe reactivepowder
mustbe under an inert atmospherdf exposed tair, impurities such apicking upof oxygen, nitrogen
and carbon can take place, removing the benefits of homogeneliye argon atmosphere required

for each stage of both routanustbe taken into accountas itscaugscosts to increas@6].

If the inert atmosphere is maintainedhe advantageof these techniquedies in theimproved
homogeneity when in comparison to ingot based metallurgying more reliable components with
reproducible propertief47]. Thefine powderitself is also beneficial when we consider neat shape
processingparts can be consolidated and compressed directly fpmwder to the finished article
with the obvious savings machining this include$Vith greater control of startingrain size, courtesy
of the particle size control offered by EIGA and Pt&fgrmation can also be different from the ingot
based materialsWork by Semiatin et & found powder metallurgy tdhave lower peaklow stress
when compressed compared to that of ingehsed materialthis was deemed to be due the smaller
lamellar colony sizes of powdeased materig of interest if wrought processing techniques are to be

used over near net shape proces$48].

2.4.1.3 Consolidation of titanium aluminide Viat isostatic pressing

When considering either powder or ingot metallurggnsolidation via hot isostatic pressifidIP)is a
common process tbind the powder oremove porosity from the casting proceg]. This is done
by applyingconstantpressurein three dimensionsto either the ingot or powder filledan allvia an
inert gas, at high temperaturdaside ahigh-pressurevessel[50]. With reducing porosity comethe
opportunity for nearnet shape processingast parts that require very little in the way of either final

machining or further hot working.

Mechanical propertychange occur from the high temperatures, pressures and long process times,
not necessarilgivingthe microstructure desiredlhis can mean an already costly process can become
a complex oneFor exampleBieler et alfound the standard HIP proceduf@270 °C, 1751Pa, 4

hours)for carbidedoped 45XD cooled too slowly, leading to inhomogeneous carbide precipitation
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Thisrequired an additional 1300°G3-hour heat treatmentto rectify [51]. Combined HIPand heat
treatment processingprovides an interesting move away from ightwo-step method, greater control
over the postHIP cooling ratand sograin size and microstructure type, being particularly beneficial
[52].

2.4.2 Thermal mechanical processiaftitanium aluminide

Thermal mechanical processing astlworking involvesstraining the microstructureat a preferred
temperature with control over the total strain anthe strainrate applied Desired propertiesor in-

service mightinclude improvements in tensilperformanceand fracture toughnesswhich can be
achieved by thermal mechanical procesdigg]. These mechanical properties are also important for
titanium aluminide componentsral depend on the elemental composition of the aljdlye resulting

phase fraction, as well as the physical characteristics of the microstructure, such as grain size; these

being manipulatediiathermal mechanical processing techniques.

However, to get to this point the material must be able togpecessedn the first placea property

referred to as workability, or forgeability when considerfogging.

For titanium aluminide to achieve acceptable hot workability there are issues to consider, as reviewed

by Appel et al, the list as they put it is below [7];

GOAD | AAIYAFAOIYG LXLFAaGAO yAazaNRLR 2F GKS YU G

is reflected in the deformed state
(ii) low dislocation mobility
(iii) low diffusivity and grain boundary mobility, which retard recovery and recrystallization

(iv) the association of dynamic recrystallization and phase transformations, which might be involved in

the development of textures

(v) limited ductility and susceptibility to cleavage fracture, which determine the failure modes under
hot6 2Ny Ay3d O2yRAGAZ2Y A DE

This review of hot working titanium aluminide also identifies the issues with peritectic solidifying
material when considering initial ingot breakdown or primary wrought processing, these are broadly

grouped as;

1 ease of fracture,
i plastic anisotropy and,

1 slow recrystallization.
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These issues are both inherent in the material; from the lack of slip systems in the long range ordered
phases present at room and working temperatures as well as a product of alloying and casting ingot
material; large lamellar grain size and elementaltiogssegregation. These groups will repeatedly

come up over the next sections as the factors that cause them are discussed.

First, the distinction between the aims of primary and secondary processing should becteade
Successful primargrocessingseen as equivalent to ingot breakdown, or forming a-foren in this
study, looks to return a craefkee, isotropic behaving microstructure ready for secondary processing.
To achieve this, preompression processing should aim to deliver a material tbspponds efficiently

to deformation. An efficient response to primapyocessingncludes returning a material with high
lamellar globularisation, and so high levels of dynamic recrystallisation, both terms which will be
introduced in this chapter. Seconggprocessing covers high deformation processes such as hot rolling
or isothermal closedlie forging For a successful outcome these techniques requirefmed, largely
recrystallised microstructure ideally capable of strain rate sensitivity of ¥0.3

[53],[54],[55],[56].[571.[58].

To discussworkability and improving forging outcomeswe need to understand the plastic
deformationof relevant titanium aluminidghases andnicrostructures or the permanent distortion

of a materialunder applied stressn metals this can occwia:

Slip from the motion of dislocations in the crystal structure

Twinning, whereplastic deformation causes changesmstallographic orientation
Diffusion creep

Grainboundary sliding

Grain rotation

= =4 -4 -4 -a -2

Deformationinduced phase transformations

2.4.2.1 Phase fractipelementahomogeneity and dynamic recrysktaition

In phases present ititanium aluminide alloysthe deformation mode are via slip and twinnings

well aselastic deformation of both phas¢s9]. How and when these modes play a role in deformation

is dependent m the temperature andphases presentor single phase, Figure4b, deformationat

room temperatureis by superdislocations; a dislocatioof more than one atom wideThis isviathe

Burgers vectors:101] or <011] but this movement is limited due to the-Ti and Al bonds and their

covalent nature, giving A G& ONRGGOf S LINE LIS[EAL AHe SupedisSlocdi@ng ¥ (S YLISNI G«

mentioned above only become active at high temperatures.

At high temperaturesabove the brittle to ductile transition temperaturéor ¢ this isaround 800°C

deformation proceeds byormal dislocations vi&/2 <110] and mechanicatwinning due to the 1/6
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<112] partial dislocation. This deformation opezain the {111} plane of the tetragonally distorted

face centred cubi¢FCClL 1o structure

Addition of he hexagonal close packddiCP)DQo h 2 phase Figureda, with only two slip systems at

the Burgers vecta<1126> on the {1121} plane and <1120> on the {1100} and {0001} @#aes

the deformation ofthe other,! phasein a positive fashion, within limit§1]. Formation of thedual

phase lamellar microstructuregescribed ir2.3.1.3 results i twinning of the 1/6 <112] andormal

dislocationof the 1/2<110]at low temperatures This has been put down to; taking upinterstitial

St SySyidaz 1y26y a 3ISGGSNAYy3IsS +a (GKS &fedivep At AGe 3
LJdzNR F A Sa oK K I 'NRIIK tedlSihg theksBesdes involved by interstitials interfering in

TiTi bonding[62]. Holec et al.also added to this by calculatingreferential occupancy sites for
RAFTFSNByG Fft2eAay3ad SESY$RIE YR AYyGSNaRGAGALIE A AY

L'Yy20KSNI FFOG2NE fFNBSft@& A3Jy2NBR ophfiselidpérirettidzd & ( dzR A
Fftt2ea OFy 02y dphage, vitKoSt the heResit aBvBrkability tof solidifying through
GKS aAy3aftS: RAAIINJUEINBR i LIKIF&AS NBIA2Y

0S

(4

As previously mentioned in 2.3.1gth the ordered and disorderéd LK &S Kl & | ©62R
(BCC) structurekigurel5, disorderedi is present at hot working temperatures amatderedi o at

room temperature, as seen in the quaBilM phase diagram seenkigurel6[65]. Dlidifying through

0 KS | (UgKthiaMpelps to produce a more elementally homogeneous microstrugtaveiding
aluminium segregationand anisotropic castingexture seen through peritectic solidification
UH-+# I as reviewed byClemens and Mayd66]. This, together with iteften fine grained and
globular nature, allow for isotropic deformation, allowing near conventional temperatures to be used

in hot working[34].

¢KS o0SySTAaita 2F GKS i LKIas
deformation was investigated around the beginning

of the millennium.Groups such a3etsui et al for

example, applied &t% manganese to their alloy to

gain thedisordered LIKid aadBot working and

production of turbine blade§67]. The team applied

a variety of heat treatments and thermomechanical
processing techniques; forging, rolling, bending, to

produce several structural components. Mechanical

properties (includingtensile strength from room

0.332 nm temperature to 1000°C and high cycle fatigue
Figurel5: Ordered B2 and disordered body ] ) o
centred cubic unit cell structufe] strength) were investigatedThis disordered phase
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SFaSa K24 RST2NXI (A 2y [39 KWang etalfoink thedisoidkr&l phaséto NS I A 2y

be a largely positive influence regarding microstructural stability and ductility by forming laths with

and by reducing the overdlkfraction, also improving oxidation resistan&3]. The disordered phase

reduces flow stress and allows levels of deformation previously difficult to attain with the dual phase

a2aiSYd® ¢KA&a Aa R2yS @Al GKS ./ / dzyAld OSttQa (oSt @S |
in the {110} plane, as walk twinning and dynamic recrystallisatif@®9].

However, $sues arose in terms lmwer than anticipatedensile strengtrandpoor workabilityat lower

temperatures This was determined to be due #ohighorderedi o phasefraction.¢ KS 2 NRSNBR . HK
phase fraction is accentuated Bjuminiumsegregatiorfrom peritectic solidificatioi67]. At the lower

working temperatures used in this study, also examinedrbisui et al and others, the long range

2 NR S NB R presenks8],[70],[71]. This has limited deformability due to the loss of symmetry seen

Ay GKS dzy Al OS fofoncdatrigey distodaos plllipy, 8s idenfified bivolénat et al,

its presence contributing little to workabilify 2],[73].

a .ot % Th =3 Al - 4Nb - 1Mo - 0.1B This was largely resolved by the design of the
b T HE third generation of titanium aluminide alloys
et ~~L:{H n““*mhh [32]. This group is referred to as TNMIoys
) ”“D . ‘"‘m/__r__:: (titanium, niobium, molybdenum), this being
I N T ks FaANmG Gaianing NBey
-E o0 4 /(5*‘/’ /,:O:Nﬁ,:ﬂﬂ"ﬁuj developed by GKSS of Germany in 2060 The
% 1200 h_"“‘f:;:_::_:%i éf:Ef:f::’T .YI- 22 N& i é. 2T N\.E OSy G 62N] NBII NRA:
= ok a+h, / oy 1“::; is based upon this alloy design. A case study of
;,f; ‘n.“f v TNM in low pressure turbine blades will follow
i / L \\ at the end of this review.
s00 + ;’f ?},
[/ S L .. . . \\|, However, even in TNM alloys workable
* © Al [at_%]ﬁ * disorderedi only comes with thedisordering
Figurel6: Phase diagram of TNM type alloying NB I Od A an 2 1 IKA3IK @sS Y LIS NI G dzNB &

systenj65] shown on -solidifying TiAl alloy43.5AMNb-
1Mo-0.1B (a TNM alloy) by Schwaighofer et al[65]. Thisdisorderingreaction temperature is not
known for all alloysso thei o presentcan have an embrittling effect in service or processing if not

controlled[74], [75].

As found byZhang, Dehm and Cleméns NB Y2 JALMRAI &K SAdy Qi oA {BR2dzG AG&a RAT
Investigations of the impact of HIP ahdmogenisationfiIMG) on the content and distribution of this
LKl &S F2dzyR 020K LINB&adzNE |y R butthis#meawdh excaBiveSa a Sy G A £

grain growth in their low boride alloy.
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Attempts to retain theR A & 2 NR S NBave been hdkeptlrdsigh a high cooling rate for example,
however this leads tthe flow stress increasg dramatically upon deformation. This mechanism for
body centred cubic materials was proposed by Seeger and Withrich in the 1970s, described in terms
of titanium aluminide byAppel, Clemens and Fischié3]. So, this technique cannot be used to increase

ductility atsubi o[§ orderingtemperatures.

5 ST 2 NI (i solidffyingF dlldydwas comprehensively reviewed bylayer et a) older noni
solidifying alloys byAppel and Wagnemwith an update including modelling of deformation Agpel,
Clemens and Fischg@1,71,76]

Sq for the thermal mechanical processingparitectic solidifying titanium aluminide alloys, of concern
tothiswork,0 2 K ReylFIYAO IyR aidliAO NBal2NI GABS LINROSA3
strain energy caused by dislocations multiplying during deformatidnen te increased dislocation

density reaches a criticimit, the system reacts in such a way that reduces the total energy. These

are referred to as dynamic restorative processes during hot working and static restorative processes

after, these using stored strain energy rather than immediate strain energy.

Dynamic processes include dynamic recovery (DRV), which is the release of strain energy through slip
anddynamic recrystallisation (DRXhichis the replacement of old high strain grains with netrain
free, equiaxed material. Ithe LIKwith i& Jow stackingfault energy,DRVis slow, giving high

dislocation density, restoration is therefore reliant BiRXin dual phase alloylg'7].

With compressionthe DRX process activatél NJwvith its low stacking fault energis discontinuous
(dDRX, simply referred to as DRiKere are clear nucleation and growth stages involved in the
formation of the new graia [77]. Once compression and so DRX has stopped, restoration of TiAl
material with high dislocation density can continue via méyamamic recrystallisation (MDRR)7].

MDRX refers to the growth of DRX grains into the surrounding material, causing an accumulation in

dislocation density and then recrystallisation.

One theory (), applied to austenitic steel and magnesium alloys, is that MDRX is dependémt on

dynamic ecrystallised fraction X-DRX >50%, linked to a transition strain¢ = 0 St 2 géatici KA a
recrystallisation (SRX) takes place with the accompanying fine globular microstructure symptomatic

of SRX78],[79]. Thist” can take place between peak and steady state strain, after which MDRX
behaviour is independent of additional strain.

However, other authortave offered another theoryji), statingthat MDRX will take place if DRX has

been initiated at al[80]. Restoration by MDRX has been claimed to apply to titanium aluminide alloys

with lamellar morphologies and identified as a possible method of reducing microstructural
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heterogeneity from compression by further globularisation of lamellar colonies and equalising

globular grain dimensions.

Wan et al looked atcritical conditions fodynamic recrystallisation usiregPM version of amlloy to
be studied, 4822 consisting of equiaxed fine grairi89]. They notedthat the homogeneous
microstructure2 ¥ 3 { 2 Oedkibiteddoad thdtworkability due to high dislocation mobility and
ease of DRXhisis one example of where a peritectic solidifying Tildrostructureand subsequent
workabilitydoes not suffer with anisotropic deformation behaviarease of fracturebecause of the
homogeneous equiaxed microstructur@resent This alloy also benefited from elemental
homogeneity recrystallisationis therefore eased.As discussed in 2.4.1.2, PM allpyswe more

elementally homogeneous than ingbased metallurgy routes

In work onperitectic solidifyingingot-basedmaterial (IM) to ensure successful and homogeneous
compressiorSemiatin et alfound thematerialNB I dzZA NBR G SYLISNI idz2NBa Ay GKS h  LKI
processing [94]95]. ¢ KS& ARSYUGATFASR GKFG AF Ay3I2d YFAISNARAFE KIR
aluminium segregation from casting caused issues such as differing transus temperatures, flow

stresses and phase distribution upon compression, askdichs[92]. Alternative homogenisation

routes have been explore&ong, Chen and Niu et applied lengthy heat treatments to various ingot

YFEGSNRLEFE 4 GSYad§ionlinbeaidsiudidsy | fESBKAFH 0St26 (KA&A h GSYL
to segregation and striations on compressif@i], [99],[100],[101]. No assessment ofDRX was

made, but large lamellar microstructures can be seen in the microstructural imaging included in their

work. This was seen in other work of theirs and acknowledged to be due to the poor diffusion of

alloying elenents and Al segregation [102].

Wang et al.foundi KS Hh (NI yadz KdentaBpSegakatioh forkgeaii refinénSnt)

through cyclic heat treatment, avoiding hot working in the prod&&. This work has been followed

08 20KSNJ NBSaShkNOKSNA SalkRdaAy3d GKS AYLERNIFYyOS 2F GKS
the dynamic recrystallesd fraction (DRX]97], [98], [81] Heat enables atom transfer to occur and a

uniform solid solution to arise. This has been addressed to some extent with the likes of centrifugal

casting asdiscussed in 2.4.1.1 and other techniques, such as ultrasonics iméftepool being

introduced to achieve uniformit{82].

These studies on IMiAlhave a moreheterogeneousmicrostructure to work with ininitial ingot
breakdown incomparison tahose studying PMTo improveforging outcomesnd increase the-BRX
for further steps necessitatethe understandingof the lamellar structureand its behaviouthrough

compression or heat treatment.
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2.42.2 Lamellar microstructures and globularisation

The lamellar morphologigself andits formation is described in 2.3.3, here the focus will be on the
breakdownor globularisatiorof this anisotropic behavingnaterial. Globwrisation begins tanitiate
whenlamellargrains are under strain &G G KS 3INJ Ay a LIdBkhetibsof thid pidcdsy’ 0 2 dzy R

are dictated byseveralvariablesand processedliscussed here.

With a favourable orientation and grain size that is susceptible to the strain applied, kinking of the
lamellara G NHzOG dzNB 2 OOdzNR ® ¢ KA & gAff Ol didrSthesdnedi & 27F
equiaxed grains will then grow, thistlse basic mechanism fdDPRXin alloys of this typd92]. With

strain and time DRX will proceed leading to furtheeakup of these lamellae andofteningof the

flow stress seen in compressiofhe process of lamellar grains being replaced by equiaxed material is

often referred to as dynamic globularisation, as reviewed ®yetharaman and Semiatif25].
Recrystallisation, and to a lesser extent phase boundary bulging, were identified as the mechanisms

of globularisation byhang et glthis behaviour was further described Byan et al.[37],[48]. This

process removes the anisotropic character provided by this structure.

The fraction dynamically recrystallisedDRX) in fully lamellar TiAl material is dependent on the initial
lamellar colony size, this is due to grain boundaries acting as nucleation sites for globular
morphologies,with lamellarlamellar grain boundaries being preferred for globularisati@a].
Semiatin, Seetharaman and Weissiewed earlier work looking at the relationship between starting
microstructure, flow softening rate, recrystallisation and flow localisation [47]. The authors identified
that the lamellar characteristics, especially lamellar grain sizes, were the sigsticant factor
influencing the easing of the flow stress, w@kmiatin, Seetharaman and Ghadantifying the effect

grain size and strain rate has on the fraction globularised [24].

Other microstructural details olamellar grains also influence the deformation behaviour of the
material and extent globularisedlicrostructural parameters such as lamellar content, lath thickness
and orientation, and in the case of duplex and nearly lamellar microstructures, the surrounding

equiaxed grain sizand contentalso contributes

0°= mixed slip 45°= |ongitudinal slip

90°= transverse slip

Figurel7: Angle of compression to lath of lamellar grain
Consideringoulk TiAlingot material lamellarorientation islargelyrandomif we ignore the effect of

fast cooling at the outer edges of the workhis gives har@® and 90) and soft orientationg45°) in
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respect to compression axis and behavidorr lamellar morphologies this explains the anisotropic
behaviourseen in processinipe material.Lebensohn et alised polysynthetic twinned crystal models

to investigate the plastic behaviour of this structure and the effect of orientation at the single lamellar
grain level updated with high temperaturenodelling byllyas et al[83], [84]. They found deformation
within the lamellar structure relies on longitudinal, mixed and transverse slip modes, the mode being
activated depends on the angle of compression, as shovgiurel7. Compression applied between
15-75° (angle of compression axis to lath) gives the lowest yield stiésgctivateslongitudinal slip,

slip between parallel lathgeferred to asa soft orientation. Transverssslip, is slip perpendicular to

the lathsof the lamellar graipactivated at 99compression to lath direction. This lamellar grain will
show high yield stresses and initidlig resisant to globularisation with this compression axashard
orientation. Mixedslipis activated aD° andleads to kinking of the laths of lamellar graiivstially this
leads to highyield stresses with compressiphut efficient globularisationis seen alsoreferred to as

a hard orientation85].

Controlling lamellar orientation caimpact on the material propertiednui et al.reviewed work of

deformation and that of directional solidificatiprontrolling thelamellar grain orientation and its

ANRGgGK A& ONRGAOIE (2 GKS LiNBrédSeMibAsBigibetdeenténkil® Y I G SNRF f X
properties and fracture toughnesi86], [85]. Orientation ofthe lamellar grains into a soft orientation

is easier withhigher equiaxectontent presentand lamellar grains admall grainsizescompared to

large oneg87]. Larger grains being less mobile high equiaxedcontent material or fully lamellar

content material, fewer lamellar grains present means therddésschance of being in favourable

orientation for globularisation[58]. This also explains why large grained fully lamellar materials are

brittle at room temperaturein comparison to near fully lamellar and duplex TiAdrostructures as

investigated byKim [88].

This work byKimleads us back to grain size and the dimensions of the lamellar grain. They proposed
that strength of lamellar and duplex titanium aluminides followed the {Relich relationship,
achieving higher yield stress through reducing grainatizeom temperature Noticing the anisotropic
effect of soft and hard orientations of lamedlan the yield stress, this introduces an anisotropy factor

for determining HatPetch constants for different orientations.

In the studyKimalso discusses the inverse relationship between grain size and ductility, showing both
duplex and lamellar microstructures can tolerate higher strain to failure (fracture) values with lower

grain sizes, also discussed in an earlier study of theirs, aoriam factor in hot working89].

In this earlier study, they looked at the brititiictile transition of titanium aluminides and the effect
microstructure has on thisheimprovementseen inductility was due to the higher amount of yielding
accepted by the higher density of grain boundaries, preventing crack propagation. However, this was

up to a point. In the later study grain size was found to be limited by smisd@glefigure micron sizes,

44



there is simply not the plasticity to cope with crack tip strains and inhomogeneities in the

microstructure.

Another observation off A Ysfadies was the effect of lamellar spacing in terms of ductility, as the
finer the spacing the higher the yield stre$salomaresGarcia et alalso found reducing lameka
thickness catincreasehe yield stress found when the grain is orientated in the haidntation [90].
Both investigators beingmongst others suggestinpat lamellar spacinghows a HalPetch like
relationshipthese researchershowthat spacing has more of an effect arcreasingyield stress than

lamellar grain siz§91,92]

Fine lamellamicrostructuresare alsoexploited in turbine blades to imprethe creep resistance of

titanium aluminide alloysn service[93]. Zhu et al looked extensively at the relationship between

processing, microstructure and creep behaviour in XD alloys iadHg 2000s, an alloy which we will

become familiar with latef94¢98].Zhu et alfound hardness decreased with coarsening of the fully

lamellar microstructureKimin their earlier study speculated that coarse lamellar dimensions would
SYKIy0OS RdzOGAtAlGeY 6AGK GKAOISNI ' fFdiKa O0SKIF@AyS3

character,and improving ductility.

I SFG GNBFGYSyida FyR F3SAy3 SR (G2 O2F NaRSYyAy3d GKA
with breakdzLJ 2Thesé changes reduced creep resistance, however &qrocessing standpoint

and consideringtopics discussecearlier, these changesan bebeneficial in terms of reducing flow

stress. The focus of many studies considering lamellar dimensions has been centred around fatigue

and creep resistance rather than workability fdevelopment of jet turbine applicationf£9¢102].

However, these studies are important to understand as they help explain the complex relationship
between alloying, processing, microstructure and properties of both the lamellar structure and the

fine equiaxedmaterial, vital foimproving forging outcomes

Alloying is used extensively to control lamellar dimensiattsang et alfound through simulations

that lath thickness is susceptible to differences in Al content, again showing the importamare of
elementally homogenous solid solution and the relationship between alloying and mechanical
properties[103]. EarlierKastenhuber et ainvestigated carbon, silicon and molybdenuapin et al

looked at tantalum, as didBresler et altogether with zirconium and niobiunfi74,104,105] All

investigated improving stability of the lamellar structure and its creep resistance through alloying, with
AAYATFNI NBadz §ad ¢KSAS KSI@ge | tf2eAiyFNRPYT SY Saflidzay |
A2EARATFAOFGAZY 2NJ KSIisless pidhe to yldbyfalisationt vihandund¥rStrayi a (1 K S
due to severafactors:t A A KGSNIJ € F YSE N &Ll OAWYiES ‘4128 NaA RAKMR 2
hardening effectslmayev et aknd Zhang et al.alsonoted the negative effect of tight interlamellar

spacing and the perpendicular orientation of the starting lamellar grain with respect to deformation

when globularisatiorof this material is the airfl05],[106]
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Removing lamellar microstructures via heat treatment is also an optisnboth strain energy and

dislocation density control the rate of globularisation rather than temperattines can be achieved

through heat treatmentEquiaxed duplex type microstructuresn beformed by heating low in the

h b NEIAZ2Y F2NJ LISNRAGSOGAO a2 CuzRNE&JuydInhatidiplex y A dzY I € dzY A
microstructures produce lower flow stress compared to fully lamellar microstructures, easing initial

working, leadhg to the conclusion that the microstructure prior to processing dictates properties vital

to a successful hot working outcomiee.,flow stress, strain rate sensitivity, flow localisation. However,

fully duplex microstructures are only formed over a lengthy heat treatmeng, dzOd¢ase @6 hours

[103].

Other authors have looked twyclic heat treatmento remove the lamellar microstructureompletely

or return arefined fully lamellar microstructure (RFLMVang et al in particular pursued grain

NEFAYSYSyYyd 2F LISNAGSOGAO |t 28yax 26%TA (K YA St WSt €21 TNJ LAE2NE
avoiding hot working altogethdd 06],[107],[108]. They found the importance of several parameters

2T GKS /1 ¢ LINRPOS&aayY AyOf dzRA Y e difdehof dddliny raie i y & dza K2 Y23
microstructure formation.

The CHT process for 4822 alloy was further explored Byl OA St y' I hghidgefiebus grain/ A I NJ

refinement being their ainf109],[110]. They found that cooling rates in the range 0f3®K< led to

consistent grain refinement. Inhomogeneous gnagfinement wagound to bea possibility with faster

cooling, which led to a larger grain size distribution. Uniform grain refinemvastimproved with five

controlled cycles, any more was found to have a limited benefit in terms of grain refinement or

distribution, less cycles increased the grain size distribution. Having excessive hold times or
temperatureswas foundtodd S R (2 3INIFIAYy 3INBGGKT YIFEAYdzY (SYLISNI (dzNB
a hold time to reach temperature uniformity across sample were found to be ideal.

More recent workfocused onf &2t ARAF&@Ay3 | fft28a& |yR YdzZ GAaGras KSI
NBI OKAYy3a (GKS aAay3tsS i LKFaS T2N K2 YScEnwaighSfaréte 2F GKS YA
al. applied heat treatments with the aim of removing hot working altogether from the process by using

GKS 1 LXKFaS FyR (KS LIKIF&S NIy g6b)2Nerdtudyraghjeved FFSOGa 2 7F
parity with forged work regarding high temperature creep and strength, but moderate room

GSYLISNY §dzZNBE RdzOGAf AdGed ¢KAA ol a @Al K2Yz23aSyriaiy3a GKS
FYR FyySEtAy3 G &2 LISONDOD X} yTb impravé duciftpJcyicldzM&Es € o0y n
GNBFGYSyGa 6SNB LW ASR FFGSNII Kz2yz23aSyratiarazys GKSas
GKS + a2t @ddza FT2tt26SR o0& O022fAy3a (2 2dzald dzy RSNJ G KS h
effecd 2y GKS KAIK GSYLISNY GdzNBE GSyaiafsS adNBy3IdKz RdzS G2

Further advances into multage processing aimed at grain refinement and material property

improvements in peritectic alloys are well documenteout the risks of inhomogeneous grain
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refinement lead back to wrought processing technigutbais, a hybrid approacthwould be worth

investigating111],[112],[113].
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2.4.23 Forgingof titanium aluminide

Most titanium aluminide alloys aferged through isothermal techniqudsr primary ingot breakdown

and secondary processinf§6]. This is where the wopkeceand the die are aain equal, or at least
nearequal high temperature whilst being compressed via hydraulic presses at relatively slow strain
rates.High temperature die material such as TZM (titaniwingconium, molybdenum) are used whilst
forging under vacuum or inegtmosphere butare still limited toatemperature of 1150 °C to avoid
excessive die wedill4]. These conditions mean reduced flow stress, little adiablaiating or
oxidation. Ideally this produces work of neaet shape, reducing machining and material costs, whilst

refining and homogenising the microstructure.

2.4.2.3.1 Flow stress, processing maps and hot workability evaluation

Described here are the conditions that effect forgeability for titanium aluminide and the trials and
investigations of notelHere we will focus on thprocess variables that impact thiergingof titanium
aluminide materialgn relation toisothermalforging, thoughthe approachis still relevant toother

bulk forming techniques
Significant factorand variablesre:

1 Flow stress
0 Strain rate
o0 Temperature
0 Total Strain
1 Lubrication

1 Friction

As well addentifying microstructural issues, adescribedin the introduction b 2.4.2, a thorough
evaluation of theabovefactors affecting workability is required to carry out wrought processing

technigues successfully.

2.4.23.1.1 Flowstress

Flow stressan bemeasuredthrough compression testindhis assessa material by compressing it
at a known strain rate in an opeflie setup, atconstantisothermal conditiong114]. The following
equationsare taken from the ASM handbook; Metalworking: Bulk forming, tiescribe the variables

that need to be considered wheassessinfow stresg115].

Onceyieldingstress is reachedhe flow stres@ candewritten asforce, F, ovecrosssectionalarea,

A

0
5
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Change inrue strain - [during deformation can beneasured bymonitoringthe crosssectional area

before, Ao, and after, A expressed gs

True strairrate, -, for a cylindrical sample of height, at, v, velocity overt, time is expressed as;

Q- V]

Qo Q

At constant temperature and strain, flow stress can be given by combining true strain rate, constant K

together with strain rate sensitivityn, known as the power law;
” 0 -

2.4.2.3.1.2 Temperature and strain rate dependence

As temperature is increased, keeping constant strain and strain rate, the flow stress will usually
decrease. Flow stress is similarly dependent on both strain rate, as seen in determining strain rate
sensitivity. This relationship is described by temperatcompensated strain rate or the Zener

Hollormon parameter, Z, with the equation;
o -Q7
Where R is the universal gas constant, T is the total temperature and Q is the activation[@a&igy

The activation energy, Q, denotes the energy required to activate a deformation mechanism e.g.
dislocation movement, so is dependent on the allplgase composition and its microstructural state
[116]

2.4.2.3.1.3Compression behaviour

Under compression, titanium aluminide alloys showvdistinctive peak in flow stress followed by
softening. The stressstrain curve can beaffected by several factors, by initial microstructure,

geometry, die, lubrication and compression conditions, the focus here will be on the effect the
microstructure has on compression behavidiit 7],[118],[119]. When compression is successful,,i.e.

uniform, with lamellar TiAl microstructurese stressstrain curvebeginswith viscoelastic to plastic
behaviourfollowedbyA Yy A G A f ¢2NJ] KIFNRSyAy3 tA1St& RdzS (2 NI
08 | ONX i) %érg reachedld&hlly, yis is followed by high stored energy in the lamellar

material initiating rapid DRX, hence the relatively sharp gleak stressd ps) discussedThisprevents
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further strain hardening and redes the chances of brittle fracture, discussed later in 2.4.2.3.1.4
[120,121] As additional strain accumulate$d " ps is followed by subsequent flow softening
globularisation and DRX will proceed until a steady I G S T { @ 5 redckiebhidany further
DRX becomesluggishas reviewed b$eetharaman and Semiatidiscussed in greater detail in 2.4.2.2
[25], [37], [48].

With unsuccessful compressione., heterogeneous deformationflow localisationcan lead to the
impression of softeningAs discussed in 2.4.2.R&rge grained fully lamellar microstructurestrains

globularisation and therefore recrystallisati¢hl7], [118], [119].

This relationship between strain rate, temperature and peak flow stress is expressed as;

- 06 OEQQ, AQDV.,Y
2KSNB ! A& | FdzyOlArzy 2F &aiGNBaa yR Aa SELSNARYSydll tf

constant. We can now relate the Zenrdolloman parameter to flow stress by;
© 6 O0EA®,

2.4.23.14 Strain rate sensitivitgnd processing maps

Strain rate sensitity (m) is vital in terms of forge and die design as well as determining the conditions
necessary for a successful forging operati®rain rate sensitivity indexing {0 0 being least
sensitive, 1 being most) can be used to assesnpressiorconditions[54].

The lower them valug the less deformation is achievedo, at low temperaturesm would be near 0,

as little deformation would be achievethaterials with lowm microstructures during processing can
suffer localised deformatiormaybe crackinglhe higherthe temperatures andhe higher them value

the better it will fill a die under strairthe better the material will flow under strajs4]. This is because

the m value incorporates both rroscopic and rcroscopic plastic deformation behavioue..,
dislocation and recrystallisation conceps well as lamellagrain size andorientation as well as
globularisatiorkinetics discussed previously in 2.4.2.1 and 2.4.2.2 respectively)ynMadues for TiAl

in compressionare often evaluated as part of workability assessments, with process mapping
identifying hazardous processing conditions, many of these stwdézs assessednd reviewedby
Bibhanshu et a[56], [55].

The difficulties in processinBAl summarisedby Appel et al.ln the introduction to 2.4.2means a
more thorough approach igquired, which process mapping is a part @fith isothermal compression
testing, an assessment of how strain rate and temperature alter the deformation mechanisms enacted
in a material can be made. By altering these variables; low temperdtigtestrain rate and vice versa,

a detailed map of coritlons, deformation mechanisms and outcomes can be created. This way of

displaying data was first designed Bgost and Ashbysing temperature and shear stress in the 1980s,
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now strain rate and temperature are used. For titanium aluminide alldgbuki et alprovided much
of the data on the first dual phase alloji22]. These maps also detail the conditions where failure

has occurredtheir mechanisms of failure and fracture are discussed next.

From these mapping trials and other woBupta et al.identify 0.20.3 as satisfactory for typical

forming operationsFuchssuggestean2 ¥ xn ®oT 020K F2dzy R AYONBFaAy3a (¢
an increase ofn in their compression trials mapping the alloy4BAF2Cr2Nb (4822)[53],[57].

However, Gupta et al.begin by identifying that intrinsic workability still depends on the initial
microstructure and its response to temperature, strain rate and strain. Forging trials on boride-free Ti

45Al alloy bySeetharaman and Semiatifpund that m and the fraction of globularised lamellar

material increased with a lower initial lamellar grain size, as FRlidhswith 4822 alloy, so this

relationship betweerm in compression and microstructure is well establishg8]. For this reason,

temperature remains constant in the present work, as the effect of microstructure and subsegquent

is investigated. This study will use 2 ¥ x n dmarkek té trakck changes in forging outcomes

combined with microstructural analysis
As described bghosh the methods for calculatingn rely on making stresstrain curveg54].
The firstmethod usesseveralsamples usingifferent strain rates at constant strasnd temperature

iit.c
viic "

The secondmethod appliessudden changes in strain rate one samplewhilst undercompression

monitoring the difference in stress.

2.4.23.2 Compression defects; failure afrdcture
In compressionfailures come from nowniform distribution of plastic strairfailure at both the

micro- and macro-scale occur due to the followirfgr TiAl alloysdescribedoy Semiatin[114].

(1) stress gradients are produced by factors inherent in the method of load application (such as
friction between tool and workpiece) or in the shape of the specimen (such as stress concentration at

the roots of notches or cracks),

(2) the mechanism of plastic yielding is dynamically unstable (as is the mechanism that causes the

yield point in steel),

(3) the initial structure is not homogeneous but is a polycrystalline spiglee or multiphase

aggregate, or

51



(4) the fundamental deformation process (motion of an individual dislocation) is, by its nature, a

localized event.

FirstSemiatin et aland thenAppel et alreviewedfailure and fracturén comprehensive review papers
of hot working titanium aluminide alloys, either side of the millennium respectiidl9],[6]. Bothsets
of researchersdentify the defects possiblén hot working titanium aluminidebeing eitherfracture
controlledfor brittle failureor flow-localization controlledor ductile failure Brittle failure occursby
intergranularcracksat high strainand low temperatureboth internal wedge type and surfaegcur.
Ductile failureat low strainand hightemperature beginsvith void growthleading towedge cracksr

cavities

Work led by Semiatin and Seetharamast al. produced several papers covering isothermal
compressionbehaviour of a variety ofdual phase titanium aluminide alloythrough the 1990s

howevernone containthe i ophase or boridesf more recent alloy§123],[124].

They sought to define theonditionsthat contributed to brittle and ductile failureand the transition
between the twa As mentioned earlie a successful outcome palternatively, fracture is controlled
by temperature, strain rate and the extent to which flow softeniagd sodynamic recrystallisation

can take placewith increasing strain rate this transition temperature would increase and vice versa.

Another area of interest was the impact the microstructure had on this transition temperattuee,
larger the grain sizehe higher the transition temperaturerhis implies similar issues would be found

with ascast material in comparison to more refined wrought work.

Semiatin and Seetharamadentified thatintergranularbrittle fracture proceededvia wedge cracking
and is initiated at grain boundary triple poie{123]. The extent to which the material cracks was
covered by their criterion for intergranular failure basedgnmain size, d, and the mater@lpeak flow

& G NB defined as;

. VQ

Thiscriterion proved useful for both single and dual phase allayseli 2 G KS f AplaysinSR NRt S b

deformation, as discussed in 2.4.2.1.

Ductile failure at low straibut high temperaturds found to proceedt triple points and grain edges
by stable cavity growth followed by eventual coalescend&14][124]. This growth rate being
countered by the rate of dynamic recrystallisatjamhich hinders grain boundary sliding and inhibits
cracKcavity growth in both brittle and ductile fracturl24]. Cavity growth causes secondary tensile
stresses in the material that can lead bolges known as barrellingthese can then cause surface
cracks.Seetharaman et alfound this ductile failure to be predicted by the maximum tensile work
criterion proposed byCockcroft and Lathanm the 196094125].
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" maxis the maximum local tensile stresshis true strain at fracture- [; being true strainThe degree
that the material bulged is relative to the secondary tensile stresses in the material which is dependent
on the friction involved between die and wqrlliscussedext, as well as thavorkQ §eometry, its

width and heightratio, known aghe aspectratio.

2.4.23.2.1Friction and lubrication dftanium aluminide

As mentiored above,barrellingof the work is a defect caused by a discrepaimcifiction between
workpieceand die This discrepancy in frictiazan be controlled by adequate lubrication asample
design[115].

For isothermal forgingwhich is required in the most part for titanium aluminide allay® priority is
high temperatureoxidation resistance. For this, as with forging of titanium alloys, a dlased
coating is used. This being preferably a water, rather thihkbased colloidal suspension of graphite,
boron nitride, titanium carbid amongst other proprietary constituents, which is sprayed on and cured
[114]. Thisforms a layerof glassceramic lubricanthat provides lubrication and oxidation protection

at forging temperatures.

Depending on the material and how it deform®,o0 opposing models are used tpantify friction
reviewed byGroche et aJ126]. Friction coefficienty, by the contactnormalforcesbetween work and

die, "0, gives us th&oulombfriction or the friction law, relevantor low frictionforce, O;
0 0
Or for thefriction stress involvedt , and contact normal stressgs , it can be expressed as;

T ‘”

These arassuming movement at the digork interface.
The sheafriction modelassumes the oppositeno movement or very high pressure.

Tt aQ

This takean asthe friction factor, 0 being slidingréely, 1 being no movemenandk, asthe shear

flow stress

Homogeneous straidistribution is the aim, so the friction involved is somewhere between these two

models For direct measuremenbf homogeneous deformatiora combination of the two is used;
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xiisthe instantaneoudisplacement of material.

Frictionisone component of determining if work under compression will undergo successful uniform
deformation This can be understood and quantified via different tribological testing methtitese

can beappliedbut comewith their own positives and negativeseviewed byGroche et al.

2.4.23.2.2 Alloying and phase contribution to fracture

Asmentioned, the 45XDalloy to be usedin this studycontainboridesandi o phase they alter how

fracture proceedsl A 3 K S NJ | R-fabilisar® sfich as2nibbium retard dynamic recrystallisation,

andhigh stacking faulenergyi LINBFSNAE (2 NBa (i 2ANBscudded in RRlghtl YA O NBO2 SN
2.4.2.1, at working temperaturesk S R A & 2 ph#sé tdl®@<Ron much of the strain energy during

deformationA Yy 1 &2t A B T ingaBsheif t12R11AaS | OdGa Ffyz2ad & | f dzo
deformation, preventing ductile failure via the growth of cavities as no peak stress is seen, dynamic

recovery takeplace,and asteady statds maintained during deformatiofi27].

This is not possiblé2 y & 2 NFRp&edEBt Rt the working temperaturthen intergranular failure

asdiscussedbovecan beseen at high strain and low temperature.

Gupta at al.produced workability maps investigatinige impact of 0.1at% boride and grain size on

the hot workability oftitanium aluminide alloy822[57]. As was described in 2.3.1.6, boron additions
are used to refine the microstructure by preventing excessive grain growth, especially upon casting.
Identified bySemiatin and Seetharamaa refined grain size is one factor in reducing flow stress and
reducing the risk obrittle fracture. Gupta et alfound this not to be the case, boron being present
increased the flow stress at all temperatures versus 4822 without boron. They proposed that this was
due to a phase containing borpmost likely titanium bdde or diborideparticles thesebeing present

at workingtemperatures

This was also noted bluo et al, who presented severalpapers on the changesm mechanical
propertiesin 4822 with and without boronThey suggested thdiorideswhich presened at grain
boundaries and triple pointpreventmovementor sliding, pinninggrains togethef128]. Hence the

increased flow stress seen at all temperatures.

This is the case for other boron containing alloys of interest like 45XD, but this was only investigated
at room temperature[129]. Hu was involved in much of the work on 45)d2d its mechanical
properties butfirst looked at the impact of boron on ductility in the early 20Q0030]. These studies
found that boron particle size dictates the effect boron presence has on tensile ductility, larger

particles removing the benefits of smaller grain size and promotirgggranular fracture This study
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included 4822 with and without boronsawell asKk A 3 K Yy A 2 0 A dz¥oldifydg/ alldyss yhey 3 |

mechanisms themselves ofitile and ductile fracture follow those discussed earliethis section.

2.4.24. Other primary processing techniquesdyusion
Extrusion oftitanium aluminidesis carried out aktlevated temperatures from 1050450°C to ease

deformation as strain is applied, via a ram, in the region e5Amm/s[114].

Hot extrusion is also used as a consolidation technique of both powder and ingot, both being canned

in mild steel, this being the first step in thwo-step extruding of titanium aluminide, developed by

Plansee A@3]. Thetitanium aluminideis deformedA y (G KS h b+ NB I A 2-graifedS I GA y 3
duplex microstructure upon cooling. This microstructure suffers from aluminium segregation during
solidification, forming bands of differirguminium content, this is resolved by a second extrusion at

a similar temperature. Theesond extrusion leaves a refined microstructure which lengslf to
applications where toughness is the prioriegkhaust valves and the like have been mass produced by

forming titanium aluminide rod via this method.

In the pursuit of refined fully lamellar microstructure and single step workingzOd¢o@tined heat
treatment and working at very high temperatures (14TD), known as supéransus workingFuchs
found this to be detrimental, working led to unstable refined fully lamellar microstructures, leading to

recrystallization upon further heat treatments, a sign of stress in the microstru¢td®.

Another factor that allows hot extrusion to take plaaeindustriallyaccessibléaemperaturesis the
disordered LIKas dissuSsed in greater detail in 2.3.fo6nd in highly alloyed titanium aluminides
such as TNM, this allafor extrusionat 1100°C and with strain of 0.0Esfound byXu et al[132].

2.4.25 OtherSecondary processitgchniqueshot rolling
Asmentioned abovehighdeformationprocesses such as hot rolling and isothermal clediedorging
in titanium aluminidealloysis restricted to high temperatures and low strajasid particularly in the

sheetand foilforming has been the reserve fifie grain structuresTeams aPlansee AG of Austria

developed an advanced sheet rolling process in the early 2000NJ A y3 A GK LINBRSOSia

solidifying alloys and successfully forming sheet of 2000x500w%3[43]. This involvedhe hot-rolling

of both ingot and powderbasedY S I £ £ dzZNA& |G ySFNJ Aa20KSpeialt O2y R

consideratiors were given to the rolling speedtrain applied per pasand temperature control. This
wasto reduce both micro/macroscopic crackibyg applying strain at low temperatureas well &

minimisingrisk of oxidisinghe material at high temperatures

These issues were exacerbated by poor composition contiith, aluminium deviations of +1 at%
aluminiumleading to significant changes in transus temperature poifisisled to both powder
metallurgy being adopted as the main source of metallufgy sheet as well as improvements in

casting, as mentioned earliéor ingot-basedmetallurgyin 2.4.1.1[46].
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Furtheiingthe case for sheet formingpplications sucasl dzii 2 Y2 G A @S | yR I SNR&a LI OS aKz2y.
exhaust structures led to requirements of high strength and ductility to ease processing, allowing for

superplastic forming and diffusion bonding to be possfie3]./ NY SudedTAB (F47AFND)

alloy toprovide the higher strength yet ductilitghrough deformationoff Ay S 3aANJ} Ay SR SljdzA I ESR !
h. Lamellar microstructures were avoidexhd removed controlling the type of microstructure was

deemedessentiato enable prperties necessary for these processing techniques.

Further aplications such athermal protection foils fohigh-speedaerospace vehiclgsrioritisedlow
weight materials[134]. Semiatin et alworkedthe h b phaseto produce foil 20250 um thick. The
study utilised conventional rolling millsxstead ofpurposebuilt isothermal equipmentto deform
canned titanium aluminide. This is termédt packrolling, referring to the encapsulatetitanium
aluminidefoil as the pack, using the canningitsulateand protect the work from oxidation ashe
work goesfrom a furnace at 1260Cto cold rolling equipment To produce the foil this studgimed
to deform the equiaxed | /yginspresent andglobularisationof anyremnantlamellar left from
prior sheet rollingThe Amellar colonies present even after foil rollirgive the reason for the +/15
% difference in thicknedsund. These changorientationsrather than breaking up in both sheet and
foil forming, highlighed the importance of beaking up these colonigsrior to secondary processing
for the workability required Heat treatments were used to finallemove the remnant lamellar

colonies from the microstructureeady for the components use

2.4.2.6Posthot working heat treatments
For titanium aluminide that has been worked by any wrought progessthot working heat
treatments are applied to relieve internal stress; via static recovery or recrystallisation, or for further

control of the microstructureproperties relationship seen, such as improving ductjégj,[81].

LYLNR@GAY3A RdzOGAtAGE @A KSFG GNBI G YSydilagmellar2 N] & @Al 02
content. This applies to dual phase alloys as showhdng et.al y R -3ofdiying alloys, shown by

Bolz et al, both applying twestep heat treatment$37,135] Both also recognise the importance of

the refined microstructures for ductility and further workability.

| 26 SOSNE aAYLE S KSFG GNBIFGYSyda | ovdl BeSlisdussdttNI y & dza | NB 2
the next section, the demand for creep resistance by thepoessure turbine blade requires the fully

fFYSEEFN YAONRAGNHZOGdz2NEE Sl arafte FOKASOSR GKNRBdAzZK KSI
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2.5The lowpressure turbine blade
Throughout this review reference to titanium aluminide and its association with aero engine turbines
has been maddn this sectiorwe will go into the component itself and the titanium aluminide alloys

currently being used.

The temperature and weight sensitivity dfanium and nickel based super alloys in jet engilegisto

the rie in interestin the intermetallic, titanium aluminide in the 1980&bove 600°C propertiesf
conventionattitanium alloysrapidly worsen, allowing oxidation and creep to occur. This keeps nickel
basedsuperalloys as the material of choice for high temperature areas, despite a near doubling of

density[136].

High Pressure
Turbine

Figurel8: a) Rolls Royce UltraFah) Turbine sectidti4]

From the 198020 years of researdedto the point of applying these materiais jet turbine engines

Now at the stage of application by the major aenogine manufactures as the material of choice for

low pressure turbine (LPT) blades, the major light weighting benefiitaofum aluminideare being

realised in terms of fuel efficiency and redacemissions.They roted the critical importance of
2EARFGOAZ2Y YR ONBSLI NBaradlyOS F2N) GKS GdzNDAYS of
maintaining the materi&@ strength and ductilityDimidukcomprehensively revieed early titanium
aluminidealloys their properties andheir position as duture structural material irmerc-enginesin

comparison to other structural materiald].

(a)

Figurel9: (a) Low pressure turbine blade (LR®) Turbine assembl{4]
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Bewley et al.Kim et al.and Gunther et alprovided updated information on the applicatiorof three
different titanium aluminide alloys by the three majgasturbine manufactures. Case studies othe
alloys andlow-pressure turbine production follow this sectionwith information these groups

provided with additionalreferences to work on singular alloy processivitererequired[7,14,44]

Alloy name 4822 45XD TNM
Composition Ti47.248AF2Nb-2Cr | TH45AF2Nb-2Mn-1B T+43AHMNb-1Mo0-0.1B
Alloy type peritectic solidified peritectic solidified,| I solidified
exothermic dispersion (XD
lamellar
Processing Castheat treatment| CastHIP, (1260°C, 175MP{ Cast HIP, (1200°C, 175MP
1, (~1093°C, 4hrs) 4hrsyheat treatment, | 4hrs) forge (10001200°C, <10
HIP(1185°C, 175MPg (~1350°C, 2hrs, ail cooling) | 3s1) - Heat treatment, (~1250
4hrs} heat treatment 1400°C, 4hrs, with controlle
2, (1260°C, 2hrs with cooling)
controlled cooling)
Application GEnX (2012) & LEA Rolls Royce (~2018) Pratt & Whitney, GTF enging
engine by CFM (50:5f (2016)
GE& Safran)
Microstructure | Casting duplex/ nearly XD fully lamellar Wrought nearlflamellar
used lamellar
Max temp (°C) | <700°C <700°C <750°C

Table2: Alloys in use as low pressure turbine blade material

2.5.14822

GeneralHectric (GE)first started to develop titanium aluminide low pressure turbine blades in the
early 1990s, to produce 4828&ventually being the first to introduce titanium aluminide low pressure

turbine blades tacommercial engines ithe GEnx aero engindyingin early 20.2.

These weremachined cast parts without wrought processingchievingthe propertiesdescribed in
Table 2through heat treatment and hot isostatic pressing alpt® give a duplex/nearly lamellar

microstructure.

2.5.245XD

Developed byartin Marieta laboratories in the US#long with 47XDTraditionally aninvestment

castonly alloy The first commercial alloy to introduce borides for grain refinemdrd7,138]

XD or exothermic dispersia@ssentiallyis acastingmelt treatment, which involves titanium diboride

particlesto nucleate fine lamellar grainsthe process alsgives anisotropic propertieghrough
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random lamellar graimrientation [45]. Blades from this alloy maye incorporatednto Rollsw2 @ OS Q &

new UltraFarat its intermediatepressure turbineandat the lowpressure turbine irAdvancemodel

2.5.3TNM

Titanium, niobium and molybdenum offer theinitials to this 3¢ generation of titanium aluminide
alloy. Developed b TU aero engines and Pratt & Whitneyanufactured by Leistritaviuch of the
research and development wonkas led byClemenswith many papers and reviews on titanium
aluminide processing from the early 2000s to the present day, safmdnichis discussedhroughout

this literature review[34].

TNM alloys arewrrently in service irPratt & Whitney GTFGeared Turbofanfype turbine engines

However, theFederal Aviation Authority (FAA) in early 2020ased an airworthiness directive,

detailingthe high failure rate of blades in the third stage low pressure turbine. No mention of the alloy

was made but failure was suspected to be from foreign object darmagsing excessive weawst of

replacement predicted by the FAA$750,000 per engin@39]. Postmortem gudies intothe relative

brittleness of TNM in service found thai K $hardened under tensile testingsulting in premature

fracture between lamelladamellar grain boundarie® 2 YLJF NER (2 | fidaPserd72]6 KSNBE (i K

2.5.40ther alloys of interestnd their uses

While developing wrought processing routes for lgaressure turbineand highpressure compressor
blades MTU and Leistritz usedcaupleof 2 (i K Sdlidifyingalloys for engine trials with RolRoyce
Germany{140]. These included alloys TAB-47AFNDb) and TN&/4(Ti45AF5Nb-0.2B0.2C) This cast
material was consolidated via hot extrusitmform bar, which washen forged in threestepsat high
temperature and low strain rate. Producing crack free work when forged at temperatures of >1000°C
with strain rate 0f0.001s?. With additional heat treatment andchachining, hundredsf theseblades

were evaluated in Robw 2 @ 0S Q& 909 SE[MMSINAYSy il t Sy3aays

The first commercial application for titanium aluminide wasuirtomotive turbochargers, developed
by MitsubishiMotors to replace heavy nickblased superalloys. Due to the reduction in turbine wheel

weight, the longevity of the part, which suffers high centrifugal strasswell as temperatures up to

RNT 650

Composition: F{33-48) Al-(2-4.8)Nb(0.7-
1)Ck(0.2-0.3)Si

Microstructure usedDuplex

Processing: CastIRHT

Application: Turba@hargers/ engine valves

Figure20: Turboc-harger turbine whe?2]
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900°C was extendedlt hadthe additional benefis of improved fuel efficiency bgllowing the turbo

to run hotter, andreduced turbocharger response tinig41].

Turbocharger wheels, and later exhaust valvese cast from a material such as RNT 65hese
would then behot isostatic pressetb consolidate the material and produce a duplex microstructure.
Thismicrostructural ductilityallowed theheavymachiring necessaryo give the complex design of

the turbine wheelseen inFigure 2(22].

Those research alloys that have not reached a commercial stage are far too many and varied to include

all in this section, however throughout the review a variety of alleijishave been used in the studies

referenced.Alloys ofinterest arealsomentionedl & &l R@F Yy OSR O2lyiASY&EiaAE2 yAY BEY Y
research pathwaysdentified by Kim, S.L. and Kim, Y. W in their review of titanium aluminide

research7].
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2.6 Summary of therkowledge gap

Together with our industrial partners, desired processes have been identffieth as isothermal
closed die forging and hot rollingthich require specific levels of workability from the microstructure.

Hot isostatic pressing (HIP) is an essential step applied to remove the solidification panasityl|

be the starting point fothis study orboth alloys Howeverthere appears room for improvemeian

the HIP microstructurdor optimising forging outcomes. As has been discussed in several reviews
homogenisingas the next step has been explored but its positive and negative asphacesmade
conclusions on the need for ih step and its details for each allgydifficult to come by
[71,8],[9],[101,[11],[12] This study will lok to clarify this situation for these two alloys and develop
additional stages if required to improve thremoval of the anisotropygausing lamellar grains and
casting segregationpon primarycompression (i.e., forming a pferm or ingot upsetting), both of

which are known to hinder secondary processing stages, such as isothermal closed die forging and hot
rolling.

2.7Aims and Objectives

The aim of this PhD thesis is to investigate and develop thermomechanical processing techniques for
the castTiAl alloys 45XD and 4822, in the HIP condition, that can then improve the forging and
microstructural outcome of these difficult to work titanium aluminide alloys.

Theexperimental parbf this PhD thesis willescribe thanvestigations into thgrocessing techniques
discussedin the precedingliterature reviewthat may improve the efficiency of the initial ingot
breakdown stage, referred to as primary compression. liteeature for 45XD is not as thorough as

for 4822 alloy so there is more ground to cover befdeveloping a process to improve forging

outcomes the aims of these experimenter 45XD are to

1 Establish the impact of HIP and heat treatment on initial 45XD microstructures as teliras
compression behaviour and resulting microstructure.

1 Identify a homogenisation temperature for 45X® improve the microstructural outcome
from primary compression.

1 Investigate multistageuniaxial compression for 45XMcluding the effecthat intermediate
heat treatment and dwell time at compression temperatutes on microstructural
outcomes.

1 Investigate whetherHIP andhomogenisation can be integrated into one process and
establish its effect othe microstructural outcomef primary compression

1 Bring together the learning from the previous aims to quantify their effects on secondary
processingn terms of compression behaviour, through strain rate sensitivity indexing and

microstructural analysis.
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For 4822 alloythe literature considering its processing is more extendotg practical methods of

improvingthe microstructural outcome of initial ingot breakdown are lackimgus, the objectives are
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Establish the impact of HIP and homogenisation, as well as integrating the two processes on
initial 4822 microstructures as well as their compression behaviour and resulting
microstructure.

Combining elemental homogeneity and refinement of the laggained microstructure is
anticipated to improve primary forging outcomes, this will be aimed for and investigated by
applying cyclic heat treatmenthis techniquedescribed in 2.4.2.2as shown promise at a
smaller scale using electricaksistance heating equipment to refine the lamellar
microstructure of 4822 allayThis study will applyinduction heating equipmenas a stepip

in scaleand industrial relevanceyith a view to thisproducing arefined microstructure
leading toimprovements inforging outcomeswith the anticipated higkr globularisationof
lamellar content

Quantify their effects on secondary processing in terms of compression behaviour, through

strain rate sensitivity indexing and microstructural analysis.



3 Experimental Methods

This chapter covers the steps from the raw material received fIOMET, through initial material
preparation experimental processesnd characterisationCalculated phase diagrams (CALPHAD),
metallurgical analysjscombined with compression testinand analysis of flow behaviolwoks to
provide the basevith which to measure the effect of alternative processing techniquetheffiorging

outcomesof cast 45XD and 4822

3.1 Materials and theipre-compressiorprocessing

Here the different precompression processing sequences are describeprdoide several distinct
starting conditions for each alloy. Each process imparts a different microstructural condition on the
subsequent compression sample, which looks to replicate primary ingot breakdown, this will then be

assessed for its effect on overall kability.

3.1.1 As received materigdSR)

Two castplasma arc melted ingdgnown as 45XD-T+45AF 2Nb-2Mn at% 0.8 TiB/ol%) and 4822(T+
48AF 2Nb-2Cr at%), courtesy of TIMBEiere received at the Advanced Forming Research Centre
(AFRG)this condition is referred to as ASR

Ti Al Nb Mn B Fe Cu C Si
49.80 |4431 (193 | 293 |[0.84 |0.02 |0.03 |0.02 |O0.02

Table3: Average chemical composition of suppli&XDingot, analysed via ICP at three poitg TIMET
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Ti Al Nb Cr Fe Si
49.1 47.2 1.83 [1.83 | 0.03 (0.03

Table4: Average chemical composition of supplied 4822 ingot, analysed via ICP at foubpdiftdET
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The composition data used for calculating the phase diagram (CALPIdAR®R21 and Figure22) was
determined via inductively coupled plasma (I8%the manufacturerthe results are shown iffable
3andTable4 respectively The CALPHADsedwas thecommercially available PANDAT software from
Computherm, using their Tidlatabase These CALPHAdIbts are estimates but together with the
literature and preliminary experimenisas used to selegirocessingemperatures
a b

il

U

Figure23: (a) Ingot of 45XD alloy of @146 x 245 mm and 18kg. (b) Ingot of 4822 alloy of @140 x 23 mm and

15kg. Courtesy of TIMET.

3.1.2Hot isostatic pressing (HIP)

For each HIP run,fall-length cylindrical ©ore sample of@d60 mm the maximum diameter for thellP
equipmentused,for both ASRI5SXD and 482®ascut via electrical discharge machining (EDM).
These samples weiadividuallyhot isostatic presse(HIP)to remove any residual casting porosity

andconsolicate the material All investigationsstartedin the HIPconditionfor both alloys a AIP8
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45Hpressbasedat the Royce Translational Centitgniversity ofSheffield was usedwith a cooling
and heatingate of 10 °C/minAll other conditions were constam@ind common practicéor HIP of
TiAl ingot alloys4 hours at 1270C, 179VIPa under argonThis material condition is referred to as
thea |l Lt ¢ YIFGSNRALFE énd Nzl dgoinorihesestudigs2 NJ

3.13 Determining thempact of heat treatment on thelIPmicrostructureof 45XD

pre-compression

Enough literature was available to confidently pursare justify the use of & dzLJSNJ h  { NI y & dz
treatment to homogenise the 4822 allgyior to compressionf53],[142],[143]. This was not the case

for 45XD An investigation of heat treatments ithe different phasegpresentto see their impact o

the HIPmicrostructure and subsequent compressioehaviourwas necessary

y+a

y+o+B,or

emperature (*C

y+Boor B

v+a2+Bo

y+a,

440 441 442 443 444 445 446

Aluminium concentration (%)

Figure24: 45XD TFAl phase diagransalculated from dataeceived from Computherm

Usingcylindrical HIP compression samples, cut via EDM of @13x20 i@arpalite lab furnacevas
usedfor each heat treatmentdescribed inTableb. Two cooling methods were applied after ehdur
dwell time: furnace cool (FC, 13.5°C/min) and air cool (AC, 200°C/toininvestigate the
microstructural effect ofndustrially viablecooling ratesandtheir subsequent impactmcompression
behaviour AC and FGs well as time at temperaturayere monitored byK-type thermocouples
Thesethermocouplesare @apable of monitoring at theshightemperatures andvere placedwithin
the aluminacrucible(10 x 30mm) holding the samplgas seen irFigure26, but not in contact withthe
sample in the furnace for each heat treatmeiteat treatment was under normal lab conditions,
without a protective atmosphereAll cylindrical samples were coated with glagdsricant (87.2.207)

to reduce oxidationcourtesy ofrince Mineralsbefore heat treatment and compression
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Sample | 1130- | 1130- | 1200- | 1200- | 1270- | 1270- | 1350- | 1350-

Phase v+ y+o+f y+a o

Table5: Heat treatment sample identification, temperature (°&oling rate together withhe phasethe heat

treatment isworking within

3.14 Traditional HIP and homogenisatid@mH)

Using information fronthe literature described in 2.4.2.andthe experimental evidencé&om 4.1,
homogenisation temperatures and conditions were identified for both alldytaterial in the HIP
condition was homogenise(HMG)in bulk viaa vacuumcarbon furnace (FCT Gmbét)the Royce
Institute facility based at the University of Manchestdihe heating rate used was 3 °C/mimder 0.5

mBar of vacuum for 2 hours at 1300 °C and 1380 °C for 45XD and 4822, respectively followed by
furnace coolingof 3 °C/min This materiakonditionis referred to adraditional HIP & homogenised
(THH); traditional due to the state of the current literature around processing of peritectic solidifying

TiAl alloys.

3.15 Integrated HIP and homogenisation (IHH)

Integrating HIP and homogenisation (IHtithsto combine the two costly processes, in terms of time
and energy, into one stage using HIP equipniEded at the University @heffield Acylinderof each
alloywas consolidated using the same HIP conditions for each alloyfdiiotving the HIP cycle and
before cooling, the temperature was ramped up to reach the homogenisation temperature ofC300
for 45XD and 138€C for 4822 for two hours, maintaining pressure in the vessel throughdth a

cooling rate of 10 °C/mirf.his material is referred to as the integrated HIP and homogenised (IHH).
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Figure25: Idealised temperatureme profile of the traditional and integrated HIP and homogenisation heat

treatment, including consolidation (HIP), homogenisation (HMG), and integrating the two for 45XD before
primary compression (COMP.)

3.16 Intermediate heat treatmenfior 45XD

To investigate the effect of an intermediate heat treatment post primary compressigr@@arbolite

lab furnace was used to reach 1200 °C for two hours, followed by air cooling (ACC/&16), as

identified as potentially beneficial in sections 4.1 and #I8% heat treatment and AC was monitored

by K-type thermocouples placed next to the sample in the furnace. Heat treatment was under normal

lab conditions, without a protective atmospher®wever all cylindrical samples were coated with

glass lubricant (Prince 87.2.207) to reduce oxidation, before-treatment and compression.

CKAAa ¢gla Ay@SadA3ardiSR dzaAy3a LINAYEFNE O2YLINBaaSR ¢|
K2Y23SyAalGAazy L dza KSIFG GNBFGYSyd omMQel I bl ¢0 Y

3.17 Cyclic induction heat treatment for 4822

From cast plasma arc melted 4822 ingot materiagBdfi0 x 233 mm (#47.2A+1.83Nb1.83Cr at. %),

a cylindrical sample @ 60 x 233 mm was machined via electrical discharge machining (EDM) from

the centre of the ingot. This material was in a homogeneous, fully lamellar conditionaviéttye

lamellar grain size, ~1mm. This sample w@ssolidated via hot isostatic pressing (HIP) for four hours

F4& MuHTn ¢/ X wmtp atl dzyRSNJ I NH2Yy F2f{t26SR o0& K2Y?2
1380 °C for two howr under vacuum, followed by natural cooling for each process. This material,

referred to as HIP and HMG (HH), was thaninto cylindrical compression samples of @13 x 20 mm

via EDM The composition data used for calculating the phase diagram (CALPH#DE22, was

determined via inductively coupled plasma (ICP) by the supplier, shovabie 4 From CALPHAD and
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the literaturedescribing cyclic heat treatmenin 2.4.22, the target temperaturesand cooling rate$or

cyclic heat treatment were identifietHoweverthese were establisheat a smaller scale than desired

for the present studyusing electrighermal resistancemechanical testing (ETME&juipment This

study applied industiially relevantinduction based cyclic heat treatmenCK7Y equipment to
investigateits effect on the microstructur@re-compression compared to HH alordsinginduction
equipment allowsgreatercontrol overthe CHTprocessi.e., temperatures and colng rates than is
possible withother traditional heat treatment techniques such as gas or vacuum furnatieis
enables the lamellar grain refinement or complete globularisatstmown by othersising ETMT1o be
essential for lamellar graimefinement, which could improve the rate of globularisatioopon
compressiorby reducing lamellagrainsize and maintaining elemental homogend®g],[122].

The cyclic heat treatments on the alloy 4822 samples were carried out using the 15 kW Ambrell
EKOheat induction heating system in conjunction with the large inductor. The inductor and system
electronics were water cooled during the heat treatment usingeairculating chiller. The inductor
consised of a 6turn copper coil with an internal diameter of 97 mm, working length of 95 mm and
wall thickness of 0.81 mm. The inducteas mounted within a refractory concrete enclosure with an
empty tubular region of @ 87 mm in its centre to position sample(s). The settings for the induction
heating control system were as follows:

wResonant frequency: ~ 93 kHz. Tap setting: 16.

wCapacitance: series/parallel arrangeme#2(UF x 1 pRQ (2 pF x 1 pFp equivalent to 1 pF).

wStarting voltage: approximately 550 V (decreased to ~350 V to prevent overshooting target
temperature at 1340 °C). The voltage settings for each sample varied due to differences in their
thermal, electrical, and magnetic properties.

wTemperature control was achieved manually by adjustment of the induction voltage.

The temperature was monitored and recorded with a dual wavelength SPOT pyrometer (Land
Instruments) using ratio mode to minimisiee impact of changing surface emissivity. The pyrometer
beam (~few mm) was focused on the surface as a precaution to minimise temperature overshoot.
The target temperaturdime profile is showrin Figure27. Compressiorsamples were coated with
glass lubricant 87.2.207 from Prince Minerals to reduce oxidation. To start, samples were rapidly
heated to 137C°C from room temperature and held for 30 seconds before cooling to°80@vhere

the cycle would start again for five cycles. Furnace and air cooling (FC, AC) were applied to achieve
different precompression microstructures. FC was applied by reducing the power, to induce cooling
at a constant cooling rateot1200°C followed by switchinthe power off. AC was applied by simply
turning the power to induction equipment off. These conditions are referred to as furnacked

cyclic heat treatment (FCCHT) aaidcooled cyclic heat treatment (ACCHT Samples were held in an
alumina jig within the induction coil for repeatability of positioning, this would also provide enough

insulation for the part to reach the target temperature.
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Following metallurgical preparation, the microstructural analysis of catiss sectionedpre-

compression samples was focussed on the centre and at the faces of CHT materidtigsine26.

@13 mm

Figure26: Compression sample ready RCCHT or FCCHT with glaased coating;C= centre;F1= one face,

F2=the opposite face to F1 for post heat treatment analysis

a b
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Figure27: (a) ldealised temperaturgme profile of aircooling cyclic and furnaa®oling cyclic heat treatment,
including consolidation (HIP), homogenisation (HMG), and five cycles of induction cyclic heat treatment (CHT) of
4822 beforegprimarycompression (COMP.) (b) Induction cyclic heat treatmenisetith pyrometer

temperature monitoring.
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3.2 Compression testing

3.2.1Primary compression

As discussegdall samples for compressiomere cut into cylindrical compression samples of @13x20

YYS @Al 95a F2NJ LINWith the\sbm ofrememblingOrgor hidddiRiawa arFoyfring a

pre-form. For compressiagrell cylindrical samples were coated with gldsbkricant (87.2.207) from

Prince Minerals to reduce oxidatiomhetest machineplatenswere lubricated with boron nitride

before compression to 5@ at 1100 °C after &minute soak to establish a uniform temperature

throughout the samplewith a strain rate(*) of 0.001 ¢ for 4822 and 0.001, 0.005 and 0.0% fsr

45XD to determinstrain rate sensitivityrf), using a Zwick Roell Z250 machifolowed by air cooling

3.2.2Secondary compression

C2NJ aSO2yRINE oO6Hé0D O2YLINBaaAiAzys 2y flévereausedtdf S& GKIF G 6 S
LINE RdzOS Hé¢ O2YLINBaarzy al YLt Sa @Al 95a 2F qcEd YY O
F2f{t26SR GKS alYS LINPOSRANE | a (#KPD0MDOLCANIINEZAAZY &Gl

s to establish theam value of thesamplematerialfor both alloys

-
. ; D]
Figure28: (a)lmage of electrical discharge machined primary compressample, ) diagram indicating EDM

e

pattern of primary compression samples (0.08osly, faster strain rates only have the red dashed givijpg

two cylindrical samples ready for secondary compression and central cut for microstructural analysis

3.2.3Compression behaviour analysis

From compression datdhis includesforce, F (Newtons), time, t (se®nds) andplaten travel (mm)
recorded by the automated data logger system attached to the Zwick Rl idachinecombined
with the starting dimensions of the sampleeight,h (mm), cross sectional areA(mnv¥) andvolume
V (mn?) true stressd (i NI-Ay OwehalprEdiiced.

True strairlx , igmonitored through compressiotiroughthe height,h, of thework piece as the

volume V, is constant;
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)

ol o

This compression in height then alters the instantaneous esestional areaA;, assuming no

barrellingdue to friction between work and platen, calculated by

ol e

CNRY (KA&a ¢S Oly F2ff2§0S KNP &AKAdzA ( QB X BINB &4 &4 NB

can be written as forcef, over crosssectional areal;

0
” 6

From these values the true stredsii NI-Ay/ @dzNIJBS A & daiNReRsitedeStFErom ehibld (0 K | {
curve it can showharacteristicof different restoration mechanismactive through compression

andvalues can be determined such as the peak flow siress

Fom this plots ofchange in log versus change in log with the compressiortemperature {, °C)

and the strainof 0.046 ¥ Opisconstant the slope of this plot is strain rate sensitiviby)(

iit.c
yiic "
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3.3 Microstructural Characterisation

3.3.1 Specimen preparaticand microscopy

All smples werecross sectioad via EDMor microstructural analysiand imagedas perFigure26for

pre-compressiommaterial and Figure28 for postcompressionsamples with compression direction

from top to bottom of imagesThe analysis included scanning electron microscopy (8&M) an FEI

Quanta250 with field-emissiongun, with backscattered electron (BSH)etector fitted, using an

accelerating voltage &0 kVand a working height of 1fim for imagingWorking alongside this setup,

a NordlysNanelectron backscattered diffraction (EBSBYystem acquired crystallographic data. For

both alloysthe EBSD was setupith an acquisition time of 120nSandn ®p >Y &éthisJ a Al Sz
achieved the best compromise betweatiowablerun time andachieving the90 % indexingaimed

for.

For these analytical techniques samples were mounted in conductive copper resin, followed by six

grinding stages using increasingly fine silicon carbide paper, starting at 240 down to 4000 grit for 2

minutes. This was finished with two stages of chemigathanical polishing in 0.02 um colloidal silica

using a microcloth polishing plate followed by vijrolish overnight in 20 vol% 0.02 pum silica. This

was followed by washing with water and methanol plus forced air drying.

For optical microscopfOM)a Leica modelas usegdsamples were ground and polished as described

Fo2@S 6AGK FTRRAGAZ2YIE OKSYAOIt SGOKAY3a Ay YNREfQa azf
3.3.2 Data processing

¢2 RSGSNNAYS YAONRAGNHzOG dzNI £ LI NI YS( &idEphasey Of dzZRAYy 3 | ¢
F NI OG A Boyor i@ stegéther with their morphologyi.e., lamellar, equiaxed or feathered

microstructurecontent (%m, %q %), different analytical and processing techniques were applied.

Here, each parametaras quantified at Plunless specifiedtherwise in theresults

3.3.2.1Morphologygrain size and content

Firstly, morphology volume fractiomad SadGA Yl GSR F2NJ f I YSE I NE SljdzAlt ESR 2N
the systematic manual point count methattailed inASTM E5629el using OM and BSE imaging
processed using ImageJ softwafe clarify, his study definetamellar graings colonies consigg of
alternate parallelh 2+ (4 o) plates referred to as lathsequiaxed grainsre describedas globulaiin
shapewith axes of apprximately the same lengtlireathery! microstructuresare describedsshort,

NI} YR2Yf & YA a2 Nkl8siéiyofj i§ ddmparisbnltoliaikndllar lathghese morphologies,

their formation & well asappearanceare described irgreater detail in2.3.1. The lamellar content

results of thesystematic manual point count methadethen applied to calculate lamellar grain size
60>Y0 @ALF GKS Ay S NJ-134i0SaNd®8°Lidicomyressiéri Ris idd absess9 M M H
in two axesthe complicatedmicrostructure ofkinked/bent laths in compression samples or laths of

different thicknessn heat treated material for exampléhese complicated microstructuredsomade
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automated image analysis difficuExamples of microstruatal imagesanalysed are given in each

section where discussed.

3.3.2.2Phase fraction

Phase contributions and their resultingorphologiesare estimatedfrom a combination of the above
%amand EBSD phase analygiiscussed below

FromEBSD phase analygis2 (i Pofioi0 % (%000 I (%R 20of) phase contributionare determined
but it is not possibleo distinguishthe equiaxed or lamellar formfer the! 2 2 Ng Here the %mis
dzaSR (2 SaAGAYFGS I YS QakoNDUD2Y OISR 2.5 2 NI S| OK

Pr
br —_—
p TTTT
b
Pr T
p T TT
P
P [}
p TITT

And from this the equiaxed contentdgXfor each phase can be estimatby subtracting théamellar
content from the rest of the total phase given by EBSD.
pr Pr Pr

PT Pt Pt

P P P

AsT S (i K09 dHB also be calculated igmoving! qfrom the above equation and replig with

LKI &8

1. A similar methodology for estimating microstructural constituents and phase fraction was applied

using image processing tools on BSE micrograplScbhyaighofer et d65].
3.3.2.3Grainarea)X p > ¥ fraction

Electron baclscatter diffraction (EBSD) wased toidentify grain boundaries, to define a grain, 10°
of misorientation was useddowever, EBSD itself cannot distinguish betweemphologiesjamellar
and equiaxed or feathery, itself, so is not used fatetermination of themorphology contenfraction.
Asthe fraction and size dhe remnantmorphologyis an important factor in further workabilityas
identified byZhang et al the fraction of grains under 58m? look to quantify thisand set a marker

for the comparison of compression samples in this stddy].
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3.3.2.4 Dynamirecrystallised fraction
With a grain definedthe dynamic recrystallised fraction {GRX)of compressed materiaand the

deformed contentcan be estimatedthis wasdone through the grain orientation spread (GOS)
approach GOS uses the average misorientation degree within grains, the misorientation spread in
DRX grains is lower than that of deformed grains, an approach identifiethgdzadeh et a[145].
ThisGOS approachas been applied to work on TiAl allogs a reliable and convenient method to
guantify XDRX and has been usamvalidate DRX predictive modelling and form processing maps,
dZaAy3 X uHc a GKS 06SyOKYIl N)] MH4BND47 Mowevel Nthasitg & >
limitations, the GOS approach will not be able to distinguish betweecrystallised and deformed
grains and thosethat are just édeformedt, consequently onlyrecently recrystallisedgrains are

includedin XDRXForthe GOS of graiif2

00 1

L
0Q

The number of pixels per grain is given Y]  is the angleof misorientationbetween pixel
orientation of grainb and the mean orientation of graii@This waglone usingscriptand commands
written in MTEX, an addn to MATLABto construct map®f microstructure observedncluding band

contrast, grain boundary/phase and DRX
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4 Thermomechanical processing triafst5XD

4.1 The impact of HIP and heat treatment on thierostructure and
subsequent compression behaviamid5XD

4.1.1 Introduction

To summarisehe findings of the literature review in respect to 45X&mple HIP and uniaxial
compressiorcould be optimised tamprove theremoval ofthe anisotropy causing lamellar grains and
casting segregation which will hinder secondary procesgBy An emphasis on controlling and
optimising this starting microstructure to globularise the lamellar content and return a favourable
microstructurethat improvesforging outcomess missing.

The work reportedhere evaluates the effect of preompression consolidation and heat treatment

on the asreceived cast microstructure. By maintaining constant compression conditions these pre
compressiommicrostructures were assessed for their influence on the compression behaviour. The
resulting postcompression microstructures were assessed in terms of lamellar grain dimensions and
content as well as phase fraction, with a viewfdoilitatingsecondary processing of 45XD4#i31A}
1.93Nb2.93Mn0.87B at%)This studyis necessary as a starting point sabsequentvork to provide
isotropicbehaving material ready for secondary processing i.e., isothermal closed die forging or
rolling.

Ti Al Nb Mn B (@] Fe Cu C N Si
4980 | 44.31| 193 | 293 | 0.84 | 0.10| 0.02 | 0.03 | 0.02 | 0.01 | 0.02

Table6: Average chemical composition of supplied 45XD ingot, analysed via ICP at threbyp®IMET

a b
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Figure29: (a)BSE image of aseceived (ASR) cast microstructure of 456 the centre of the received ingot
equivalent of position C in Figure, 26 500x magnificationg K SNB o6t I O1 | NBIFa O2NNBalLRyR
'y R 3.KdB@alculation of phase diagram (CALPHAD) of 45XD alloy from ICP analysisGin Table
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4.1.2 Resultsand discussion

The influence of the starting microstructure on the deformation behaviour of the material relies on
several parameters, these are discussed here. This is followed by an explanation of the compression
behaviour for each processing condition, as well assssociated extent of globularisation of lamellar
grains, together with the resulting-BRX and the fraction of graid§0>m?. The potential for future

use in processing will be assessed by exploring the relationship between the initial microstructures
formed by the different HT applied; the lamellar content, lamellar g and phase fraction
produced, and the microstructure returned after primary compression; remnant lamellar content,
remnant lamellar grairsize XDRX and the fraction of graing0 >m? as well as phase fraction.
Regression analysis will help identify characteristics which are most important in returning the

preferred microstructure discussetio start, the ASR and HIP microstructure and analysis is discussed.
4.1.2.1 Precompression microstructures

In Figure29a andFigure30, BSE imaging showse 45XD alloy in the a®ceived cast and consolidated

condition (HIP)espectively,both with nearly fully lamellar microstructuregonsisting of coarse

lathed lamellar colonies of+h, & ¢St f | a S htdameélldr §rRin boundage third

phase, BA/oNBFSNNBR (2 |a aAavyLie i ¢KSy RA&AOdzaaAy3
present asboth S lj dzA | &tSdrnellar grain boundaries Y R i RvBhidamelldeigrais
themselves

Hot isostatic pressing (HIP) was used to consolidate the material, reducing porosity. The HIP
temperature for this alloy is high in the b region, within 20°C of theh transusaccording toFigure

2%. The influence of this process on the microstructure of titanium aluminides has been explored by
severalinvestigators for both finishing of cast parts and as preparation for further processing
[129],[49],[51]. The HIP microstructuris casting porositjree andconsists of lower lamellazontent

and grainsizeswhen compared just to ASRn increase in the overalkq suggests HIP causes some
form of static globularisatiofil48]. This is prhapsdue to the time spent high in the+h region during

the HIP process causingnorphologies to coarseff.able7 shows microstructural characteristics from

BSE image processinghe microstructure of ASR artde HIP material idargely dictated by the

solidification pathway of the ingot.

Figure30: BSE images of 45XD alloy in the HIP conditic
NBaLISOGA@Stes i pnnEZ g4t
LIK | & ST ol gyKRA (5QNahellar yrainand boundary
examples outlined in rellue arrow identifies g, yellow
arrows identifyi S1j S E I Yredfa®odv idéniffies an

h2|ath.
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Figure31: SEM micrographs (BSE) at 500x magnification of 45XD alloy before compression, heat treated for 2 h
different temperatures with either FC or AC cooling rates; 2€30C(a) and AC(e), 12GOFC(b) and AC(f), 1210
FC(c)and AC(g), 1350 C/ 6 R0 | yR !/ 0KU0U® 2 KSNBE of | DY R NhSgecti®eR N.

t SNAGSOGAO az2f ARATEAY3I o[bi Mo tfzeazr &adzOK | & nrg
as shown in the CALPHAD phase fraction diagrdfigime2%b> K SNX h A & diSoMBrédA y 3 Ay
iy a ¢St | aGrainféfineménicampared tarhB rodofide doped alloysf the as

cast microstructure is the aim of these additions, ideally removing much of the costly wrought
processing137]. The boron enables refinement through the changes caused in solidification pathway,
asreviewed byHu.[39]. The boridealsogives thegrowingh lathstheir orientation, as described biyu

et al, so giving the random lamellae grain orientation seen here inmA&Brialupon cooling andn

the subsequent HIP microstructurgjving engineering properties sufficient for cast low pressure

turbine bladeq45],[40].

Starting from the HIP material conditioshown in the annotated Figure 3@he effect on the
microstructure of different heat treatment temperatures, heating in different phessgions followed

by either air(AC)or furnace coolingFC)is shown irthe resulting BSE imageskigure3la-h. Table7

shows microstructural characteristics from BSE image processing.

Heat treatmenttemperatures <1270 °@roducenearly fully lamellamicrostructureswith lamellar

02t 2y ASEYRTFOIKE LINB &Sy OS$grains at &ipaler grainoBundaries. #tRoom
temperature this type of microstructure typically gives more ductility and toughness, compared to the

fully lamellar microstructurg27]. However,when in comparison at higher temperatures they are

inferior for practical applications.
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In general, he lamellar grain contents largelyconstantfrom the HIPmicrostructureto the HIP plus
1130 °C and 1200 €T materialthere is however aroverall increase in the lamellar grasize At
MHAN c/ I drefion]l&niellarldshs tigibly saw growth and swellipgrhaps explaining the
increase in lamellar grain siz€he high temperature and furnace cooling pre@ddhe energy and
time for this growth, the air cooling prevented any obvious lath growth.
Insamples HT at130°C, a rise in botlkamellar and equiaxetizb b content comparedo HIPmaterial
is noted. ThisiTsees an increase afounddoublethe HIP valuefor equiaxed ;b b material This is
expected to increasthe flow stress seen during compression with the increase of these slip restricted
phaseqg70]. Casting segregation of the aluminium content of 45XD allegt OO Sy (i dzbph&& ( KS |
present from ingot formation of peritectic solidifying titanium aluminides. Téegregation and
NB & dzf o(pageIcauses processing issues such as narrow processing wiriemgeneous
deformation and poor recrystallisatiorkinetics as identifiedby Imayev et al.and Chladil et al
[33],[34]. There is very little difference betweanicrostructures othe FC and\C materiaHT at 1130
°C.
The high temperatures diT atl270°C and 1350Cledto fully lamellar microstructures, as well as an
increase in both lamellar grasizeand overall content with both air and furnace coolifigre lamellar
content increased at these temperatures and cooling rates, via type 1 lamellar formasidescribed
by Denquin and Nak#28]. The lamellar structure can form from three phases in thélTphase
diagram, to give either the fully or nearly lamellar microstructures, as reviewdgapyanujan29].
Type 1 lamellar structure, fully lamellar, is formed above the alpha transus (~1300 °C for 45XD)
In Type 1llamellar grais are formed via the pathway;
h h hb! M h

For 45XD alloy this pathway is adjusted to follow the pathway below, the extent mliasebeing
dependent on the time spent in this temperature region;

h T b0 ‘EBO bd),0b
In this reaction, platd A 1 S sto pedpHateybut oftheh Y | vihdtdteperatures reachelow
0§ KS h NI y amsthariskh described io Hréater detail in section 2.3.THis structure
transforms at lover temperatures to a b % lamellarstructure bythe h (i ®rdefingreaction this
200dz2NE o0bt 24 Nl W& dA Ay S OwiiTHapl35@ ICHAC gidirfg Aink lathss a K2 gy
with "/ io at the grain boundariesrozen in place AC not giving the time to form lamellar
microstructures. Th&Cmaterial hathe time to form lamellar grainsyith consequentlymore coarse

laths, with no equiaxed material at the grain boundariess seen ifrigure 3.
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45XD %am | Average| Standard
material lamellar | deviation
condition grain of average

size lamellar

0 > Y 0| grain size | %h,+ %h o +

0>Y0 Iolam | %%am |1 oeq % eq

ASR 64 62 15 9 46 7 38
HIP 53 47 13 7 46 6 41
1130FC 53 57 21 14 39 12 35
1130AC 49 56 13 14 35 14 37
1200FC 52 59 13 6 46 5 43
1200AC 61 54 12 8 53 5 34
1270FC 70 60 41 11 59 5 25
1270AC 90 83 23 49 41 5 5
1350FC 85 72 17 14 71 2 13
1350AC 88 69 1 24 65 3 9

Table7: breakdown of lamellar grain content and size, as well as lamellar and equiaxed morphology and

respective phase composition for 45X@ifferent conditions before compression from BSE image processing.

Material homogenised at 127 halarger lamellar graisizeshan 1350°C,with AC higher tharC.

Thel1270°C AC sample sea high fraction of 2amwhich could bedue to the time spent high in the

1+h phase with h growth being dominanbver!, the fastcooling rateshen freezing the growingnd

dominanth phase in placeThis suggests that 127Ccould bed St 2 &

Figure29b.

iKS

indicatedbyy & dzi =

To summarise, in samplegth a rise inh 2b b content, particularlyl1130FC and A@here isexpected

to be anincreasein the flow stress seen during compressiand a reduction in theresulting

globularisedfraction compared to HIP materiakith the increase of these slip restricted phases

h | 12268°C an&1350 °Cfor elementaland

[58],[70]. Usinga heat treatmentnear orwithin (i K S

microstructuralhomogeneity does not appear to cause excessive grain growth in this alloy, as found

by other researchers with nehoride containing TiAlalloys [53],[149]. These fully lamellar

microstructures, favoured for creep and fatigue resistance in LPT blade production, are anticipated to

produce the highest flow stress results during compressibat when combining fully lamellar

microstructures with low average lamellar grain sitee highlamellar to lamellar grain boundary

densitypromiseshigher globularised fractias{58].

4.1.2.2 Compression behaviour

This section describes mechanisms at play during compression and the effect thenppeession

microstructurehas onthe flow behaviourThis behaviouris largelyaffected by the characteristics of
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the lamellar grains present, this includes grain dimensions, lath thiclaresshe orientation of the
lamellar grain to the load applieas well as thgphase fractior[86]. These tests aim to simulate ingot
breakdown or upsettingthese processeare referred toas primary compression.

This will be discussed in terms of microstructutetailsmentionedin 41.2.1 and their impact on flow

behaviour.
145
135
125 ——HIP
115 1130 FC
£ 105 — 1130 AC
£ o5 1200 FC
E 85 1200 AC
T 15 ——1270 FC
65 —— 1270 AC
35 — 1350 FC
45 — 1350 AC

True Strain

Figure32: Flow stressrue straincurves for eacB5XDmaterial condition throughb0%compression at 1100°C,

0.001s!, over 760 seconds.

Flow stress and true strain were calculated for each of these microstructural conditions with uniaxial
compression testingo 50%at 1100 °C, with a strain rate of 0.001. €£ach curve follows a similar
pattern, peak flow stress frs) reachedat a true strain of 0.04in Figure32 for each 45XD conditign
followed by flow softeningThisflow behaviour isa characteristic of dynamic recrystallisation in this
material [114],[150]. In titanium aluminide allog athot working temperaturex LK &S Aa
with a low stackingault energy, this means dynamic recovéBRY)s slow, giving high dislocation
density, restoration is therefore reliant on dynamic recrystallisation (D&discussed in 2.4.717].

The formation ofthis stressfree recrystallised material is key to producing workable material for
secondary processirig3].

When considering the compression abceakdown of lamellar material, dynamic recrystallisation is
often referred to as dynamic globularisation, this is similar in nature to discontinuous dynamic
recrystallisation discussed in detail in secti®R.4.2.1 an@.4.2.2,with reviews and mechanisnisy
Seetharamanand Semiatin and Zhang et al and Tian et &espectively{58], [144], [151]. With
constant compression conditions, the studiesfound the extent of globularisation, and therefore

DRX, is dependent on the lamellar content, size, and orientation as well as phases present.
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Heat treatmens at 1270°C or 1350 °C, high in the!+' phase region or above the transus,
respectively, returned the highest lamellar grain siaed contentseen, particularlyith AC.The fully
lamellar microstructures and large lamellar grain siz@enin both FC and A@re-compression
samples limits the opportunity for lamellar grains to orientate perpendicular to compressiben
compared tosamples with a higher fraction of equiaxed materald explains the higher flow stresses
seen[87]. Thisis due tolargerlamellargrains being less mobile &ither equiaxed or fully lamellar
material,relatively few and largi&amellar graindbeingpresentalsomeans there is less chancetbé
lamellar grairbeing in a favourable orientation for globularisatifs8].

.However, globularisatiofavourshigherlamellar to lamellar grain boundgdensity seen extensively
in materialheat treated at 1270C and 1356Cpre-compressionshownby the higher lamellar content
in Table7 as compared to HIRIsoidentified by Seetharaman and Semiatiexplaining thegreater
extent of flow softening[58]. This relationshigpetween large starting lamellar microstructures, flow
softening rate, recrystallisation and flow localisation was reviewedégniatin, Seetharaman and
Weisg119].

Another aspect of these AC samples that resistsmtystallisation ad dynamic globularisatiofis the
fine lath spacinghoweverthis has notbeen quantitatively assessed hej@l,92] No obvious signs of
flow localisation i.e.sheared samples, were identified in thesmls but the high” prs and extent of
flow softening seen in the A&amples from HT at 127C and 1350Cis a concern.

Thecoarse lathed lamellarstructuresin the 1350°Cand 1270°CFC sampkeshowlower " prs, due to
the relative ease of recrystallisation initiatiom comparison to ACeven with similar starting phase
fraction, lamellarcontent,andsizingin the case of 1358CF(144]. The’ pisof 1270°CFCisthe lowest
of the fully lamellar microstructuregerhaps due to theombinationof low lamellar grain sizingnd
relatively high lamellar content compared to HH#een inTable7. Potentially this lead to a higher
lamellarlamellar grain boundary density comparison to other fully lamellanicrostructuresand so

initiating DRX abwer flow stressesthis is promising foimprovingglobularisatiorkinetics[119].

Material HIP | 1130FC| 1130AC| 1200FC| 1200AC| 1270FC| 1270AC| 1350FC| 1350AC
M Uye- (MPa) | 108.0| 115.8 114.7 105.8 99.7 117.8 123.5 121.1 138.5

Table8: maximum flow stress seen for each 45XD material condition58fh compression at 1100 °C, 0.001 s

Samples HT at 120C gve the lowest pts, followed by HIP and 1270F&3pectively.This is likely to
be due to a combinationflow lamellar content anthmellargrain sizeas well agfavourable fraction

of h2b b[58]. Thislooks to haveeduced peaklow stressandincreased the extent diow softening
especiallywhen compared to samples held at 1130, where considerably higher flow stresses were
seenwithout the extent of flow softening

Both HT samples at 113C give higher pisdespite lower lamellar content compared to 1270 °C AC.
The higher fractionof the equiaxed and lamellak 2b b perhaps contributing to this higher than

anticipated result.

81



Qooling having fairly little effect at this temperature. Thé&nperature region, dominated by to)

seen inFigure29, thei o fraction ishigh and appeargetrimental in terms otompression behaviour

[69].

4.1.2.3Post-compressiomicrostructures

a Figure 331 SEM micrographs (BSE) at 10(
magnification of 45XD alloy after compression,
the HIP condition (a) and heat treated for 2 hours
different temperatures with either FC or AC cool
rates; 1130°C FC(b) and AC(c), 12@ FC(d) anc
AC(e), 1270C FC(f) and AC(g), 138D FC(h) anc
I/ 6A0Dd 2KSNB ofl O1 I N
6 KA WISy R 3, NSpactively
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5 s 1

Microstructural analysis was conducted o

[

n%&:ompressed samples of 45XD material to analyse the
influence of initial microstructure on the evolution of the microstructure after compresswith
particular focus on the phase fractiammnantlamellargrain sizeontent, as well as the resulting DRX
fraction (XDRX. These factors contribute to material behaviour and response the following
processing steps.

All samples show material is dominant, as seen jinase maps ifrigure33 and Table9, as well ad 2

Iy Rmdrphology contributions. Thede I Y B mdrphology contributions appear to have become
more consistent acrosall compressed samples, in comparison to the -peenpressed material.
However,¥ 23Sy &mitefiabR2iSa | LILISF NI Ay € NHSNJ FNIF OliAz2ya
material in a fully lamellar state before compressidiel200AC materiahows the highest fraction
at11%tKkS mopn!/ &l YLX S cat&®. Ay 3 (GKS t2¢Sad |

a b c

0%
I Ti3A| - alpha2- 2.8%
tanium-Cubi
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Figure349 . { 5 dzaSR (2 3JIAGS YI LA 2F3 o6tSTFlo opyRrRSOZRE

(Right) XDRX; red is the recrystallised fraction, blue is deforwietb XD alloy in the HIP condition ¢, and

heat treated for 2 hours at different temperatures with either FC or AC cooling rates; 1130 < dx@ @C(g),
1200 °C FClj and AC(ro), 1270 °C FC-(p and AC (s1), 1350 °C FC-xy and AC(i), at 1600x magnification,

Consideringhe lamellar contentof compression sampleshose HT at 1278C show the greatest
reduction in lamellacontent at76 %with the smallest average lamellar grain size ath§ but not

the highest XORX, at 8 %. TheHT sample 1200AC shsihe highest XORX at 71 %1270FC the
highest XDRX value of the fully lamellar materi@ompression of material HT at 138D AC and 1270

°C FC gives the highest content of grains underrd 78 % and 77 %, respectivafjgure35 shows

how the XDRX is calculated through the GOS approach, together with the grain area frequency density
plots from EBSD analysis.

85



45XD material
. DRX Grain area
condition +50% )
) fraction TN OUA 2\
compression
%h > %! o %/ (%) > ¥ (%)
HIP 3 5 84 53 57
1130FC 3 8 89 43 57
1130AC 3 9 88 61 76
1200FC 2 5 94 65 72
1200AC 3 11 86 71 75
1270FC 2 4 94 69 77
1270AC 3 7 90 51 69
1350FC 2 5 93 48 58
1350AC 3 4 94 65 78

Table9: breakdown of phase composition for 45XRllIrmaterialconditionsat Plafter compression from BSE

image processing and EBSD mapping.

The XDRX was calculated in this work through the GOS approach, sEauie35, from EBSD data.

GOS uses the average misorientation degree within grains, the misorientation spread in DRX grains is
lower than that of deformed grains, an approach identifiedHadadzadeh et a[145]. This has been
FLILX ASR (2 ¢2N)] 2y ¢A!f Ffft2ea G2 QItARIGS 5w
2° as the benchmark for DRX grains, as has been used14&i147] Table10 displays the range of
remnant lamellar dimensions still presentRL and P®f compression sampleshe purpose of both

P1 and Paere is to look at the homogeneity of compressimurtcomeacross the work piece

Including outliers, 1270C HT material shows the loweaverageof lamellar grainsizesfor all
compressed material, the AC sample showing the lowest val@8 amn. After compressionlamellar

grains were still present in all sampléswever,Zhang et alsuggested lamellar grains below 80y

should not be considered detriment§l44]. Using thissalue, only 1270FC, 1200FC andca@ply.

The orientation of these remnant lamellar grains appears laogely align perpendicular to
compressionasthe maximum lamellar grain siZ# tocompression shows ihablel0.

Uniform globularisation of lamellar grains, with similar remnant lamellar grain sizes, across the
workpieceis also an important factor. This appears to be the case with only 1270FC, 1200FC and AC.
In fully lamellar materialfor example 1270FQg-orientating the lamellar grains idifficult with
lamellarto-lamellar grain boundaries, if these areelatively small grainswith favourable lath
thickness, globularisation proceedsrge lamellar grainsare less mobile, with a higher chance of
being in an unfavourable orientatidor globularisation, as is likely the case with 135058

The opposite position to this is where we have sma#arellar grains with equiaxed material present

at grain boundaries as in nearly fully lamellar microstructymescompressionRotationof lamellar

grains rather than globularisation is a possible reason foldbkof globularisationseen in samples
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with low starting lamellar content, such as tleoBIT atl130 °C, 1200FC and HBP]. Exhibited by the

low values for reduction in lamellar content Trablel0.

45XD material Y% am Reduction in Average Standard deviation
condition +50% Y am lamellar grain of averagelamellar
compression aAl Sfrom>Y3IANF Ay aAl
0° and 90°) 0°and 90°)

P1 P2 P1 P2 P1 P2 P1 P2
HIP 23 39 30 14 34 57 18 20
1130FC 33 36 20 17 50 38 31 13
1130AC 26 37 23 12 37 45 25 24
1200FC 21 39 30 13 26 46 13 15
1200AC 17 31 44 29 22 37 10 16
1270FC 24 30 46 49 31 33 22 12
1270AC 14 29 76 61 19 47 7 31
1350FC 24 83 61 2 55 71 54 26
1350AC 21 29 67 60 49 29 29 18

Table10: Remnantamellar morphologes ofall 45XD material conditioret P1 and P2fter 50% compression,

1100 °C, 0.001s

The relatively high flow stress results and low globularisation extent from the 1130 °C heat treatment

could be due to the same mechanism seen in creep and fatigue trials. Where heavy alloying elements

and interstitials are preferentially gettered into the ¥ NR daringH®® ¢ KA & ¥iSlesggrondl KS h

to globularisation when under straim compressiordue to several factors; possibly tighter lamellar

ALJ OAy3a O2YLI NBR (2 2iKSMNyal2y L SasR saf 22f GASRNJI aRRAT &dali2Af 2d
[74],[204],[152].
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Figure35: Plots calculating the DRX fraction from the GOS approach on the left, grain area frequency density on
the right, for each material condition after 50% primary compression at 1180¢0.001 3, HIP (a, b), and

heat treated for 2 hours at different temperatures with either FC or AC cooling rates; 1130 °C FC (c, d) and AC (e,
f), 1200 °C FC(g, h) and AC(i, j), 1270 °C FC (k, I), and AC (m, n), 135p)°@anE\®(q, r).

With respect to future processing of the material discussed here, studiéSrbgiscuss the inverse
relationship between grain size and ductilitigeir studyshowing microstructures with low grain sizes
can tolerate higher strain to failure (fracture), also discussed in an earlier study of [B@if88].

In their study on strength and ductility of TiAl alloythey looked at the brittleductile transition of
titanium aluminides and the effect microstructure has on thigiherductility came aboudue to the
higher amount of yielding accepted by the higher density of grain boundaries, preventing crack
propagation This is relevant tahe presentwork as it is apparent that maintaining elemental

K2y23SySaide Aa QAlGItsS odzi (2 R2 . ThKldastokbigerAy 3 6208S
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grained fully lamellar microstructurewhich can be difficult to process wiih possibility of flow
localisation and resistance to dynamic globularisation if lamellar gia@sare too large

So, ahieving a refined fully lamellar microstructie f I NH St &0, nhayp ido@Boydi forging |
outcomesthrough the refined grain size and elemental homogeneity required for the material to

respond to therno-mechanical processing promptly and efficiently.

4.1.3 Summary

The aim of this study was to understand how consolidati@at treatmentand cooling raténfluence

the precompression microstructure and subsequent compression behawibdbXD with a focus on

the extent ofhomogeneougglobularisationacross the work pieceThisis requiredto improve the
chances of successfoutcomesin subsequent process i.e., hot rolling or closed die isothermal
forging. The extent of globularisation during compression was found to rely on characteristics of the
pre-compression microstructure, and the following conclusions regarding the primary processing
stage of the alloy we drawn.

I Hot isostatic pressing to remove porosdapnd consolidatehe ingotdoes not return a
microstructurebest placed to remove the lamellar content upon compression or phase
fraction for further processing

1 Theliterature states that for other alloys thigleal precompressionmicrostructure for
efficient globularisation is a homogenedussizedmicrostructure, fully lamellar, with
elemental homogeneity, making a heat treatmergar or above thé transusnecessary.

This study partially agrees with the literature when we consider the 1270FC material, this
temperature is close to the transus for this alloyThe homogenisatioreat treatment
temperature isfurther explored in the next sectiqr.2.

1 The growth ofthei o phase by heat treatmendr time spentin the ! H o region and the
presence of large, fine lamellar grains induced by air cooling from single phase
temperatures have been identified in these studies as detrimental to globularisation.

1 Heat treatment just below thé transus followed by furnace cooling (1270FC) and within
thes b hophase followed by air cooling (1200A4ppear to be useful heat treatments
for promoting the microstructural and elemental conditions that increase the extent of
globularisation. Intermediate heat treatments, betweerprimary and secondary

compression, should be explored to improve microstructural outcomes.
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4.2 |dentifyingthe homogenisation temperature for 45XD in respect to
compression behavio@andmicrostructuraloutcome

4.2 1 Introduction

The summary of 4.Hescribesthe ideal precompression microstructure for efficient globularisation

as a homogeneous microstructure, fully lamellar, with elemental homogenBigfining theheat

treatmentd SYLISNI G dzNBZ | y i A OA LI ( $&k fullilethedeSritabdsthereforel 2 G KS 1 { NJ
necessary. This is explored here with a closer examination ahtbestructure precompression of

HIPand 1270FCas well as another HT temperature above thdransus,1300FCusing EBSD to

investigate the effect phase composition has on forging outcométh forging conditions constant

Furnace coolinfrom these high temperature heat treatments has been deemed miggtificantfrom

a practical industry perspective as well as the results of 4.1, with compression behaviour and post

compression microstructure being most promising in terms of flow softening gholdularisation,

therefore X-DRXwithout flow localisation.
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4 .2.2 Resultsand discussion

4.2.2.1Pre-compressiomicrostructure

a

m; Copy of Copy of Pred-+Pblue-+P; Step=0.3 pm; Grid267x200

Figure36: (a) SEMused to givBSE images at 500x magnificatigeft) K SNE o6t I O1 | NBI &

g KA blSy R 3,Wd8l €BSD phase maps at 1600x magnificatioght);whered f dzS A &, yellbw iN
i o, of 45XD alloy in the HIP conditionl§® and heat treated for 2 hours at ; 1270 °Cdé€),(and 180 °C FG{
).
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45XD %.am | Average | Standard
material lamellar | deviation of
condition
grain average lamellar
size ANI AY aA % H|% 0 | % %h H| %0 | %!
6>Y0 lam lam lam eq eq eq
HIP 53 47 13 3 5 45 8 4 40
1270FC 70 60 18 6 4 60 3 2 26
1300FC 81 71 23 3 4 70 P 1 16

Tablell: breakdown of lamellar grain content astze, as well as lamellar and equiaxed morphology and
respective phase composition for 45XD in different conditions before compression from BSE image processing

and EBSD mapping.

¢KS KSFG GNBFaGYSyld 020S G4KS h {(iNl}yadzaz monnC/ 3 tSIkRa
lamellar grain sizes versusthe HIP and 1270F@aterial, seen in 4.1.2.1lt also leads toca small

RSONBI &S A coitéhSperdagfSdud tb élementdlomogeneity The energy dispersive

spectrometry (EDS) mappingvailable in theappendix also exhibitsthe elemental homogenising

STFSOG 27F h LI ode§ionK ®htainingi gudater iroricnftrations of Mn in particular

without homogenisingas discussed by othean similar alloy$153], [154].

With HT material at 270FCand 1300FCalthough both HTis near or just above the (i NJ y & dza
differencesdo existin the microstructure particularly in the decrease seen in the ovesgliaxed
material contentfrom 1270FC to 1300FC. Thésan important factor identified in 4.1.3amellar to

lamellar grain boundaries promote globularisati&3].
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4.2.2.2Compressiobehaviour

120

100

80

—H [P

Flow Stress (MPa)
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Figure37: Flow stresgrue straincurves for each 45XD material condition through 50% compression at
1100°C, 0.00%¥s over 760 seconds.

Flow stress antfue strain were calculated for each of these microstructural conditions with uniaxial
compression testingo 50 % at 1100 °C, with a strain rate of 0.00% €ach curve follows a similar
pattern, peak flow stress frs) reachedat a true strain ohbout0.04,followed by flow softeningas in
4.1.2.2 seen inFigure37. However, the steep, relative to nefiAl alloys, initial work hardening seen
before " pisis of interest.The differences seen in work hardening ratéth 1270FC being the steepest
followed by HIP and then 1300FC is perhaps at first counter intuitive given the fully lamellar

microstructure of the 1300FC material.

Material HIP 1270FEC| 1350FC Table12: maximum flow stress seen for each 45XD

M Uye (MPa) 1080 | 117.8 116.8 material condition with 50% compression at 1100 °C,
ofs- . . .
0.001 <.

The steep initialstressstrain curve shows several processes taking plhdoth elastic and plastic,
includingwork hardening thisis due to rapid dislocation pitdzLJ A y  {, 60§ slowedby dicKtigal

& (i NJobeing teached, high stored energy in the fragmented lamellar material initiating rapid DRX,
hence the relatively sharp peaks seen here and in working other TiAl HIERBisThis dislocation pile

up perhaps being slowed by the elemerkaR Y2 3 Sy SA (& 2 @ffecidifat treatnéntirk & >
0 KS &Ay 3 &e8n i 1300FCrhé I8wer prsof the HIPmaterial may beexplained by its lower
lamellar content, lamellar grain mobility being higherA (i K Kdcahterg, Bllowing rotation of

lamellar grains rather than globularisation/DRX%6].
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4.2.2.3Post ompression microstructuse

a

_"\

Figure38: (a), SE

M micrograp

compression, where blatkNB | &

2FX 000

is deformed, at 1600x magnification.

- h».“ gt

m BSEn

odeat 1000x magnification of 45XD alloy in the 1300 FC condition after

O2 NNB & LR yR yiRe FINBBSK eSSy NIBSKAALISO GiA @ ¢
oFyR O2y (NI aidsz006tf08) KR aed ks i rectystaliiSed thadtion, Biue

45XD material | %Lam Reduction | Average SD of Grain
condition in lamellar | lamellar average area
+50% content (%) | grain size lamellar DRX fraction
compression 0>YZ 7 grainsize fraction Xp nidzy|
0° and 90°))| (>m) %N, | %io | %’ (%) (%)
HIP 23 30 34 18 3 5 84 53 57
1270FC 24 46 31 20 2 4 94 69 7
1300FC 13 69 22 13 3 7 85 59 70

Tablel3: breakdown of lamellar grain content and size, as well as lamellar and equiaxed morphology and

respective phase composition for 45XD in different conditions after 50% compression at 1100 °€ f@0601 s

BSE image processing and EBSD mapping.

The ompressiorofthe 1300FGample heat treaedA Y

idKS

ary3ats n

LKl &aS> NBGdzNy a

content at 13 % this cons@&of the smallest averaggrain sizeof 22> Yand maximungrain sizeof 55

> Y TheHIP and 1270FC resuliee presented ingreater detail iM.1.2.3 these are presented hetia
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Table13 for comparison The increased lamelldamellar grain boundary density seen with 1300FC
appears to be theatalyst for the high extent of globularisation seen, wittB&&reduction in lamellar

content.
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Figure39: Trendline between precompression (a)lamellar content and (b) equiaxed content and globularised
fraction returned fronprimary compression at 0.002.sThis scatter plot includes material described in chapter

4.1 and 4.2

This is due to grain boundaries acting as nucleation sites for globular morphologies, |darakdar
grain boundariebeingpreferred for globularisatiof24], [58]. This relationship is shown igure39a-
b. However, he fraction dynamically recrystallised-DRX) is little morenuanced smaller average

lamellar grain sizedoes result in higar XDRXhut the trendis not so strongFigure40[47].
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Figure40: relationship betweepre-compression average lamellar grain sirel DRX fraction returned from

primary compression at 0.00%.sThis scatter plot includes material described in chapter 4.1 and 4.2.

This seems to have impacted theDRX of 1300FC compressed material, with lowBRX at 8 %
compared to 1270FC aB@%, a similaeffect is seenin the grain area fractioM§0 >m? values.The
phase fraction appearsonstant the highest o valueis notedfor 1300FCGand will be considered in

any further processing steps.
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4.2.3Summary

The aim of this study was to identifytemperature for 45XOhat produces a homogeneous fully
lamellar microstructure, with elemental homogeneityto optimise the microstructure from
compressionThe temperature range 1272350 °C, as well as furnace cooling, looked promiging
forming this microstructurebased on the findings of 4.TThis study toola closer look at the pre
compression microstructureghrough EBSD mapping and subsequent compression behaviour and
microstructure,with a focus on the extent of globularisatiamd XDRX The aim of this$ to provide

a microstructue capable ofmproving theforging outcomeof the material forsubsequent processing
i.e., hot rolling or closed die isothermal forging. This target microstructure is identified from the
literature as being refined, elementally homogeneous and free of lamellar morpholofes.

followingare conclusions regarding the primary processing stage of the alloy.

1 Hot isostatic pressing to remove porosity and consolidate the ingot does not return a
material microstructure best placed to remove the lamellar content upon compression
or phase fraction for further processing homogenisation heat treatmentithin theh
transus improves globularisation extent andDRX

1 The literature as well as the analysi®d regression plots in this studijow that the

ideal precompression microstructure for efficient globularisation is fully lamellar
increase XORX refining the initial lamellar grain size looks benefigigd, improving
elemental homogeneity. Thisakesa heat treatmentiow within thesingle? (i NJ vy & dza

1300 °Cmostpromising followed by furnace cooling
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4.3 The effect of multstageforge processing on thferging outcome of
consolidated 45XD

4.3.1Introduction

As has been discussed already, simple HIP and uniaxial comprisssidthe mostefficient process

for removing the anisotropy causing lamellar grains and casting segregation which hinders secondary
processing86]. Combined with the other sections of this work on controlling and optimisirg th
starting microstructure, an investigation into the effect of multiple stages in the forging sequence is
of interest

The study staed with HIPonly material, as described ifiable14. From the results afections4.1 and

4.2it could be anticipated thatorging outcomes of all sequencdescribed heravould be improved

by homogenising this material first, however there were restrictions on the availabiliyookessing
equipment and supply of material.

By maintaining constant compression conditions (120 0.001 ¥) the resultingcompression
behaviour andpost-compression microstructures are assessed in terms of lamellar grain sizes and
content as well as phase-DRX and grain¥50 >m? fraction, with a view to easing secondary
processing of 45XD.

The reasoning behind thesdternativesequences is basexh promoting material withlow lamellar

and high recrystallised content, this is key to producing workable material for secondary processing,

as discussed already in previous sectif$.

Sample ID HIP 50% 25% + RT + [25% + Dwell + [50% + 1200AC|25% +1200AC
25% 25% 25%

Anticipated DRX DRX DRX + MDRX (DRX + SRX [DRX + SRX

active SRX

restoration

mechanisms

Expected For -ve +ve +ve +ve

effect on X% comparison

DRX and %m

Tablel4: Sample identificatioand expectations for each testll material is in the HIP (hot isostatic pressed)
condition first, therdescribed sequentially for simplicity. Any compression is described per blow (%), any hea

treatment is described by temperatuC} cooling rate. Any dwell is for 30 minutes at compression temperatur

RT is where the sample is returned to room temperature.

Sample®25% + RT + 2586d 25% + Dwell + 25 Table 14are of interestasdynamic recrystallisation

(DRX)is not the only restoration process active in tfigrging of titanium aluminide alloysand
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contributing to the recrystallised fractiof80],[77],[157]. With a dwell at compression temperature,
also referred to as interpass annealing, other restoration processan be actie. Firstly, with
compressionthe dynamic recrystallisation proceastive here can be describeddiscontinuous DRX,
F2NJ ¢+ gAGK AGa t2¢ adl O AdDRXsipldetfaired3o/as DAt is5 w -
there are clear nucleation and growth stages involved in the formation of the newsgi@ih Once
compression and so DRX teepped refinement of TiAl material ould continue via metadynamic
recrystallisation (MDRXJ7]. MDRX refers to the growth of DRX grains into the surrounding material,
causing an accumulation in dislocation density and then recrystallisation.

One theory referred to here agi), applied to austenitic steel and magnesium alloys, is that MDRX is
dependent on XRX >50%, linked to a transition strains™), such thato St 2 ¢ ~ (st a
recrystallisation (SRX) takes place with #seompanying fine globular microstructure symptomatic

of SRX78],[79]. This#" can take place between peak and steady state strain, after which MDRX
behaviour is independent of additional strain.

However, other authors have stated that MDRX will take place if DRX has been initiat¢8Cit BHis

will be subsequently referred to as theory (ii).

Restoration by MDRX has beataimed to apply to titanium aluminide alloys with lamellar
morphologies and identified as a possible method of reducing microstructural heterogeneity from
compression by further globularisation of lamellar colonies and equalising globular grain dimensions
If MDRX taks place with 25% compressiorshiould be identified by th@5% + dwellr 25%sample
compared to the compressiohehaviour andmicrostructureof 25% + RT + 25%he analysis of
lamellar dimensions,-RRX and recrystallised grain size distribution plots, which revegjrtiie area

F NI Ol A 230aludéshouldidantify any noticeable microstructural effects of MDFBR], [157].

From the XDRX values of previous sections 4.1 and¥2RX has not reached 50 Soaccording to
theory ()G KS s F KI & y,MDRXOWH Dof takedplacd Kith Bith@s% + Dwell + 25% or
25% + RT + 25%, @pid air cooling to room temperature will prevent MDIRRE8],[159]. If this is the
case, acording to (i)with 25% + Dwell + 25%could beexpeced that SRXvill take placeduring the

dwell, so a softening effect on the recompressioehaviourcompared to 25% + RT + 25%uld be
identified [77]. This is also industrially relevant as forging processes can have interruptions at
temperature, with multiaxial forging for examplgB0]. If theory (ii) is followed then no softeningill

be seen with the second blow 86% + Dwell + 25%ompared t025% + RT + 25%, as MDRIKlead

to a hardening effect caused by subtle grain growth of the globular microstructures, showing an
increase in flow behaviof.57].

As discussed abovepmpressiorincreases the dislocation densitp to a critical strain where DRX is
initiated, flow softening commencedf. compression does not reachsteady statesuchas at25 %
compression the deformed materigl with its high dislocation densitygtimulates SRXupon heat

treatment (HT) this has been found ttargelyeliminate remnant lamellar microstructureyielding
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more homogeneous compression microstructures upon recompression or secondary processing
[53],[149].

The HT applied in 4.1, withintheb M b1 LIKI 88 F2NJ v K2 dzNA dpgeéardd2 6 SR 0 &
to be useful for promoting the microstructural and elemental conditions that increase globularisation.

Here itisapplied as both amtermediate and post compression heat treatmexst 25%+1200AC+25%

and 50%+1200AC.

If the HT removes lamellar microstructures thisuld appear adower lamellar contentin post
compressioranalysisas compared to HIRt could also be expected thatisbe lower inthe sample
25%+1200AC+25% compare®&6+RT+25%

Theseinvestigations ar@ecessary as anoth@athwayto providing isotropiebehaving material ready

for secondary processing i.e., isothermal closed die forging or hot rolling.
4.3.2Resultsand discussion

4.3.2.1 Precompression microstructure
Microstructural analysis was conducted on 454D the consolidated condition to analyse the
influence of initial microstructure on compression behaviour and resulting microstructural evolution.

a b

I Ti3Al - alpha?
I T4 - gamma
Titanium-Cubic
u 3

Figure41l: BSE images of 45XD alloy in the (a), HIP condition, at 2000x magnification, where black areas
O2 NNB & LR YR (i pandgrégkd a0 StKRIMGHBS i Yl LI FNRY 9.{5 4 mMcnnEZ
LKl 88> alSyR2BBR2G2 b

Figure 41a BSE imaging shows 45XD alloy in i€ condition, with a nearly fully lamellar
microstructure consistingf all three phases contributing to thg3 % lamellar content, with average
lamellar grain size @f7 >m and equiaxed grains present at lamellae grain boundatiesore detailed

description of the HIP microstructure and its formation is part @f211, Tablel1.

4.3.2.2 Compression behaviour
Table14 details the conditions of the mulbrge sequenceswith uniaxial compression flow stress
and true strain calculated for each of these sequences, t#abd 50% compression respectiveMo

machining otompression sampiakes place in between blows, so theanges iraspect ratio of
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Figure42: Flow stresgrue strain chart of 45XD following different intermediate steps showing the both blc
(a),first blow is of material in a similar HIP condition, and (b) a zoomed in view of the second blow of ha
compression at 1100°C, 0.06125- 50%.

height to width of 1.5 (20nm: @13 mm) important for comparing compressidrehaviour, makethe
two compression stagedifficult to compare against each othéfowever, comparisons can be made

betweenthe reccompression stages
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