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SANNA FAGER FRANZEN, JOAKIM KARLSSON
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SUMMARY

Gamma t it ani uThAladvebedn recognized fof decades to be suitable for aerospace
applications due to their low density and high strength at elevated temperatures. However, TiAl is limited
in application due to difficulties during machinimgpich arise from the inherent brittle nature associated

with intermetallic phases. Electron Beam Melting (EBM) has recently been proven as a processing method
to produce ¢ ompiTidbparts with short leacktimess hape o

In this report the restihg microstructure from the &BM built material is presented. The BBM-built

material is treated through Hot Isostatic Pressing (HIP) and thoroughly investigated using optical
microscope, SEM and FEBEM technologies. From the-B8Pedmaterial diffeent heat treatments were
applied to achieve the theoretical available microstructures. The heat treated material was evaluated using
SEM and grain size measurements. By using tensile testing the mechanical properties of all different
treatments were evalie.

The results from investigati ons c-0iAl matania. Piffetemtat EBM i s
microstructures arachievable with applicable heat treatments and process parameters from the EBM
machine. By us i ng-TiAlpreduded ivatetiabwdll lexperienoegugique microstructural

features with very small grain size.

Keywords:near gamma titanium aluminidélectronBeamMelting, microstructure, FIBSEM, ensile
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1 Introduction

Titanium Aliminide (TiAl) is a member tdfe material group of ordered intermetallics, which are
characterized by uniqgue mechanical properties due to theird@rgye ordered crystal structur@.).
TiAl has high strength, good hitggmperature properties and low deitg (2). These properties make
the material attractive for aerospace applicatioi®3, epecially as a substitution foricketbased
superalloys used in the low pressure turbine in an aftearagine(4). As an example, the alloy-Ti
48AF2Cr2NDb is a certified alloy by GE and tested for use in commercial turbofan eri§jnes

As TiAl has a high strength the ductility of the matesdow and the material experience severe
brittleness and low fracture toughness at ambient temperat(6g Research has beenmmucted on
TiAl for about 2@ears and during the last years the main focus has been to tailantterial by
alloying in order to increase the room temperatudectility (7).

CA!'f dzaSR F2NJ ad NUzOG dzNT -¢ A LIEJE Kk @ i K3 distri@®giti iy Ry &
different ways depending on the type of microstructure obtained. The microstructure of the material

is important for its mechanical properties and there is a traffebetween the different properties.

This must be considered when the ragtl is designed for structural applications. However, the

dependency of microstructure makes it possible to tailor the material to fit the contemplated

application. This can be done by conventiom&tallurgical processin@s for example designing of

heat treatment cycle8).

TiAl has a densityalf of the density of nickdbased superalloy&l), high strength and good thermal

stability (9). Despite this TiAl is natmaterial used in a wide range of structural applications. A

NEIFrazy F2NJ GKAa Aa 0StASOSR (2 06S ¢A!fQa ONRGGTE S
manufacturing methods. Manufacturing methods like casting and forging have been appliggkput

are accompanied with problems and limitatiofi®©). Due to the low fracture toughness pest

processing and machining is also challenging without fracture the mageyidor example to

replae nickelbased superalloys with TiAl in low pressure turbines the material must be able to be
manufactured to a blade with complex shape. Production is not eadyimits a coseffective use of

TiAI(4).

Electron Beam Melting (EBM) is a technique, developed by Arcam AB in Sweden, which produces net
near shape products by additive manufactur{dg). An electron beam melts powder on a powder

bed according to a computenade3D-drawing and thestructure is built up layer by lay€B). Recent
research has shown that EBM is a feasible way to manufactur€3}i@2). The materialwaste is

low, time from drawing to production is shaahd complex structures can be obtained with minimal
requirements of postmanufacturing(11).



1.1 Aim of the study
The aim of this study is to investigate the material prdie A S-HAI @&BAHRCr2Nb) material
manufactured by EBM for aerospace applications.

As the obtained microstructure is important for the mechanical properties HIP and heat treatment
cycles shall be investigated in order to present cycles that gjieesost ideal microstructure and
enhanced mechanical properties. For the HIP cycle, parameters such as temperatssey@and

time must be determinedFor heat treatment; temperature, time and cooling rate are the
determining properties. Different hedteatment paths are also to be investigated as there exists a
trade-off between different microstructure and properties. To evaluate the obtained microstructure
micro hardness and tensile tesit ambient and elevated temperature are to be performed.

EBMis a new and unique manufacturing method for TiAl and in order to tailor a proper HIP and heat
treatment cycle the abuilt material must be studied, together with literature in the relevant area of

TiAl. Literature is also gathered in order to increase thO2 YLIJr ye Qa (1y2¢f SRAS 27F
a new and different manufacturing technique the comparability to conventional manufacturing

techniques, regarding microstructure and mechanical properties, shall also be investigated.



2 Aircraft Engine

The developmentof the aircraft engines is a continuously @ity process as new aircrafts are
developed and fuel prices are rising. The size of the aircraftsibeesased lately. One example is the
Boeing 777 which is a twin engine aircrgdfbwered by onl two enginesyith a length of nearly 70 m
(13). Powering the Boeing 7#&fetwo GE90 engines. This engine type is the largest commercial
engine used today with a diameter of up to 3.5 metgrd).

The function of an aircraft engine can easily be said to be a gas turbine cycle. Air is compressed and
combusted with fuel under high pressure. The thrust producing mechanism is the increased
momentum created through the engir(@5). A picture of the GE90 engine and its vital paats be

found inFigurel.

High Pressure

Low Pressure High Pressure Low Pressure
Fan Compressor Compressor Turbine Turbine
\ A AL A
s X [ N
Combustion

Figurel GE9Qaircraft engine with important areas marked aWRicture based of15)

The air is sucked into the engine by the fan which also works as a barrier for(@dhrighe air is

then compressed in the Low Press Compressor (LPC) and High Pressure Compressor (HPC). After
the air is compressed it will enter the combustion chamber were it is combusted together with fuel.
Behind the combustion chamber the High Pressure Turbine (HPT) and Low Piesbure (LPTi
located. The turbines drivilne compressors but also providssential power to the aircraft by
generating electric power, hydraulic power, and pneumatic po(é).

With all applications in the aerospace industry weight is an important igjeWith engines of the
size of the GE90 with all the equipment mentioned above the weight becomes very high. To decrease

3



the weight innovative mateals have to be used. Recent studies have focuse@placingthe
superalloy LPT blades with lighter ones mad&igi(4). The inlet temperature into the turbine

stages is usually in the range between 1430 and 1185CThis temperature is well beyond the
operating temperature of TiA17). However, the temperature in the turbéndecreasess the
combusted air progress through thierbine stageq15), (18). Therefore TiAl is considered to be used
in the LPT stages as the temperature is lower. Also the HPC bladesgindcasings have been
considered to be changed to TiAl, (19), (2). Even if the blades are able to be lighter with TiAl,
compared to the superalloys used today with twice the dendi8), the largest weight savings will
bein the turbine disk20). As the turbine blades will become lighter the forces acting on the blades
will be lower and the structures supporting the blades can be diminighey

When consideringiew materials for jet engine applications some specific properties of the niahte
must be considered. Most important atke strength, stiffness, maximum service temperature and
ductility of the materia(19), (2). InTablel i K S LINZ LISAHndnEKkelbaget siperalloys are
compared.

Tablel. Comparison between CasTiAl and Castiokel-basedsuperalloy(19)

/| &TAI Cast NickeBasedSuperalloy

Density (g/cm) 3.9 8.3
Yield StrengtiMPa) 275- 380 850
Ultimate Tensile Strength (MPa) 360¢ 500 1,000
Ductility (%) 1¢3 3¢5
Modulus of elasticity (GPa) 160¢ 175 206
t2A43a2yQa wlk A2 0.27 0.29
Coefficient of Thermal Expansion 10.8 14.8
(10%/°C)

Thermal Conductivity (W/m*K) 22 11
Maximum Use Temperature ()C 800 1,000

The nickebasedsuperalloys ar¢he material commonly used in jet engines for high temperature
applications. A canbe seen in the table the nickbhsedsuperalloyg havesuperior properties

comp- NB R dT2Al HoWeSer as the density for the-TiA is much lower than the nickélased
superalloy, the specific properties such as specific strength and specific ultimate tensile strength will
bS O2yaARSNI 0 f-BAI(OA IKSNI F2NJ 6 KS

Other properties that is important for jet engine design is the fatigoeackgrowth-, creep and
creepfracture properties. These properties are used to decide the final design and operating
conditions for thecomponentandits material (19). @mparison otthe rupture strength after 1,000
K2dzNB 2F 2LISNF GA2Yy G | -TIAGN niSkdlasedizpSall@sEhowsn p ¢ /
that the rupture strength is lower fofiAl material.One again, since the TiAl has a mumhvér

density it will have an advantadg&9) Creep and crack growth resistance may be the most important
properties in jet engine design dTiAl has been reported f these requirement wel(19).



3 Intermetallics

Ordered intermetallics are a unique material group that forms loampge ordered crystal structure
below the critical ordering temperature {T Due to this order they havweniqueproperties, including
increasing yield strength with increasing temperature. Depending on the strength, the material also
suffers from severe brittleness at ambient temperature and low fracture tough{igss

The intermetallis often exist in specific, fairly narrow, composition ranges and have simple
stoichiometric ratio. Most of them are ordered until the melting temperature, while others pass
through different ordered structures before disordering. When the composition devifiom the
stoichiometric ratio the structure may become less ordered. By introducing vacancies or by placing
atoms between ordinary places in the slatice the ordered structure can be maintainét).

As mentioned abovéntermetallics suffer from bitleness, most often due ttow densityof gliding
dislocations oimmobile dislocations. The lack of dislocation mobility prohibits the specimen to
match the superimposed strain rate and it cra¢Rs

Combinations of materials that forms intermetallics were first found in the early 1900s and since
then mechanical properties of these compounds have been stuy@i€dAt first the studies were

more theoretical to undefsnd how the compounds affect the materials, since they often were
found as second phases in structural mater{@ls). In time the ordered intermetallics were studied

as a possible structural materidl), but the interest was subsided during late 1960s because of their
embrittleness and the difficulty to manufacture to structural components. However, the interest rose
again during the late 1970s due to the discovery that intermetallics could be made ductile with
help of different alloying elementd). The ductility and thereby the formability can be improved by
microalloying with different elements. For examples\Calloyed with iron shows an increase in
ductility by changing the crystal structure from hexagonal to cubili;Al microalloyed with boron,

the boron forms carbides in the grain boundaries and therglgypressestergranular fracturg(l).

Recent research for new higamperature structural material has again increased the interest for
intermetallics, as they exhibit good higggmperature properties due to their longange order. The
ordered structure lowers the dislocatiomobility and prevents diffusion processes more effectively
at elevated temperatureél).

As recent research has shoymusable material can be formed and tailored by use of alloy design
work. Research has also shown thatgie structures, such as fcc, bcc and hep structures, with
simple crystalline structure and high symmetry have the best duct2y As a result, nick€Ni),

iron (Fe)andtitanium (Ti)have been discovered as having goodperties, such as good mechanical
properties and oxidation resistance at high temperatures, combined with low density and relatively
high melting poin{1). Much of the contemporary research is therefore concentrated to these
materials.






4 Titanium Aluminide

TiAlhas good thermephysical properties; such as high melting point, low density, high elastic
modulusand good structural stability. The primary reason for these properties is the ordered nature,
the strong bonding of the compounds and the high critical ordering temperatyy®{the material

(2)» GRAlallays, the matial does not become disordered until the melting temperature of
around 1440 °(8).The expected service temperature is in a range between 600 to 7@D.°C

Even ompared toconventionalTialloysthe densityof TiAlis loweranddue to the highAl content
the corrosion resistance improved(2). The diffusion rate ifiAlisalsolower than conventionari
alloys, which increases the high temperature stabilityhef tnaterial and thereby the high
temperature propertieg9).

Contrary, the ordered nature also leads to some negative properties. As mentioned above
intermetallics are hard but the hardness also leads to brittleness and dmtufie toughness at room
temperature. This also appliésr TiAland is one challenge when using them as structural materials.
Another challenge idue to the hardness of the material as it becomes hard to process with
conventional manufacturing methods).

4.1 The intermetallic compounds

The phase diagram (s&égure?) of TiAlcontains many different intermetallic compounds, such as

TBAI, TiAl, TiAland TiA] (23). However, the research for structural materials has been cotnated

G2 YFOSNRFIfAa gAGK G-0R! R-KAMSIHE hyave siiowrdtdShave thé A ( K S NJ
potential to meet the design requirements needed for the intended applicatf@ghsA third

compound has lately beaheveloped, orthorhombiintermetallics withTbAINbas the basd€4).

1900

°C
1300 1500 1700

Temperature
1100

Figure2 Binary phase diagram Titanium and Alumin(2d)

4.1.1 J2-TisAl

¢ K S phase has a hexagonal ordered,Pflystal structure (se€igure3), the stacking sequence is

.l X YR GKS &aid2A OKAl Ine Go02) plades &re cokda pask@B)engin A & ¢ A
7



total the structure contains three independent slip systef@y Dislocation motions can occur on the
{0001} basal, the {1010} prism and the {0221} pyramidal planes. The lattice parameter of the
structure has been shown to be a=0.577 nm and ¢=0.42(@)mgiving the lattice parameters a/4)
ratio of 0.8(23).

Figure3 Crystal structure fat, structure Picture based of23)

¢ K $phhse exist between 229 at.% aluminungAl) (23)and the structure stays ordered until a
temperature of 1180 °C and ébntent of 32 at.%, before it transform to a disordered hcp structure
(25). The structurah , basedalloys developed up to now are two phased, cors (i A yI3y R F h
phase(9® i LIKI & Sedbdiy denteRed culicNBRaSe(25)with a Ticontent of between 0

to 47.5 at.% AJ23). These two phase alloys haapproximately two tines the strength of single
phaseh,(9).

¢2 ONBIFGS GKS (62 LIKihaition toniohiumdNb),fod exdmple Ay 3 St SYSy
molybdenum o), chromium (Cr) or tantalum (T4 (2), is often present and the alloys also coints

around 11 to 18 at.% NG he Nbwith retained Atoncentration, enhances most of the material

properties, but could in too high concentrations increase the creep sensibility. Other alloying

elements carbe added to improve this performance and tailor the material properties. However, the

most important thing is to maintain control of the microstructuf@®.

4.1.2 r-TiAl

¢ KS ! LI Zéhteréd tétragbnal¥iec)Structure (seeFigured) and the stoichiometric

composition is TiAB). The tetragonality is small, with c/a ratio being only around 1.02, but with

increasingAl content the tetragonality increases up to c/a=1.@3. With a decreasedl content the

c/a ratio becomes around 1 and the structurecbenes ordered fc€3).The lattice parameters have

been measured to be a=0.39985 nm and ¢=0.40796 nm for a stoichiometric composition. The

all Ol Ay3a aSljdzSyO0S Aa -packed{l111} Mane@@)ZTNeldand theAlis2 T Of 24 S
successively arranged on the (002) pl&ag

Figure4 Crystal structure for- TiAl.Picture based o(23)
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super dislocation with the %2<110> Burgers vector f§@)eAs in fcc, the lowest energy slip plane is

the {111} plane and the dmary dislocation movement occurs in the three ¥ <110> direc{@b)s

However, die to the alternating layer of Ti and Al in thelicection, the ordinary movement in the

{111} plane requires more energy in that directiteading toonly two easilyactivated slip systemis

that plane(23). The superdislocation, higher energy dislocati@)s occur in the <011>=%<011> +

14<011> direction and the superdislocation rament leaves the superlattice undisturbed. However,

the superdislocation can move further to other more energetic favorable partial dislocations; like

stacking fault and anti phase boundar{@3 This dislod#gon movement is gquivalent to <101>, but

not to <110>due to the tetragonality and ordering of the structure. Other slip systems, involving

planes not as clospacked as {111are only activated at higher temperaturézs). At ambient

temperature ordinary dislocations and meghical twinning aréghe most important deformation

LI 6Ka®d aSOKFYyAOlIt GoAYYAYy3I AacR2RAASNB@G XA dy yMNFES M
LIKFasS KlFa 2yfe GKAa (dgAyyAy3ad RATBW@IGnngy G(KI G R2Sa
associated with a 180 degree rotation about the {111} plane. Apart from the true twinning a pseudo
GoAYyyYyAy3 OF yhase@rudzN6 411 oil 6% 11] on the {111} plane. This twinning is

a rotation of 60° or 120° and it altetlse structure, which introducea misfit of 22%. This misfit

leads to misfit dislocations at the interface. Due to the crystal structure twinning and

superdislocations are ni@ctivated in the same grains, i.e. in grains with high density of

superdislocations the density of twinning system is low and vice Ba

It is the strong bondbetweenTiand Althat makes the deformation hard andahmaterial brittle.
However, at elevated temperatures the atrg bondhelps retaining the strengtand creep
resistance.n high temperatures the diffusion rate controls the resistance to cia®spbecause of

the strong bonahe activation energy for diffsion is high. This high energy barrier gives the material
a high stiffness over a wide temperature rar(§g

¢ KS 1 exisik betiv€en 48 and 69.5 %i.Al(23)and when the composition is e$toichometric

the excesgior Alatoms are placed aanti-site atoms without creation of vacancies. There are two
RAFFSNBY (G 1AYyRa 2F &A0GNHZOGdzNI £ | ff2KHEa8KNG2K) 08
phasS 1, (B)hFor engineering applications the material is always-pliase, containing a fraction of

dzLJ ( 2 ,, and théAl content is around 488 at.%(2). The alloys introduced also contain

between 1 and 10 at.% of at least one other metal; vanadium, chromium, manganese, niobium,

tantalum, tungsten or molybdenum. By appropriate alloying and microstructure design the material

can be tailored to obtain desired mechanical properties. Especiallgublity and strength is

dependent on the alloying composition and the therm@&chanical processing conditiofs).

The interest ifTiAlsprings from, as mentioned above, an interest to increase the titnssteight

ratio of highrperformance aircraft engines. This must be done by decreasing the weight of the
O2YLRYySylz odzi Fd GKS alyYS GAYS AYyONBIl al GKS KAZ3
started around 1950, but it took some time before practical design prolas solved, like ambient

temperature ductility(8)® ! Y 2 y 3, Tialloyls #idRinterest has the past two decades strongly

0SSy T2 Oumeddloy®)yConsiderable efforts have beércused onresearch and
RSOSt2LIYSyd 2F + ff2ea dzaSFofS FT2N) Syax34SSNAy3
49)AH5-10)NB(2-5)Cr for higitemperature and longerm operation applicationg3).



4.2 r-Titanium Aluminide Microstructure

L y- TiAlwith an Al concentration of between 4& at.%the
microstructure generally consists of either a single phase Equiaxed
YA ONER a i NHzO G dzZNB 2 Fphasddgpsiem eontdidiagy & S 2 NJ_F, (1 6 2
YAEGdzZNB 0 S g S Phase(21) Miesesifgle land Rvo h
phase systems combine to build up different characteristic
microstructures available in the material. The different microstructures
0KF G I LJaisbdreNdmallginear lamellarduplex, pseudeduplex
and equiaxed (se€igureb) (2), andis dependent of the heat

treatments applied to the material and the cooling rd8) (23).

Duplex

¢KS SldAlESR YAONR&GNHOG adedqualyt & O2y il Aya aAy3t &

amountsof Tiand Al. Onecontrolling parameter of the obtained
microstructureis the Al contentLargeamount of A (above 52 at.%)
gAtt IABS GKS SljdAl ESR LX Ay !
phase diagram as seenhiigure2 (8). For materials with Al amount
between 46 and 50 at.% combined microstructures can form

depending orheat treatment. This is because tbfat the compound Lamellar
will be in the twophase region of the phase diagrdB). Forlower
amourt of Alplay ,» h | yR 1 Y@@&naddgionz ol Ay SR

alloying elementghanging the phase equilibriums whkve an effect
on the microstructure.

4.2.1 Egiuaxed

The equiaxednicrostructureO 2 y & A & (i Aph&s& andiid sgeh S

the top microstructure irFigure5. The microstructure is built up of ~ FigureS The apparent microstructures
. . . .< 5 in! Titanium Aluminide

smaller equiaxed grain8). Its mechanical advantages aeK I-TUAl -

has a high elastic modulus and improved high temperapuoperties while still having a low density.

The disadvantages are its poor rogemperature properties such as fracture toughness and ductility

(21). This microstructure is very brittle and therefore not desired in structapgllications.

4.2.2 Lamellar

A lamellar microstructure is seen as the bottom microstructur&igfireb. This microstructure
O2yairaita 27F I|dateSskpkig Gpiinfodamellastanyti Rredtimgbralooking grains. The
lamellar structure is believed to be more ductile than the egathwhich arises from the spacing
created between the lamella plates. In the interfaces of the lamellas twinning and dislocations are
built up (2). The twinning and dislocations enhance the high temperature strength, fracture
toughness and creep resistandthe hmella structure suffers from poor ductility at low and

ambient temperatures. However its low temperature properties are still superior compared to
equiaxed TiA(2). A lamellar microstruct with very small grains has been reported to give
excellent mechanical properties. The grain size must be in the range@f0 >Y (G2 3IA GBS
sufficient ductility(26).
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4.2.3 Duplex

The two microstructures above are in their pdoem very brittle at lower temperatures and

therefore not desirable in structural applications. To enhance this property a more ductile

microstructure must be achieved which is obtained by the formation of the duplex microstructure.

The duplex structuresia mixtureof Sl dzZA  ESR ¢ 3ANJ Ay & hbgv@ mdntiove8t £ | NJ O2
microstructureg8). A TiAl containing both equiad and lamellar microstructuiis influenced by the

mechanical properties of both of the microstructures. Properties such as lamellar spacing, thickness

of the lamellas, volume fraction aficrostructures and grain sizes will influence the mechanical

properties(6). A duplex structure is therefore preferred for structural applicati(8)s

The duplex microstructure it formed directly from the asast material. Firstithe right amount

of Almust be present in the material &dzLJ SE YA ONER & G NHzO (i dzNdBased2 y (i I Ay & ¢
These two phases only coexists in Al amounts af 8bat.%in the phase diagram. Secongitiie

material mustbe aifficiently heat treated.

. @ AYUNBRdAzOAY3I I YSE € NJraids GédiciliiyNddu® indzdsBuctdrgy’ 0 S 6 S S
will be increaseq21). The ductilitywill be improved by the interfaces between the lamellar and

equiaxed structure thais obtained in the duplex structuré). As ductility is improved other

properties such as creep resistance, fractures toughnedshayh temperature strength cdoe

enhancedwith addition of lamellar microstructuré). To combine these properties an amount of

about 30 vol.% of added lamellar structure to the equiaxed is believed to be most de¢ithple

4.2.4 Pseudo Duplex

Pseudeduplex structure consists just like regular dupdx 0 2 GAKY & |Zyiidellas but with a
fFNHSN) | Y2dzyd 27F ! LIKrized ydthe diffuSe infeifadievdedtidS A & OKI NI
lamellasand* 3 NA3)ATfigarises & G KS + 3ANI Aya FyR ! LKIFAS Ay (F
crystallographic orientatiof27). The pseudo diplex structure can be seefrigure6.

Figure6 Optical micrograph of the pseudo duplex microstruct@®

11



12



5 Design of Microstructure

The microstructure obtained in thesproduced materials idependent on the manufacturing

method (8). As the material cools down from liquid to room temperature it passes through different
phases in the phase diagram. Depending on the manufacturing metigoaiaterial will cal

differently and thereby have a different path through the phéiséds The resulting microstructure

will in the end therefore become different depending on manufacturing method and cooling rate
(28).

Often the quality or the type of microstructure achieved in theppeduced material will not be the

one desired. To alter and change the microstructure of the material it can be subjected to different
kinds of treatments. Hot Isostatic Preassuring (HIP), Heattifient and Hot working are some
exampleg28), (21), (8), (29).

5.1 Hot Isostatic Pressing

Hot Isostatic Pressing (HIP) igracessing or post processing methotexe both heat and high
pressureis applied Both loose powder and already manufactured parts are possible t¢24)R30).
ByHIP powdefeedstockthe objective is to produce a near net shape matesfdull density(31).
Contrary HIPing a already produced component the objective is to reduce the amount of porosity
within the component32), (30). Another objective is to produce a homogeus microstructure and
remove the anisotropy within the materié83). DuringHIPprocessing the componerig placed

within a gas tighbven. Ifthe component is to be produced from powder it is sealed into a container.
This container is usually of glass, steeTi@nd should softe as temperature and pressure are
applied(21). Heat is then applied followed by a@mert gas for example argon or nitrogen. This gas is
applied to raise the pressure and conduct the heat within the d2dn A schematic of the HIP
process and equipment is seenRigure?. The physical processes acting during HIP are plastic
yielding, creep and diffusiof84), (30).

fill vacuum hot isostatically
can bake-out press compact

(o} o)
o\:\ *’//o
3 0 |
6,/,\3
(o) o]

P
cycle
t

Figure7 Schematic of a HIP cycle. Picture base(Rah

1

While HIPing already produced TiAl components the temperature needs to be raised into the two
phase feld for the diffusion of the voids to occ(85) As the voidsare pressed and diffused out of
the sample strairand plasticenergy are built up around the former pies. These energies decrease
with distance from a pore. However if the stresses high enough thewill cause recrystallization to
relieve stresse$30). As a drawbackhe recrystallization will make the microstructure in the HIPed
material inhomogeneougther mcrostructure changes that occduring HIP are grain growtnd

13



phase tansformaions (36), (37). Since the HIP cycles usually are carried out in temperatures in the
two phase fials of the TiAlphase diagramgrain growth will occusimilarto transformations

occurring during heat treatment, which are described be(@®), (34). Depending on the alloy,

material and manufacturing principle the resulting microstructure after HIRIfdr (38), (37).

Multiple papers have reported that the ductility of the material will increase together with increasing
HIPtemperature, which is a good feature for the usually brittle TiAl miat€39), (10). It has also

been shown that closing of the pores are made if the temperature is above’@ 160t in order to
increase the ductility a HIP temperature over 12005 required37).

5.2 Heat treatment

With different manufacturing technologies different-psoduced microstructures will appeaFor
example castmateriak will usuallybe slowly cooled, especially in theentreof the part. The &-cast
material tends to become segregated as cooling occurs diffgranthe material andgeritectic
reactionstake place(8). By instead using powder metallurgy manufacturing the microstructure will
be less segregated as the size of the melt becomes snf@)ldris believedhat EBMgives less
segregatioras the melting occurs in small areakese cooling is sufficien(@).

AsTiAl with the composition of 48 a% Alcools down from liquid it can be seen from the phase
diagram that three primary solidification phases and fpeavitecticreactionsare possible(8). The
sequence during the whole cooling process is as fol{d@s

LAT B[ b A[ b MAN # ML

ForTi48AR2CkH b6 aYl f €t | Y2dzyida 2F 1 LKFaAS YlIé F2NX¥SR
adlFoAt Al Ay3 | y R40FFPoMFdungshrelimin&y témpdrdkuresidhd obtained
microstructures is show(1). Depending on cooling rate, holding time and alloy these temperatures
may vary.

1600 ——v—v—v—v—T1T7 17

1500

-
5 rly Lamellar
—[ B P Nearly Lamella

Fully Lamellar _

\ Yemperature ['C)
i\ & &

Duplex + Near Gamma

g T

PRNS BTTl  E
¥ 0 M4 w8 5 s

Alumindum [A1%]

Figure8 Temperaturedependence to receive different microstructures during heat treatntetmicrographs, s€d1)
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5.2.1 Transformations from J phase field

When material is heatedbove theh transus temperature, which is at 1365°C fod8AF2Nb-2Cr
(40)dzLJ Ay (2 K Sregioithye Albesomes cadipletdSsoluted in the hexagonklsed
packedTi. From herehe microstructure is possible tme dreset (29).

If the preexisting microstructuré -phased S 3 NB 3 | { tBeRlendrkidis&greation will dissolve

and the microstructure will become completely homogeniz8#) Howeverheating in this area

induOS 3ANIF Ay 3 NBa@NGS [2(FS R KISa h (i K $32)/1t is Bokbthayiizk SR A a 532N AAS/a4
dissolvethrough diffusioncontrolleddissolution(42).! & @ K S & 8issolvetti2 Ndwly QMBI G SR b
grains will start tayrow according taliffusion-controlled growth, as can be seen lBquaton 1.

X0 .. op P

Qo0 (0] (0]
Equaton 1 Diffusionrcontrolled grain growth{42)

where D denotes grain size of thegrains as a function time, k* denotes the rate constant, D
RSy2iG8a GKS h 3INIAYy &aAT S f AYA (fthe pfexistiig R8efid 1 S& K S
consist mainly of lamellas homogenizatiwill be more complicated32), (43).

Grain growthis an issue at this temperatuf83)and should ibccur recrystallization is needed.
Recrystallization can be obtained by either hot working enueleation. The raéwucleationis a
Fdzy Ol A 245 A2 T NBK SR 2syolvés and tiek §rains mighit be nucleatéd). If
lamellas argresent and hot working appliethere will be new sites for nucleation vehe the
lamellasare distorted (32).

5.2.1.1 Massive Transformation
If a high cooling rate is applieide. water quenchingthe S E A & (i A y Wil nfassiték kranSorm

Ay iz 1 (B eNIE).ThedbBling rate for massive transformation has to be fast enough to
hinder the formation of Widmanstatten and primary lamellargcture (46). The resulting
microstructure is fine grained and feathery. For micrographs seé46§p | SN’ GK® ¢ 3INIFA

transform¥ NBY (G KS SR RY MASEINIYRY LINR LI Rl drdsfek y 12 GKS
will be complete if the graiis smallotherwise somé g A f £  q33). It transfoyirationno

orientation relationship will exidbetween the transforming 3INJ K$ P YyRNIAY o0SAy3a O
although therewill be orientation relationsh LJ& 0 SG ¢SSy G KS alongddélachy a (NI y &
other(33)¢ KS 2NRSNAYy3I 2F + FNRY h LKIFIAS Aa 06StASOSR
switch places in the lattice and end up in wrong positions, or by an intermediate fcc structure

followed by ordering to Lghas the created arphase boundaries grow togeth€33).

Thestructureh & GNJI yYaF2NY¥YSR FTNBY RAA2NRSNBR h LKIFA&AS G2
that the diffusion neededakes place before thactualtransformation.The massive transformation

nucleats6 St 2 G KS h (NIFyadz GS Y®IS AL dakShe Gighsfiek S G52 L
SYSNH& 27F 020K (46) (29)yr&the'maskide trangfdBmatioh i¥ Bucleated it grows

until the temperature drops below 1125 °C where diffusion and reordering cannot take place

(29).This short time oEomplicatedtransformation indices dislocation and stacking faults in the

{111} planes as well as numbers of anti phase domains into the microstryd®ix¢46). The

stacking fault hinders the normalassiveransformationpak = ¢ KSNB RA&A2NRSNBR h Y
15
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5.2.1.2 Widmanstétten formation

Forreati NBI GYSy{d Ay (KS aningmeédite toolingppliadSo the m&tdri®@ ¢ A (i K

the cooling will be slonough toavoidmassivaransormation (29). Thediffusionrate and timeat

elevated temperaturas however lover than the one needed to forrfully lamella structureand the

resulting microstructure will consist of satamellas withWidmanstattencolonies appedng. (43),

(45). Thetypical microstructure of this cooling ratmnsists of a fine lamellar structure with

Widmanstétten needles in random directioiWidmanstatten colonies arormed inside lamella

grains with small spacin@epending on the amount &l in the material he amount of formed

Widmanstatten colonies will chand®3). The formation of Widmanstatten coloniés not yet fully

understood. It is believed that the Widmanstéttealonies ardormed through twiming or
recrystallizatiorandformsfrompNB a Sy & P 3INFI Aya G(GKIFIdG KFra RAFFSNBy
surrounding materialThe drivingorce for the formation oVidmanstatten colonies is believed to

be the supercootig occurring at the appliedooling ratelt is alsadbelievedthat Widmanstatten is

formed torelieve thermal stresssor to reduce the stresses causediyS G Ay SR h LIKI &S I &
progress below the solvus linBelow thesolvuslinetheh  LIKI &S A & trghgfdrmaa @m0 &0 $H | Y F
lamellas(43). In Widmanstatterformation some long range diffusion can still take place, butribts

sufficient to creatdully lamella structurg46).

5.2.1.3 Lamellar formation
If cooling rates lower than those dis@al above (i.durnace cooling) arapplied as the material is
in KS h larhéids & Brmed ahe resulting microstructureseen inFigure9.

The lamellar formation is by the sequen&3)

hAh bA hb !

When the formation of lamellastarts the first step ishe formation ofthe tetragonalfO Oneedles

withintheK OLJ h 3INI Ayad ¢KAA A& thedgshat&Rge diftusiof dz@f S| G A 2
YSIENE (GKS " @HER By lan@rdageRiiffebi@d  +  yESthies 6 grow.

CAylLftfte GKS NBYl AMRAYES M T ANY 2 INRBWERDelieyedfdr VSt € | & F
transformthrough movement of the Shockley partial dislocati¢®s The movement of three

Shockley partials is seenkigurel0as the-<1010>partials dislocate and passes the (00@])lanes

from hcpto fcc structure(33).
16
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Figure10 Movement of the Shockley parts transferring from hcp to fcc. Picture bag@8pn

Thelamellasformed will have the Blackburn Orientation Relationship as fol@e%
{111}//(0001) ,and <110}/<1120> 4

This means that the close packed <1Hdd <1120# directions will beparallel(46)causing fully

cohaent interfaces with low internal energg28). a S y g KAt S GKS 9mmmY:! gAfft y
with plane (0001), causing incoherent phase boundaries with twinning artdrvariant boundaries

(46),(28), (29 ¢KS y2y LI NIftStAaay O2yYSa FNBY (GKS GSidNI
hexagonah ,. As these' « nterfdcesoccur they will cause intervariant boundaries using, twinning,
pseudectwin and 120°rotations between the different crystal orientatiq@89). This interaction

comes from the slightly difference in thedcfaratio,g KA OK OF dz&S (G KS 1 2. Ay d SN
Li KlFIa K26SOSNI 6SSy NBLERNISR (KIG GKS O FLEA& 27
aligned parallel to the a and b axis of the surrounding crystals to avigasing the interface free

energy(48).

The formation ofamellas is reported to be diffusiamontrolled(45), (43 ! & &22y | a4 (GKS
nucleate it will gronthrough the diffusion mechanisif@6), (43). From literature it is reported that at

least 80°C of undercooling is needed to trigger the formation of lam@isDueto diffusion

cooling rate will be a deterimingfactor for the formation of lamellas. As cooling rate increases the
supercooling will increase and release more free energy available for diffi#ddtHowever with

high cooling rate the diffusion becomes slower as the mobility of the atoms decré&eg&!3).

When the diffusion becomes slow the growth of the lamellas will decline causindidamath fine

spacing43) LF¥>X 2y GKS 20KSNJ KIyRXZ (KS spepsediutidyedo NI G S A
the higher diffusion available the lamellas will have time to grow thi¢k8). For micrographs of

different lamellar microstructures resulting from different cooling rates @)
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All of the different microstructures that can be created by using different cooling rates when cooling
from theh  LJKields&esummarized ifTable2, where the different appearing microstructures is
ordered bytheir amountpresent

Table2{ dzYYI NB 2F GKS (NIyaF2N¥SR YAONRAGNHzOGdzNB&a FNRY GKS b
single phas&33).

Cooling rate Resulting Microstructure

Ice Water Cooling TatHiwt L

Water Cooling IwHmt Lk

Air Cooling Twt Lk

Furnace Cooling Leq+ DCL + CCL

Leq = Equilibrium lamellas, DCL = Discontinuous Coarsened Lamella, CCL = Continuous Coarsened

[ FYSHR FZARYEFYAaUINGISY &RNAKAS 2@RIZTyYaT2NYSR ¢+ Y2 NLK

522 4 O0A1T OA&I Oi AOQEiurh Alumiider 4 E OAT

¢KS * YIFGSNRIFE OFy o0aSe figldof the pliabeRliagiafRAs the/mateiaSs h b LIK
guenched into and subsequentieat treated the phase transformation reacti®oan be compared

to the reactions during ordinary coolirfgO).

hAh Bhhob
become
IAh Bhhb
Ly GKS FANRG 2F GKS&aS G¢g2 NBFOGA2ya GKS + gAfft a

ONBI GSR Fa GKS YI (S NAghdsefidldd ThanlfaScReated KvithBhézshfe G KS b
reaction will have the size of tige-SEA &G Ay 3 h 3INI Ay HI0)ONBI G6SR Ay (KS

Ly GKS aSO2yR NBFOGA2Yy + LIKIFI&S Aa FfNBIFIRe& LINBaSy
O22fAy3d ¢KS h AN AYAEA LINB OAaBanmaisBuctrél The KS ImmmY L
nucleation mainly takes part at vaugiesF 2 NY SR 068 RA&f20FGA2ya Ay (GKS ¢
fryStftra ONBIFIGSR o0& GKAAa NBFOGAZ2Y Aad RSLISYRSyid 2
the amount of growth space thas available before a non parallel {111}aéking is obstructing the

growth (10).

By heat treamentofl FAY S 3ANI AYSR ! YAONRAGNHzOGdzNB YI GSNR I
region of the phase diagram Kigure8 a so called near gamma or equiaxed microstructure is

achieved2), (29) 2 Y S, will be present in the triple pointas theh (i NJ y & Fd8riN@coaking G 2 b
FyR Ay GKS 3INIAY o02dyBI BRSS 656466y o6KABG ANSRY &
0 NI y & F 2()8).01& armount of each phase is determirgdthe lever rulg2). By raising the

heat treatment temperature intai K S dzLJLJS NJ h b ! michErHctu yill be obfaamd). S E

The volume fraction of lamellas within the duplex structure is dependent on the Al content and the

cooling rate applie@29), 2)® {2YS + ANIAya GNIyaF2Ndndthgi2 h | OO:
RdzLJX SE fFYSttla gAft F2tt26 (GKS alYS F2N¥YIFGAZ2Y N
phase(33) (46 ! & GKS KSIFGAY3 GSYLISNI GdzNB A dranddsA aSR A Y
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temperature the amount of lamellas in the duplex structure will incre@® Wdza G | NP dzy R G KS
transus temperature theesultingin anear lamellar microstructure as the majority of the resulting
structure is lamellaf2) and can be seen iRigurell.

Figure11 Optical micrograph of a nearly lamellar microstructure

5.2.3 Discontinuous Coarsening

5dzNAyYy 3 | yy SHf ALK 38/ FAKSSE R (0 K So cyaksénNRoagh NHzO (G dzNB ¢ A f
discontinuous coarseningy G KS OFasS 2F | YAONRA& (G NYzOamathsE O2y G|
However, the coarsening progreisslow as diffusion in this phase field is slow due to the low
temperature(33), (35). It has been reported that the coarsening is induced by nucleation and growth

of macrodefect§33) L ¥ (G KS &G NHzOGdzNBE 2yt & O2y,lainellasda + 3INF Aya
accading to the lever rul€33), (46).
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In generalTiAlexperience good mechanical properties and are especially appropriate for automotive
and aerospace applicatiori€). Many of the properties are depending on the microstructure that is
achieved in the different metallurgical pragsesHowever, anicrostructure that benefits one

property could limit another, which imply that it is always a traxfewhen designing and choosing
microstructure for a specific applicati@8).

6.1 Deformation

As mentioné in sectiord.l, intermetallicsare very brittle due to their lack of mobile dislocation or
low dislocation density. The same attribute can be applied to(Z)AIn sectiom.1.1and4.1.2the
different dislocation mechanisms of the TiAl intermetallic compounds are described.

How mobile the di®cations are and how the material acts under mechanical load are important for
GKS A0NBy3idK Iy R-TiA@S) TodbduRessioBHe madrial, Mhich Bersists up to
relatively high temperatures, severedffectssome properties of the material. The multiplication and
mobility of the dislocations are governed by micromechanisms and are often important to
understand in order to predict the material propertié?).

Most of the deformd A 2y Ay -GiMlI2f LKd & SAa O2y OSyidNI GSR (2 GKS
relationship with the slip plarsin the L} structure. The most important deformation modasthe!

phaseare ordinary dislocations, ordered twinning and superdislocations. The differegivecen the

dislocations ishe amount of energy requiretb initiate themand the stress thegause(2). Research

has also shown that thal contert together with a third alloying element, deformation temperature

and purity of the material have a large impact on active deformation n{@d$ The Al concentration
FFFSOGa K Presknyia ttimsiiuct@reand this iturn affects the ductility.

The difference in ductility is based on differences in deformation mode. The two phase alloy have
high propensity to deform by the low energy ordered twinning of the {111}<iy{#] and %2<110]

unit dislocations. Contraryhe single phase allgyith a higher Al concentratiomas a high density

of sessile superdislocations and is not likely to deform through twinf@ay

CHAYYAYI RSTF2NNIGA2Y Aad ydzOkS| b FiRerfAgs) TwioS INI Ay 0
ydzOf SIF 4GSR & GKS paxallel tathelamsllacadd dagrmed ok thei111) pldde

2T 1 ® ¢oAYya VYinkffabdaré Scatedatén atdie Bf about!70° to the lamellas on the

(p11) plane. The second twinning dislocation requires high stresses and can even fractlge the

lamellas(23).

Two-phase alloys exhibit plastic anisotropy and the anisotropy originates fegdlamellas being
extremely difficult todeform (29), especially when the-axis is parallel to the tensile axis.
Additionally, motion of superdislocations in thephasel ¥ ¥ S O (i amdiiginrfaces and
introduces coherency stresses and dense netwofkaterface dislocations in the boundarijeshich
also creates anisotrop2). Theanisotropy between the two lameliaterphaseg’ kl'y R )¢ Kk h
lowers the deformation ability of the alloy and severely limits the room temieeaductility. The
ductility is better in polycrystalline twphase alloys due to that constraint stressegated by the
anisotropy, creatanti-twinning operations that enhandbe deformation. This reduces the
anisotropy of the material and improvelea ductility(2).
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The deformation behavior of TiAl is also dependent on the temperature. With increasing
temperature more slip plarebecomeactivated and dislocations with higher energy can also move.
Investigation made on Polysynthetically Twinned (PST) crystals , aciysjklike specimen

composed of the lamellar structure, shows that the material exhibit ansbpe transition between

600°C and 800°C, a so called britdeductile transbrmation (BDT(25). By one definition, the BDT
temperature is where the ductility reaches 7.§80). The transformation occurs earlier foretsingle

LIK I &g&ins than for the lamellar grains, leading to the large temperature ré@geThe

transition temperature is also affected by the strain rate, increasing strain rate gives increasing
transition temperature(2). The dislocations that were active at ambient temperature are still active

at higher temperatures, but the propensity for ordered twinning decreases at even higher
temperatures. At the same time, superdislocations are actidatt temperatures over 800929). In
general, below this temperature the twinning density increases with increasing tempei@re

leading to an increase in ductility over the tempenatuange(25). As the temperature increases and
more dislocatiog are activated they are m®mingcurly and entangled, which leads to strain

hardening of the material. This applies for single crystals up to 600°C and up @ f80@dlycrystals

(21). This increase in yield strength with increasing temperature is seen in other intermetallics as well
and depends on thermally activated jogs and kinks, which inhibits the motion of low energy %2[110]
dislocations. At elevated temperatures the deformation behavior becomes more dependent of the
rate the material is deformed. This is an important feature that severely limits the creep resistance of
TiAl and is a major design issue when it comes to repladthghbased superalloys withiAl(2).

Different deformation mechanisms are active in different deformation proegsst only due to
temperature, but also due to load orientation. Experiments on PST crystals show thativehen
orientation of the lamellae is perpendicular to the load axis the yield strength increases. However,
the elongation of the specimen is strongly decreased comparing to when the load axis is parallel to
the lamellae, se€&igurel2andFigurel3(51). Angles in between shows a decrease of yield stieng
but an increase in elongation compared to the perpendicular orientgi@®) This orientation
dependency is due to the shear deformations active in different orientations. When the lamedla
parallel or perpendicular tthe load axis a hard type of deformation occur, a shear deformation
process on the {111} plane (shear deformation across the lamellar boun@atijpsThe deformation
intersects the lamellar boundaries, which makes them harchore easy type of shear deformation
200dzNB Ay (GKS AYOUSNXNYSRALFGS 2 NKSngliad bbundayes (shear & K S NJ
deformation parallel to the boundarigd1)) ® ¢ akidthelamella boundaries are nosihcles to

the deformation, implying that it is easier. This shear deformation can also occur in the parallel
orientation, leading to a large elongation as web), (29).
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The low room temperature ductility depends, as shown above, on the low number of available slip
systemg25)and the low room temperature ductilitgiminishegshe suitability for the material to be

used as a structural materi@l6).
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6.1.1 Fracture mode

As stated aboveTiAlsuffers from lack of ductility at ambient temperatures, due to the lack of mobile
dislocatiors or their low dislocation density. However, the low ductility is also based on the high

likeliness for the material to fracture trough cleavage fracture. Astloer properties, the fracture

mode is dependent on the microstructu®). The deformation transition from one grain to another

Ad RAFTFAOAAZ G | yR GKI i -gfayikid fraciugedhroligh Sansgian@ilarA o A £ A & ¥
cleavage fracture or through intergranular fractyb). The brittle fracture behavior of the material

is not affected by differences in deformation orientati(#9).

Microcracks form ethe boundaries of the lamellas, along grain boundaries or at equiaxed gamma
grains due to the hard transition of dislocat®mvhich enhances the intergranular cleavage fracture.
Two phase alloys fractures through transgranular cleavage fracture orlgraimdary crack$§29).

¢ K $grdins in two phase alloys act as reinforcement making the boundaries brittle, since the
dislocation activity is low. As the slip transformation is hard between the grairdigtexationsare
piled-up and causes brittle fracture on the grain bounda(2s). Research has shown that planar
cleavage fracture occur at room temperature, whereas when the temperature increases the grain
boundary fracture are more kiy to occur(50). Especially duplex structures fracture in transgranular
mode at ambient temperatures and intergranularode at elevated temperatures. Lamella

structures fracture through transgranular fracture, however desieg grain size favor intergranular
fracture (21).

Orientation also affects how the samples fracture. Load orientation parallel to the lamella boundaries
makes the sample fracture through a macroscopic crack that is initiated and propagates zigzag across
the lamella boundaries. Orientation perpendicularmelinedresults infracture through a cleavage

FNI OGdzNE Y2RS LI NXfttSt G2 GKS fIGnSttla yR Yzadl

Even thougtthe slip and twinning formation becomes easier with increased temperature, the
deformation transition across grain boundaries remains difficult and the amount of grain boundary
decohesion and brittle intergranular failure increases up to the britikeluctile-transition

temperature (BDTT(R5). However, mce the amount of twinning increases the grains are more
easily deformed and the propensity for microcracks to form decreases, which leads to a decreased
amount of transgranular cleavage fractyb). Above BDTT the brittless decreases and the

fracture mode are changed from intesr transgranular fracture to a ductile dimpli&e fracture

mode (2).

6.2 Thermal properties

1-TiAl alloys has some appropriate and suitable thermal properties for aszesgaplications and
especially jet engines. The properties are a combination of low thermal expansion and high thermal
conductivity(25).

The thermal expansion dfiAlis lower than for Nbased superalloys and that givEg\lsome

advantages compared to traditionally used superalloys for applications as turbine blades. The lower
thermal expansion makes the control of the expansion of the blade easier and the clearance between
the blade tip and the shroud is not as criti€2b). The low thermal expansion coefficient is due to

high bonding strength between the atoms and lenagpge order(52), which forTiAlis sustained also
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high temperatureg8). A ricketbased super alloy has a thermal expansion coefficient at 538°C of
around 14.2*10 /K (53)| Y R -basedTiAlalloy has a coefficient at 538°C of around 11.8*1K0(2).

Even thoughhe thermal expansion is smallTimAlstill some anisotropy occurs. The anisqy

causes internal stresses@K S Ay G SNF I OSa 2-BmeRas. TEHSMEB 3 stresBeNA Sy G F (S
can, under mechanical loadffect deformation mechanisms and fractubehavior of the alloy.

Misfit dislocations are introduced, which causes stii@skiced structural changes that in turn affect

the deformation proces§2).

Another important material constant for materials used for higmperaure applications is the

thermal conductivity, a value of the heat transport propert{@$). The thermal conductivity varies

significantly for differenfTiAlalloys. The most important source for the variation is the stoicleitrin
composition. Alloys with aloayd y 3S 2NRSNJ FyR | &l 26 0KA 2T¢ABR NR O O2
can have up to five times higher thermal conductivity thanstfichiometric alloy$23). At the same
GAYSBysh S | 02dzi GKNBS (A YSlogsATRIKISANSG eXagaRonzfori A JA ( &
thermal conductivity vadtion among allog ofdifferent composition. However, the most important

property that affect the thermal conductivitis shown to be microstructure; if the material is duplex

or lamellar, the volume fra@n of singleLJK | &y&ins and also the orientation of the grains. As

high values as 22 W/m*K down to 12.3 W/m*Kvbdeen reported for different alloys, and

microstrucures. The reported values are somewhat higher than for supera(&8)s As an example,
nickeltbased superalloys has values around 11.4 W/m*K at room temperé&i3e

The anisotropy of the mateal can be observed for thermal conductivity as well, varying in
longitudinal and radial direction. The anisotropy is due to the difference in thermal conductivity for
the different phases present Al f f 2I&ta T2 k<d Y Y722 W/(yhR(173 The amount of

variation is dependent on the microstructure, being the fraction of the different phases, of the tested
samples and has been shown, for the specific investigated microstructures, to vary betw&6#013
The microstructurghroughout the sample determines if the radial or the longitudinal thermal
conductivity is the largest. As observed for the investigated samples, material with duplex
microstructure had a larger radial conductivity, contrary to the nearly lams#iepleg17). The

thermal conductivity increases with as much as8b0s as the temperature increasmdthe

increase is roughly line&23).

6.3 Tensile and ductility properties

l'a 0SSy YSiaA@KSRIYS ,HRaxdnenioat prgmisth@dudtile properti€s).

Therefore most of the research is made on these types of alloys and during the last decades progress
has been made in understanding and development ofyallof engineering importang&). It has also

been shown that many other features influence the tensile and ductility properties, some of them
being; production methods, heat treatment, microstructure and grain §&%¢ Both tensile strength

and ductility are also dependent on the composition of the alloy, especialllibentent (7) and

third alloying element$21). Research has alsoashn that the orientation of the lamellas is of great
importance for the ductility and strengtfb1), as mentioned i6.1.1
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6.3.1 Effect of microstructure and grain size

Alloys with Acontentbetween 4550 at.9d¢ y R | (i ¢ 2,) stdictura IBavedettér ductility

than singlephase alloy$8). Duplex microstructure has also been shown to exhibit a larger room
temperature tensile elongation and strength than fully lamellar structy2&g. However, lamellar
structure is better when higtemperature propertiessuchas creep resistance, and toughness are
considered8). The ductility and strength of the lamellar structure can also be tailored by control of
the lamellae structure§25). Parameters that affect #se properties are the lamella spacing, the
@2t dz¥YS F NI (phakeayd the Bmefiak Slony siZ®.

A polycrystalline alloy with the composition ofdlAAI2Cr2Nb has been investigated thoroughly by

Liu et al(54)and it has been showed that the tensile ductility increases as the colony spacing

decreases. An elongation, as high as, 4.7% was reported for a hot extruded and subsequent heat

treated fully-lamella material, withacolod &A1 S 2F Hu>Yd | O2 NASNJ O2f 2
AA1TS 2F Hpy>YZ NBRAZOSRGAI KS St2y3alidAz2y R2¢y (G2 wmd

The tensile strength is, in contrast to the ductilibot as dependent on the grasize. It has been

shown to bedependent of the interlamellar spacing instead. As the interlamellar spacing decreases,
the strength increase4). It hasfurther been shown by Umeda et al. that reduction of the lamellar
spacing decreases the duittilasthe yield stress increas¢®). Figurel4a K2 g & K-amelldi KS
thickness influences the stress and the strain.

L Ti-49.3A1

STRESS (MPa)

STRAIN (%)

Figurel4Influence of the -lamellae thickness on the stresgain curve Figure based ofY)

Tonnes et al(55)have also conducted tensile investigation on different microstructures and

concluded that the tensile strength is influenced by the fraction of lamellas in the samples. The yield
strengthreacheshighest levels when the fraction is below 10% of lameBasween 20% to 80% the

yield strength is not affected by the fraction of lamellas. Above 80% of lamella content the yield

strength stars to increase agakurther Tonnes et a{55)concluded that theoptimallamella

content for high ductility is between 380%,wherethe highest elongation value is achievied 30%

of lamellas The ductility ofTiAlis also deterrmedo @ (G KS @2t dzY S,piaselbéingA 2y 2 F
shown to be optimal at a fraction of approximately 10%. Whenftaetion exceeds 20% the ductility
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can be decrease@1)® ¢ f@ciry, thickness and distribution in the microstructure also influence
the ductility and strength of the materig25).

The yiedl strength can be related to grain size of the microstructure and can be estimated through
the HaltPatch equationEquation2 (2). Theabove describé increase in strength with decrease in
lamella spacing could also be related and estimated with theP&atth equatior{54). The HalPatch
equation Equation2) estimates the requiredtress to transmit dislocations through the boundaries;

aa gr”

Equation2 The HallPatch Equatiorf2)

WherekA & F YFGSNRAFE O2yadlyds 5 Aa GKS &0 N#z00 dzNJI €
constant stress contribution. Since thalculated stressisott T FSOG SR 068 (3 SYLISNI ( dzNX
constants can for example take thermal activated stresses into ac€@)rats a friction stress

parameter(25). The equation has been applied to different classes ofpvase alloys. The

parametes have been set for different microstructure; the lamella colony size influence of the yield

strength can be described with®4 p at  KYZ O2 tHZyndn (28N He Supldxistruatupeiis

more complex, as more than onenlgth parameter is activ2), the k, constant varies between

ndoyatlFKY FYR o atlKY RSLISYRAYy3I 2y (GKS O2YLRaAUGAZ2
aAy 3t Soraidk®sa S ¢

6.3.2 Effect of increasin g temperature

The anomalouicreased yield stress at increasing temperatisexgsection6.1is not observed in all
1-TiAl alloysUsuallyitis2 6 8 SNIIS R 2 y f-ghask afloysi ' phiade w8y istead exhibit a
broad plateau of the flow streq23), usually consistent up to between 600° and 80(2®. Grain
boundary hadening (HalPetch) often occurs in twphase alloys, which limits the increase in
strength with increasing temperatur@3).

Figurel5 shows twoalloys with differentAl content and thereby different microstructure;-Z8Al
has a duplex microstructure and34 has a singkphase gamma microstructu(@9).
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Figurel5 Microstructural effects on the yield stress vs temperature gréjajure based of29)
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The ductility increases with temperature when the strength rapidly decreases, in the temperature
range of between 600°C and 800°C. Duplex structures exhibit good ductility ovef@D@ and for
lamellar structures the increase in ductility occurs at temgtures higher than 800°@9).

The reduction in strength and increaseductility is related to the brittle to ductile transition
temperature, that occugbetween 600° and 800°@5)and is described in Sectidnl

6.3.3 Effect of strain rate

It has been shown that the strain rate affects the tensile properties and with increasing strain rate
both yield stress and ultimate tensile strength (UTS) increases. The yield stress and UTS increases
with increasing strain rate up to a level of 10/s, then with further increase the yield stress and UTS
remain on a constant level. The relationship can be esthatith the equationEquation3);

” 6 ¢ -
Equation3 Relationship between stress and strain ré2s)

2 KSNB 0 S A-ypéng th&shairgrateNGaicanstant and m the strain rate sensitivity
exponent. Reported values for the exponent is between 0.015 and 0.027, applicable for both yield
stress and ultimate tensile strength and for a strain rate up to 10/s. The exponestissitive to
temperature up to the brittle to ductile transitio(25).

How the strain rate affect the ductility have not been clearly investigated yet, diverse result of the
relationship has been seen and therefore no conéidexplanation can be draw25). However,
research has showing that also the tensile elongation increases with increasing stralsOj4&s).

The strain rate affds the beginning of the deformation, the transition from elastic to plastic
deformation which thereby affects both the yield stress and ultimate tensile strength. The increase in
flow stress with strain rate is dependent on the dislocation movement. THg plastic deformation
occurs by dislocation movement that depeswh thermal activation and therehig more easily

activated by increased strain rate. As the plastic deformation increases the deformation mode
changes to twinning, which is not affected ¢iyain rate. At strain rate over 10/s the dislocation

moves entirely by twinning formation and therefore strain rates over 10/s does not affect the yield
stress and UT&5).

6.3.4 Effect of composition

The composition of the microstructure is also of importafarethe mechanical propertiess it

decides the achievable microstructure to some extent. There is a reverse relationship between the
ductility and yield strength regarding th#d content. It ha been shown that the yield strength
increases with decreasing content(37). However the ductility increases with increasigontent

up to around 48 at.% Al, which can be seeRigurel6. As the ductility is a main concern for
structural applications, alloys that haveddcontent of between 480 at.% is the most common to

use as a base for further alloyigg).
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Figure16 Aluminum content vs Plastic Fracture strdtigure based of8)

On the other handUmeda et al(7) have done research on PST crystals and shows that the ductility
increases for decreasig content when the loading orientation is parallel to the lamellas. The

elongation is noaffected by theAl content (content between 4@9.3 at.% Al) in perpendiaurl or

intermediate orientations. The reason for the increase in ductility with decreasing Al content is said

G2 0SS GKS AYyONBI &S ,phgse. PN ttrKIO2 VNS QiOGARYE BF, GE&h 2N
lamellas acts as barriers and hinders thegagating microcracks. However, when the Al content is

above 47 at.% the microcrack is not hindering the propagation, leading to lower dugt@igarch

on PST crystals shows that the yield strength increases with decredsioigtent for all directions

(7).

As stated above the yield stress increases agMltentent decreases and that is due to the effédt

KFa 2y GKS t1YSttl GKAOlYySaad ! ilamelkSdeddeasédiiy i RS C
the averagail KA O1ySaa 2F (GKS tryYStftlra Aa FlFLANE& O2yadly
lamellas decreases, leading to a finer lamella microstrucftixeAs stated above, a fine lamella

structure increases the yield strength4).

The tensile properties dfiAlcan beimproved by other alloying elements. Some small amounts,
between 3%, of Cr, V or Mn can increase the ductility and addition of Nb or Ta can improve the
strength(21). The amounts are kept at a low lé\te avoid formation of precipitatesvhich lowers

the ductility (23). Even with tlesealloying elements the microstructure and tiiécontent is of great
importance. For achiéng ductilization with these elements the Al content must be betwee®@5
at.% and the results are obtained for duplex microstructuyBs

Oxygen can severely limit the ductility of the material. Research has showoxtygen level
exceeding 1050 ppm is associated with a drop in ductility from around 2.1% to 0.5% in duplex
structures. A decrease in ductility is seen in lammedteuctures as well, but not as steep. The tensile
strength is only slightly affected by theymen leve[(55).

6.4 Fracture toughness

As for tensile properties, the fracture toughness depends on the microstructure. The same alloy, heat
treated differently can have &values altering between 185 MPa ni*(25). Duplex microstructure

has a low toughness of between-22 MPa nf (8) whereas lamellar structures ha@emuch higher

value of around 2@5MPa ni*(25). The fracture toughness dfiplex structure is mainly determined
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08 (KS I-HRHZ i & T Phasie stustyfe3 ha8e a'lowckf ~ 10 MPa r1i(29). All the
fracture toughness values are fairly independehteanperature up to the BDT(R5).

The higher fracture toughness valuetbé lamella structure, up to 35 MPa nf (25), is believed to be

RdzS ( glamélks®3)which acts as a compositeinforcement and hinder crack front growth.

CKS YSOKFYyAAY Aad Y2ad STFSOGAOS @Syt I{gSS tONI O 7
whichimplies an anisotropic behavior of the material depending on the lamellae atient The

NB A Yy T2 NDOS ¥lamnelias i maddittitdbighftratik blunting, if the lamellagre perpendicular

to the crack front, through interphase cracking if the lamedlesparallel and through crack

deflection if the lamellasre oriented at someangle to the crack front. The different mechanisms

consumes different amount of energy from the crack growth, implying different fracture toughness
values25)p ¢ KS AYOGSNLIKIFAS ONI Ol Ay3I miNFadebtlambieaty I G A2y S
G0 SYLISNI G dzNB |, yit®facesSati efe$atetemperatures. The crack deflection results in

large plastienergydissipation by fracture of the lamella ligaments and shear ligaments. The shear
ligaments are strong as they inducgsmatched crack plangg9).

In contrast to most metallic materialjAlexhibit an inverse relationship between ductility and
toughness, se€igurel? (25). This implies also that there is an inverse relationship between grain
size of the two different properties as wéll), due to the relationship between grain size and critical
microcrack siz€é25).
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Figurel7 Reverse relationship between Ductility and Fracture ToughRaase based of25)

6.5 Fatigue properties

Lamellarstructures exhibit the best crack growth resistance compared to duplex and equiaxed.

[ FYSEEFN O2t2ye aAl S3z 1 YSt | Njawdalkeficrogtaicturay R @2 f dzY
factors that influence the fatigue gwah rate. As for fracture toughness, there is an inverse

relationship between strength, ductility and fatigue properties. By refining the lamellar colony size
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Iy Rspacing, higher ductility and strength can be obtained. However, for best fatigue grateth r
a coarser structure is the be&5).

TiAlexhibit a high ratio of fatigue strength to ultimate tensile strength, betweei8@% at 10cycles
(2). The high ratio can be explained by low tensile ductility, high cyclic work hardening rate and
difficulty in the formation of strain localizatiq29).

The crack growth rate foboth duplex and lamellastructuresare dependent on the temperature,
with lower growth rate at ambient temperature #m at intermediate temperatures of 54600°C.

Just below the brittle to ductile transition temperature the crack growth rate decreases again and
becomes slightly lower than f@mbient temperatures. Above this temperature the fatigue life of
TiAlseems to be limited by oxidatiqR).

TiAlexhibit some differences in performance between high cycle fatigue and low cycle fatigue. Both
duplex and lamellastructures show good high cycle fatigue properties and they are maintained to
rather high temperatures. At 700°C the properties are exceeding the ones-barsid superalloy,

even before the reduction in density is considered. For both lamellar anéxigpiuctures, no

fatigue limitbelow 10° cycles has been identifig@5). At temperatures lower than BDTT the duplex
structure exhibit better fatigue life because of the finer grain size than lamstHactures. At
temperatures above BDTT the material loses some of its strength, but the lamellar retains its
strength better, leading to better fatigue properties than duplex in temperatures above BB T

In low cycle fatigue the strains are highdathe fatigue life of the material can be related to the yield
strength and ductility of the material. Therefore duplex materials often exhibit longer low cycle
fatigue life in comparison to lamelatructures. As the strength and ductility is fairly ciamd up to

the BDTT the low cycle fatigue properties are not dependent on the temperature up to the transition
temperature(25).

6.6 Creep properties

Creep properties are not the most favorable TaA| however they arémportant as many of ta
applications involve excessit@mperature stressef5). In many ways the creep resistance is much
inferior to the nickelbased superalloy&). As for other properties, #gnmicrostructure is important,
but alsothe morphology of each phase is importd@8). The lamellastructure has enhanced creep
properties compared to duplex structures, especially if the lamella boundaries are serrated or
interlocked(29). The time to 0.2% creep strain are increased two orders for lantafapared to
duplexstructures(8). It has been shown that T#Alloys with fully lamellar structure ka creep
properties comparable to those of nickehsed superalloys, whereas duplex structures only have
70% of the specific creep strengthb).

The creep resistance in lameltructures can be improved even more by reducimg tamellar
spacing, either by heat treatment or by controlling thkcontent(23). Large interface areaspedes
dislocation glide and climb of dislocation segments can be trapped in boundaries and restrict
dislocation movemets, which improves the creep properties with decreasing lamspacing(25).

The difference in creep resiste@between lamekir and duplex structuredecreases when the stress
is lower. The lamelfsstructure exhibis better creep resistance at higher stress due to stronger
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hardening at initial loading. However, this is not a true hardening but a result of significant
weakening of the singlphase materiain the duplex structurg25).

6.7 Oxidation resistance

The oxidation resistance @iAlis considered sufficient up to a temperature of about 80(P%).
However at elevated temperature the oxidation resistance is decreased, due to the fact that non
protective TiQ, is more prone to form than protective Ak (9). Even at temperature below 800°C
the less protective Tifs formed, but the protective AD; is formed in higher density. Below 800°C
four different layer of oxide can beeadtified; first the outer layer of TiQhat grows outwards, then
a mixture of TiQl Y RALD;, next a rich AD; layer andadjacent tothe matrix a thin layer of JAl
can be observe@5).
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7 Ti-48Al-2Cr-2Nb

As earlierstated! TiAlhave been found to offer great potential to replace existing materials used
today forhigh temperature applicationg.he Ti48AI2Cr2Nb(48-2-2) alloyhas had a lot of attention

in researchthroughout the yearsThisalloyconsists of &ibase alloyed wit#8 at.%Al, 2at.%Crand

2 at.%Nb (57). The alloy was developed by General Electric Corporate Research Center in the late
M oy (19) &ince the discovery of the desirable jpedties of the alloy it has been patenteddin
licensed to other manufacturdsy GE19) What the 482-2 alloy offers compared to other gamma
TiAlis increased toughness and ductility at lower temperatures together with tlsarele creep
properties(57). These properties makihe 482-2 easier to process at ambient temperatui@s).

Addition of chromium (Cr) and niobium (Nb) into the alloy changes the propertibg ofiaterial

(57). The addition of Cr is reported to increase the ductility and thereby increase the workability of
the material(58). At higher concentration than added into €82 Cr has been repted to improve

the oxidation resistancé8). The major reason for addition of Nb is to enhance the oxidation
resistancg58). Nb has also been reported to enhance the creep resistance in theialaiehis is
primary due to the fact that Nb slows down diffusion in TiAl al{8¢3 (8). The addition of these two
elements has also been reported decreasehe number ofstacking faults intte resulting
microstructure(23). By the addition of these elements the binary phase diagram will be changed
compared to pure TAl phase diagramSuggested changes in the phase diagram are marked by
dotted lines inFigurel8for the example of Nb.
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Figure18 TiAl binary phase diagram with the dotted lines showing the phase lines changes if Nb is added. Picture based on
(45)
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(8). Some physical properties tabeen measured for components of 282 manufacturedthrough

wrought processing or by casting. Thesegarties aresummarized imMable3 and Table4

respectively.

Table3 Mechanical Properties &froughtTi48AF2Cr2Nb(8)

Mechanical Test temperature Duplex Structure Fully Lamellar
properties Structure
Ductility (%) Room temp. 3.1 0.4

760°C 50 2.8
Yield Strength Room temp. 480 455
(MPa) 760°C 406 403

Table4 Mechanical Properties of Cast4dAF2Cr2Nb(19), (60)

Mechanical Properties Test Temperature Duplex Structure
Ductility (%) Room temp. 1-3

760°C 9
Yield Strength (MPa) Room temp. 275380

760°C
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8 Manufacturing

Different manufacturing methods are investigated and applie@i#din order to make it
O2YYSNDALFt® 5dz2S G2 GKS YIFIGSNAFIEQa t2¢ RdzOGAt AGE
hard and conventional manufacturing methods are difficult to agf)yConventional manufacturing

methods have been applied,ike casting, forging or powder processing, but they are all accompanied

with difficulties that must be overcome. The difficulties in proidgthe materialare said to be one

reason for the limited use dfiAltoday. Especially the automotive industry &nsitive to the end

cost of the material anébr TiAl being so hard tg@rocessthe main cost of the product is the

manufacturing cos(10).

Industrial scale processing routes that have been tried include ingot castingep@watessing and
ingot forging, sheet production by hatlling, powder metallurgy processiiig) andinvestment and
permanent mould castin@?5). Conventional methods for alloying and diea of ingot include
induction scull melting, vacuum arc remelting and plasma me{28y One type of manufacturing
method that has drawn attention recently is near net shape technolo@iéierent laser methods
(6), together with Electron Beam Melting (EBM)b&een investigated61). Novelresearch shows
that denseTiAlparts can be produced by EBM technol@g8y (61), (12)with tensile properties that
are comparable to literature datanccast allogover a large temperature rangé 1)

As stated, conventional manufacturing mettsocan be challenging to use and some of the features
in TiAlthat has to be considered includes:

9 Careful control ofesultingthe microstructure regarding for example duplex or lamellas,
grain size and interlameli@pacing as itaffects the ductility ad the propensity for cleavage
fracture

9 Limited ductility and susceptibility to cleavage fracture limits the workability, even at high

temperatures

Significaniplastic anisotropy

Low recoverability due to low dislocation mobility

Relatively low diffusivity

Slow recrystallization due to low gradundarymobility

=A =4 =4 =

The industrialscale processing routes used today are in most aspect the same as those applied to
nicketbased and conventiondlialloys(2).

Different problems musbe handled when castingGiAl the firsts being the reactivity of the molten
material. TiAlreacts with all ceramics andtiserefore extremely hard to contain. The problem is
solved by using a coldall furnace; however that creates problem when the misltheing filled.

With coldwall furnace the superheating of TiAl can only be 600°C, whichsitdiard to fill the

mold properly. Further problem is th&tl is easily vaporized from the melt when molten in vacuum.
To solve that problem the meltingdonein argon, which can in turn be trapped in thesitrdue to

the low superheating and thereby the fast mold filling. The high reactivityAlalso causstrouble
finding a good and cost efficient material for the mold. Another problem involves the nrigotste
that can be rough, with large grains and coarse lamstiacture. This problem can be inhibited by

35



the use of grain refinement alloyir{@0). Segregation of\land other alloying elements and creation
of nonequilibium ard non-homogenized structureare also problens with casting(8).

Despite all the problems stated abgviEAlpartssuchas turbine airfoils and helicopter engiméave

been successfullpanufactued by investment casting. However, one problem with investment
casting is that it is too expensive to use for parts used in the automotive industry. To lower the costs
permanent mold casting has been investigated. Permanent molds have been seen to iticecase
cooling speed, which leads to fine grained near 2 NJ R dzLJt 850 &/(ibase mateNasa

are generally found weaker and less ductile than wrought materials. This is due to the coarse
structure usually obtainediicast alloys, which is often left even after heat treatm¢)t

The advantages with wrought methods are that the structure from the ingot is broken and
recrystallization takes place. The workability of the matesiatrongy dependent on theAl content

and it is increased with increasidgcontent This is due to the fact that increasing Al content
RSONBIasSa GKS @21f MASt JTamdllisdidrte ty restsE deformation, which
causes cracks in the mater{&l). Withother alloying elements, as for example Cr, the workability can
be increased even mor@5). It could be demanding in wrought processing to form fine lamella
structures, which exhibit gml properties(8).

The coarse microstructure and segregation obtained iniegsbuld be avoided by using powder
metallurgy with rapid solidification. The solidification microstructure can be refined and homogenous
and comparable to wrought materig@)® Ly @S & (i A 3 -TiARpogluced by EBctr@sBm !

Melting shows that an ordered microstructure with extremely fine grémbtained. The fine grains

are expected since the melt pool is small and the cooling rate is high. By appropriate subsequent HIP
and heat treatment a fingrained duplex microsticture can be obtainefl1). The manufacturing
technique is built on additive manufacturing, adding layer by layer of material; despite that complete
interlayer fusion is achieved 2).
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9 Experimental Procedure

The experimental methods used in the study are chosen in order to perform an investigation to
realize the aim of the study. The manufacturing of specimens are performed at Arcam AB and
analyzed at either Oak Ridge National Laboratory ardmgpanies contracted by Arcam.

9.1 Manufacturing of specimen

The samples used in the study are produced by an additive manufacturing process, Electron Beam
Melting (EBM). The process builds up the material layer by layer out of powder to create a fully

dense density near net shape compond6®). The EBM system used is a laboratory modified Arcam

Al machine produced by the Swedish company Arcam AB. A schematic sketch of the machine can be
seen inFigurel9. The powder are melted by an electron beam [Figurel9], using an accelerating
potential of 60 kM3). The electrons are emitted from a tungsten filament [1] and the current can be
varied between 150 mA. The beam is being directed and focused by two magnetic coils [2]. The
diameter of the beam is redated by the first magnetic coil and can be as small as ~0.1 mm. The
second magnetic coil deflects the beam to the desired point of the powdefiiEd

The powder is held in powder cassettes [3] and the rake lays out the pawdine build table [6].

The beam melts the powder according to a predetermined shape, controlled according to a 3D model
designed by computer aided syst€B). When a layer is finished the build table is lowered anéa

layer of powder is raked out, which is melted and the process is repeated. A typical layer thickness is
0.1 mm and the build speed is typical aroun@l 81m build height per hour, depending on the

geometry of the part. To maintain high quality of thedm and to protect molten metal the process

is conducted in a vacuum chamber (&]).

After a complete build the part cools down inside the machine, in a helium atmosphere in order to
increase the cooling rate. All the powddiat surrounds the molten material can be reused, leading
to a minimum material wastél1).

Not standardized process parameters were used to produce material for this study in order to

investigate the difference in microstructure. The samples were produced by melting the material in

circular patterns from the outside towards the center. Thetiffika & 2 F S+ OK I &@SNJ g &
the process temperature was 1050°C. s project a powder material of the-AIBAF2Cr2Nb alloy

was used. The powder wasoduced by gaatomization from a prelloyed melt, with a particle size

ofd5mp n >epdwdda viasmelted in the EBM machine to cylindrical bars with the diameter of

15 mm and a length of 200 mm.

37



Filament

Grid Cup
Anod

Focus coil

Deflection coil

3 Electron Beam —

4 Powder Container

'acuum Chamber ———

Bulding Table  —

Figurel9 Left: Schematic picture of the EBM system (numbers discussed in thE8)&ight: The ArcamA1Machine(63)

6

9.2 Post manufacturing treatments
The EBM processed samples were gasicessed through HIP and heat treatments.

9.2.1 HIP

To remove spherical and nepherical pores within the as machined specimens the specimens were
run through a HIP cycle. To evaluate the elimination behavior of pores, without excessive grain
growth or microstructural changes, two different HIP cycles vexexuted.

The samples were sent to Bodycote in Belgium where they were run in two sheared cycles; one
operating at 1155°C, 100MPa for 3 hours and the other at 1200°C, 100MPa for 4 hours.

After investigation of the two HIP cycles it was found that 120000MPa for 4 hours gave the best
result in pore reduction. Therefore all heat treated samples wereHtifeed using this cycle.

9.2.2 Heat treatment

After HIP the samples were heat treated at Oak Ridge National Laboratory by the Materials
Processing Group (ORNL) at different temperatures to alter thrudismicrostructure. The different
heat treatments were the following (s€kableb), in total 13 dfferent cycles.
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Table5 Heat treatment cycles

Number | 1st Heat Holding Cooling 2nd Heat Holding Cooling
treatment time rate treatment time rate
Temperature | [hour] Temperature | [hour]

[°C] [°C]

1 1150 5 AC

2 1250 1 AC

3 1300 1 AC

4 1380 1 FC

5 1380 1 AC

6 1380 1 WQ

7 1380 2 WQ

8 1380 1 AC 1250 0.5 AC

9 1380 1 AC 1250 1 AC

10 1380 1 AC 1250 15 AC

11 1380 1 WQ 1250 0.5 AC

12 1380 1 WQ 1250 1 AC

13 1380 1 WQ 1250 15 AC

AC= Air cooling, F&arnace cooling, WQ=Water quenching

9.3 Chemical analysis

In order to investigate the full content of the starting powder and to see if the EBM process and the
HIP affect the chemical content of the produced material a chemical analysis was performed.
Powder,asbuilt and HIPed material was investigated. The chemical content of the material has a
great influence of the achievable microstructure in TiAl and were therefore considered important to
investigate.

The chemical analysis performed by Exova, United Kingdzas made through the IGPES method,
with combustion of carbon and sulfur, fusion of nitrogen and oxygen and fusion of hydrogen.

9.4 Sample preparation

All samples were cut transverse using an abrasive cutting saw with water as cooling lubricant at
ORNL. Due to the brittleness of the material some cuts chipped off creating a spall on the ending
edge of the cut surface. These spalls were carefully grinded away. As a flat cut surface was created
the samples were cold mounted into Struers ClaroCitlqaige. All samples were flat ground after
mounting using &truers RotoPa22 fitted with RotoForce4 machine and 320 grit SiC paper, 25 N,
300rpm and water cooling. After flat grinding the samples were polished using Wendt Dunnungton 9
>Y RALI Y2 yitat &wa® Spdayiedl @ the Struers MD Largo wheel revving at 150 rpm, 30 N,
without water. In the final polishing step the samples were polished using a StruddssdRtion

together with a MD Chem disc, 35 N, 150 rpm counter rotating plates. After chigooigshing the
samples were rinsed using alcohol and cotton balls, carefully swabbing the chemical solution away.

¢KS al YL Sa FT2NJ YAONRAGNUzOGdzNY £ S@Ftdzr GA2Y 6 SNB
vol.% HF, 12 vol.% Hjl&hd 85 vol.% $D.As some samples were hard to etch a stronger solution,
containing 10 vol.% HF, was used. During the etching the etchant was swabbed onto the surface
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using a cotton tip. The etchant was held fet@ seconds before dropping the sample in water and
finally rinsed with alcohol.

9.5 Microscopy
The microstructure obtained from dmuilt, asHIPed and heat treated samples were investigated and
characterized using both optical and SEM microscopes.

9.5.1 Light Optical microscopy

A light optical microscope is built up ofaries of lenses together with a light source. As the light
illuminates the sample the light will deflect differently depending on the surface. The reflected light
is collected through the lenses and altered for good imaging. The disadvantage with optical
microscope is its low depth of field. Therefore the samples have to be ground and polished for best
view. To be able to see the morphology the samples can be etched.

The optical microscope used in this study was Nikon Epiphot Type 108, together witlf Botp@.0
software to take pictures.

9.5.1.1 Grain size measurement
Grain size masurements were made on -dmlilt, HIPed and the four most promising hégatment

conditions; being 125, 1306C, 1386C AC and 1380 AC + 125Q.

Through optical microscopy thgrain size was reorganized not to be a-tmgmal distribution and

ASTM standard E 118R, standard test methods for characterizing duplex grain size, was first used
to characterize the sampl&he classification was determinég optical microscopy onlaw
magnification and comparison with characteristic pictures presented in the standard. The area
fraction of each homogeneously distributed grain size was ddtexdby point counting procedures

or measuring of the area depending on the identified class.

The grain size of the inddual grains in each determinethss was measured according to ASTM

standard E 1136 by planimetric procedure. The grains inside sedeined area was calculated and

repeated for three different, randomly chosen fields to eresa reasonable average. The number of

grains inside the box was calculated as one and the intercepted ones askqualfiond where N is

the number of grains penm’® ¢ 2 Sy O2dzy G SNJ F2NJ G KS YIFIAYyATAOI GA2)

3] Qu
C

Equation4 Calculation of grains per square millimeter
The ASTM grain size, G, waketated fromEquation5, 0 being the average grain per mim

'O o® ¢ p WwcEYR cdou T

Equation5 Calculation of ASTM grain size
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The average grain size diameter is calculated with the approximation that the grain is equiaxed in the
two dimensionaplane, using

P q
v

d

“

Equation6 The average grain size diameter

9.5.2 Scanning Electron Microscopy

Duringanalysis in Scanning Electron Microscope (SEM) the sample is scanned by an electron beam.
The beam is geerated from a field emission tignd normally has an energy intensity of between 0.5
and 40 keV. The beam is focused on the sample via a series ansandenses. As the electron

reaches the sample it interacts with the atoms in the sample and signals such as secondary electrons,
backscattered electrons andrdys are generated. Back scattered electrons (BSE) are electrons from
the originalbeam that ae reflected from the sample surface and is thereby related to the atomic
number of the atoms in the sample. Due to the atomic number the micrographs created with BSE will
show the phase with highest atomic number as the brightest in the micrographse/stetttron

beam excites an inner shell electron of the sampleayé are emitted when the electron releases the
energy to return to its unexcited position. Secondary electrons are emitted tihenouter orbital of

the atom

The investigations were made arHitachi, 8400N scanning electron microscop&he microscope

has secondary electron and backscattered electron collector andray detector. The BSE was

detected through 5 different detectors located in the focus perimeter. The accelerating volage

15.0 kV for the pictures and was lowered to 10.0 kV for the mapping. The max resolution of the used
SEM is 5@0 A.

9.5.2.1 EDX analysis

The Xrays emitted from the atoms in the sample is analyzed by Energy Dispensye X
spectroscopy (EDX). Theaysemitted from the sample ardependent on the atomic electron
configuration and will be different for different atomic elements. Therefore chemical composition
measurements can be obtained by this method.

The EDX analysis was made through the same SEMaheed, with EDAX Genesis as the analyzing
software. The EDX was made through spectrum measurements. A mapping was made through
measuring a spectrum of elements in each pixel of the pictures. In the mapping the brightest areas
are the ones with highest caentration.

9.6 FIB-SEM

A Focsed lon Bam ¢ Scanningelectron Microscope (HBEM) is a combined instrument that uses a
focused ion beam (FIB) as well as a SEM to analyze materials. A FIB uses ions instead of electron to
analyze the sample. Normally a Ga swauis used to create Gins which are projectednto the

sample. The projected atoms will scatter atoms of the sample away from the sample surface. The
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back scattered ions can be analyzed using the same principal as BSE in SEM. The FIB technique can
alsobe used to remove material from the sample to polish or etch the sample.

The FIBSEM equipment used at Oak Ridge National Laboratory within the SHaRe program has a
setup as seen iRigure20. The FIB column is directed right on the sample with the SEM at an angle of
58° vertically and 32° horizontally.

FIB

column

 e—— TEM-style
SEM-style

’ side-entry
eucentric

stage
e A N ——— (e — 110, _—
= NB5000 30.0kV x1.00k SE(L)

Figure20 FIBSEM setup at Oak Ridge National Laborator Figure21 Cut out of TiAl using FIB

For testing of TiAbrecutsg SNB Yl RS o6& GKS CL.® 'y FNBIF 2F |
for analysis, which can be seerFigure21. The area waanalyzedusing ESBD and EDS imaging.

Phase ID (Rlimage quality (IQxonfidence index (Cénd inverse pole figures (IPF) were used to
analyze the samplasing OIM Analysis&l software.

9.7 Micro hardness

To evaluate how the hardness of the microstructure changes according to differaniceatments
micro hardness wameasured. The measurement was made in a Buehler Micromet 2100 Series
Micro hardness Tester. 20 indents acrtss sample were taken, in a total of 12 mm, with 500 g of
load.

The analysisf the indents was made by tteoftware Omnimet MHT and the results were presented
graphically.

9.8 Tensile testing

Tensile testing is a fairly inexpensive and fully standardizetdmethod used on every kind of
materials. The tegprovidesa good knowledge of how the material behaves under mechanical
tension load.

The tensile testing maaiin this study was performed by the Metals and Ceramics Division,
Mechanical properties group at Oak Ridge National Laboratory. The testing was naadestron
4507machine and the force was applied until the specimen broke stiian rateused was @O1/s.

The geometry of the specimen was cylindrical with a diameter of 6.35 mm, specimen gage length of
31.974 mm and the gage length between the extensometer was 25.273 mm.
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In total 19tensile tests were performed. Three different heat treatment corafi were tested,;

1250°C, 1300C, 1386C Air cooled + 1280, together with a$uilt and asHIPed material. The three
specific heat treatments were chosen due to thenique microstructure. All different conditions
were tested in rom temperature, two baref each In additiontwo bars ofthe HIPed condition was

tested in 500C, 600C, 760C and 85@C.

9.9 Relevance
In the different analyzing methods used some sources of error or faults may be present. These
sources are important to consider since the result may be misleading if completely trusted.

Sincesome of the elements chemically analyzed are present in vea§l smounts the method for
chemical analysis of the material may not give reliable results. The chemical analysis can be a source
for error since the result from the chemical analysis shows a higher amount of Al inHieed

material compared to the abuilt. Since the HIP do not add any material the increase of Al during HIP
is unlikely.

To be able to analyze thmaterialin optical microscope and SEM thamplehas to be etched. It has

been reported from several studies that TiAl is complicated to.e€ftie recipe used to etch the

samples in this study contains a large amount of especially HF acid and it may be a possibility that the

alF YLX S& I NBE 20SNJ SGOKSR iphase. £ YStEtFa INBE SGIOKSR

The ATM standards used to measure the grain size asubjective method since the grains are
measured manually. For the samples in this study the grain boundaries was sometimes hard to
determine due to issues while etched which is a source of error.

Analysis of the samples in microscope gives a good laible ahicrostructure. Howevebny using for
example SEM only a small fraction of the sample will be analyzed. The microstructure in the analyzed
fraction may not beepresentativefor the entire sample and multiple fractions should be analyzed.

Due to lack ofime and resources the samples in this study is only evaluated in one fraction, which
must be considered.

The planimetric method was used in the ASTM Edd 8tandard. This method presumes that

equiaxed grains are obtained throughout the entire sampketh® TiAl samples does not have a
completely equiaxed structure this may be a source of error. The sample was only measured in two
dimensions which also may be a source of error since the microstructure may vary in all dimensions.
Due to lack of time andeometry of specimen other measuring methods was not applied to measure
the grains size.

The FIBSEM used at ORNL is a prototype unit where all parameters are not yetdablished
which does not make it an optimal method. In the software used to aealyeESBRIata TiAl
structure is not yet implied which witause the analysis of data invalid for thgAT parts of the
specimen. Despite these disadvantages théEBBDmethod is still a unique method to analyze the
microstructure in a 3D perspecéy

The micro hardneg®st isonly run one time on each sample as it was used as a comparative
method. As the standard deviation is large for the samples the actual values from the test is not to be
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trusted. For internal comparison the test result may Ised as the test is conducted similar in all
samples. From literature it has been reported that the hardness is dependent of what kind of
microstructure is present. As the duplex structure, which is present in this study, contains both
equiaxed and lamellagrains it can be a source of error for the standard deviation.
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10 Results

The results from the experimentally performed investigations are presented to give a context for the
upcoming analysis. The results are based on theory and experimental methods chosen to realize the
aim. To give comprehensive picture of how the post mactufiang treatments affects the material

the results for the aduilt materialarefirst shown followed by the results for #HPed and heat

treated materials.

10.1 The EBM ashbuilt material

The full content of the powder before built can be seedable6, together with the chemical
content of asbuilt and asHIPed solid material. For comparison the chemical specification for the
alloy is also provided in ¢htable.

Table6 The chemical content of the material; as powderbagt and asHIPed together with the alloy specification

Element | Ti Al [%] Cr [%] Nb [%] C [%] Fe [%)] N [%0] O [%]
[weight] | [%]

Alloy Base | 33.034.0 | 2.22.6 |4.55.1 Max 0.015 | Max 0.04 [ Max 0.02| Max
Spec. 0.08
Powder Base | 33.1 2.43 4.64 0.011 <0.01 0.005 0.10
As-Built Base | 32.6 2.40 4.70 0.015 <0.01 0.011 0.16
As-HIP base | 33.5 2.40 4,75 0.017 0.04 0.019 0.15

In Figure22 and Figure23 optical micrographs of the center of the EBivbduced bars can be seen.

Some areas witkenlarged grain structure can be seen, however therpstructure is fairly

homogeneousn the center of the bar. The microstructure consists of fine lamellas distributed in
FEAGSNYFGAY3I RANBOGA2Y a-ghigsRistlbutdd thbetwedy 2 dzy & 2 F  S|j dzA |

L - Pl e 2y "".‘f “mﬁ“.. 2
Figure23 The center of the alsuilt material, with some
micrograph areas with enlarged grains, optical micrograph

Investigation showshanges in microstructure towards the edges of the samples. Theiks

microstructure at the edges can be seerfFigure24. A lower amount of lamedk are seen at the

edge. The amount of equiake-grains is increased and areas of segregated elements are spotted at

GKS 3INIAY o02dzyRIF NRA Sgrains.y R GNARLIX S LRAydGa 2F GKS
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Figure24 The edges of the asuilt material,optical micrograph

SEM micrograplfigure25, of the asbuilt material reveals a heterogeneous structure of the sample
as a large fraction of the sarlgpis analyzed.

VP3182-01 15.0kV 23.7mm x12 BSECOMP -

Figure25 Backscattered electron micrograph of thetaslt sample. The marked area is further studied

As the magnification is raised in the marked are&igtire25it reveals an area of duplex structure
neighboring an area of single phase structure, sedfignre26.
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Figure26 Backscattered electron micrograph of thelaslt sample, 400X

The area shown iRigure26 is analyzed through EDX mapping with background scatter removed. A
higher concentration of the analyzed elements is revealed with lighter print. The pictures from the
mapping are seen iRigure27.

Figure27 EDX mapping &) Ti,b) Al,c)Nb,d) Cr

From the EDX mapping it is seen that the Ti concentration is high in the duplex phase whereas the Al

is concentrated in the single phase field. The Nb concentration is quite uniform throughout the

section. It is clearly seen that the Cris concentrateg intf 2 O f &LJl2Gax NBO23yAl SR
spots are observed to be lean in Al concentration.

47



10.2 The EBM asHIP material
Resulting microstructure from both 155°C, 100 MPa, 3 hours and 1200°C, 100 MPa, 4 hours HIP
cycles was evaluated to find a suitablé&Hieatment.
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Figure29 Micrograph from HIP cycle at 1155°C, 100 Figure28 Micrograph from HIP cycle at 1250°C, 100
MPa, 3 hours MPa, 4 hours

To the left,Figure29, a micrograph from the 1155°C cycle is shown. In this micrograph some pores

Oy 06S aSSy Fa ofl O]l INBlFraed {2YS 2F (G(KS LER2NBa KI
micrograph on the right ifrigure28, which is the cycle run at 1200°C, pores are not observed. Some

small pores are observed in remote areas of the sample but are small enough not to be considered.

The resulting SEM micrographs for mateH#Ped at 120TC, 100 MPa, 4 housse seen irFigure30
andFigure31.

Figure30 Backscattered electron micrograph ofldfPed material in 400X
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Figure31 Backscattered electron micrograph ofldfPed material in 1,000X

The asHIPed material shows a homogenous duplex microstructure with fine grains. The fraction of
frySttra Aa 20aSNIBBSR (2 06S KAIK (G23SHGKSNI gAGK S|
EDXTable7> |yl f&aAa AG Aa&a NBOSFIESR KFG GKS 6KAGS LI
FY2dzyda 2F ¢Ad ¢KS I NHS Ay G, phadedmiihe dak phasedse LK a S
0SSt ASOSR (2 0SS + LXKIaSo

Table 7 EDX analysis of #$lPed material

Element/Phase Ti Al Nb [ Cr
White phase 535| 357 | 29| 7.9
Intermediate gray 56.1 | 38.7 | 25| 2.7
Dark gray 485 476 | 24 | 15
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10.2.1 FIB-SEMand EBSDanalysis

The bare laid and polished aressscanned by SEEIhd EBSD detectors aadalyzed for image
guality in the OIM software. From this analysis a god view of the grain boundaries is obEmee
32, with comparison to the BSE imageHigure33.

Figure'732ﬂ|mage Quality mxap showing grain boundaries  Figure33 BSEmage of the FIB polished HIPed TiAl sampl

5 pum 20 uym

Figure34 Phase IDigure where ET/BCC systems are Figure35 Confidence Index of the Phase ID mapping
indexed red and HCP indexed in blue

Fig[;'r_(ééé:i'I;F magshowing the orientation of the BCT/BCC Figr37 IPFnap showing the orientation of the HCP
phases phases
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It is observed fornfrigure32i K| & G KS 3INI Ay &A1l S A& RAFTFSNAYy3I o6Si
G2 tFNBSNJ AN Aya fFNBSNJ GKIY n >Yo®

The same area was alswaluated with the OIM software tfind the different phaes for the

RATFSNBY (G 3INI AY A D-TIAMs adakZd ds b BCT &yatdniiag the\tk rafioks&imost 1

FYyR GKS a2FG61NB OFyy2i GStf (KS RAFFSNBYOS FNRY
a BCC phase and difference is notyseed SG 6 SSy I-LIKIYERS ! (i BIEBKeDag A G K
HCP phase due to software limitations.

v A N, oA~

InFigure344G KS + Ty R i LIKIFaSa | NB,phayeR&&iiRiexedinbludS R I y R
Oy ©6S aSSy 7¥FNRY ,phd& ar€ hadtizhiddnted i Bie drain boliilaries,

compared toFigure32. If compared td=igure33no clearly lamellas can be seen in the phase ID

figure. The confidence index for the phase ID mapping is sdeigume35.

To further analyze the polished area iamerse poldigurewas analyzed to find the orientation of
the different grains and phasesn Figure36 and Figure37 IPF maps arseen where the (001) is
projected outwards from the paper.

The different grains in the@¥/BCC systems are seen to order themselves randdrhly grains

oriented in the (100) direction is although seen to be harder to analyze as they are not

homogenousy colored. It can be observed that the hexagohal LK 8S& F NB RA &G NR o dzii
bounddNA Sad | 26 SOSNE a2YS AYRAGARdAzZEf h INFIAya OFyYy ¢
in the lower left that has the dotted structure in boBigure36 and Figure37is believed to be of a

lamellar structure with the lamellas pointing out from the picture.

10.3 Microstructural characterization of Heat Trea ted Materials

Different heat treatment procedureaere performed in order to investigate the heat treatment
temperature and the cooling rate dependency of the material. All the investigated samples reveal a
different resulting microstructure in the center compared to the edge. The difference in
microstructue is expected since the starting microstructure of #sHIPed material is

heterogeneous
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Figure38 and Figure39 shows optical micrographs from sample heat treated for five hours at

1150C.

- 3! v.;' * v
Figured ce
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Figure42 The center of the ar, ical icrograph
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The center and the edge of the sample heat treated at 1150°C have no significant difference in
YAONR &G NHZOGdzNEP ¢KS YAONRAUGNHZOGdz2NE Ay 620K LIAOG
as well as lamellas, seen as zebra shaped colonies.

From te picture showing the edge of the sample heat treated at 1250°C a similar microstructure as
the one for 1150°C is observed. For the microstructure of the center of the material a coarser
microstructure is revealed. It is also observed that the microstmgcbbtained from 1250°C contains
larger amount of lamellas in the center.

In the center of the sample heat treated in 1300°C distinct lamellas are obsenisalsib observed

that the grainsize of these lamellas has grown compared to thbw@k material. Around the edge a

NAY 2F FAYS INFAYSR tFYStftla 6AGK FAYyS Sldzail ESR
observed to be low, as only small fractions of equiaxed areas are found.

Figure44 andFigure45 shows backscattered electron micrographs from the center of the bar heat
treated at 1150°C and 1250°C respectively.

i@ /.

VP3176-01 15.0kV 10.2mm x400 BS

Figure44 Backscattered electron micrograph 12605 hours, air cooling

In the backscattered electron microgragkigure44, it is clearly seen that the sample heat treated at
1150°C have a larger amount of laraslcompared to the amount of lamellas observed in the optical
YAONRINI LK ! f K2dzAK &a2YS i YR  AAIYATFAOLYy(d Y
Table, it is determined that the white phaseiis LK &S RdzS (G2 KA3IK FY2dzyd 2
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Al. The darkest phase is determingdl2 60S ' Fa GKS |Y2dzyd 2F ¢A FyR !
LKFaS Aa oSt ASOSR (2

Table8 EDX aalysis of material heat treated at 1150°C

Element/Phase Ti Al Nb | Cr
White phase 56.0 | 356 | 29 | 5.4
Intermediate gray 55.2 | 40.2 | 23| 2.2
Dark gray 490 | 474 | 23| 1.2

& # %

VP3177-02 15.0kV 10.6mm x400 BSECOMP

Figure45 Backscattered electron micrograph 1250°@p#rs, air cooling

From the SEM micrographRigure45, it is clearly seen that the 1250°C material is not homogenous as

a2YS tFNBS tFYSttl-a INB 20aSNWSR gAGKAY G(KS avlf
observed. The different phases are analyzed via E&{e9.

Table9 EDX analysis of material heat treated at 1250°C

Element/Phase Ti Al Nb | Cr
Intermediate gray 519 | 436 | 24 | 2.1
Dark gray 469 | 495 24 | 1.2
1032 #1 T 1T ET ¢ OAOA AAPAT AATAA T &£ EABMO OOAAOGI AT O EI

Figure46 and Figure47 shows optical micrographs from sample heat treated at 2880ith
subsequent furnace cooling.
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A
Figure46 Cente

micrograph micrograph
Figure48and Figure49 shows optical micrographs from sample heat treated at 2@3Rith
subsequent air cooling.

Figure50and Figure51 shows optical micrographs from sample heat treated at F@8With
subsequent water quenching.

Figure50 Center of the water quenched bar, optical Figure51 Edge of the water quenched bar, optical
micrograph micrograph
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The effect of different cooling rates can clearly be seen in the figures above. With furnace cooling
FFGSNI KSF G GNBI GAy 3rstiucfurelsforBainedNF desdiffBrences, Butdias & f | YS €
grain growth or coarsening of interlamallspacing, between the center and the edge of the bar can

be seen by looking at the pictures.

After air cooling a difference between the center and the edge can be seen. At thenddige

lamellar structure with some Widmanstétten needles present can be observed, which is not the case
for the center of the bar. The center consists of more irregular shaped grains with a structure that
appears to contain lamellas.

A different structue, only revealing the grain boundaries, is seen after water quenching. The
YAONR & GNHzZOGdzNE O2yaraida 2F Yl aair@dSte GNIyaF2N¥SR
microstructure the only difference that can be observed between the center and the isdthe

difference in grain size.

When the time at 138%C is increased to two hours with subsequent water quenched no significant
change in structure is observegigure52. However, growth of the grain size can be spotted both at
the center and edges of the sample.

Figure52 Center of the water quenched bar, held in 1&6r 2hpptical micrograph

Investigation of air cooled and water quenched material with the aid of SEM reveals more details and
other features of the structures. IRigure53the center of the air cooled bar is seen, revealing no

Of SINJfFYSttlr aGNHZOGdzZNBE® ! &AYAL NI adNUz0GdzZNE A &
structure.
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VP3178-01 15.0kV 10.7mm x100 BSECOMP

Figure53 The center of air cooled bar, SEM picture

VP3180-01 15.0kV 11.7mm x100 BSECOMP

Figure54 The center of water quenched bar, SEM picture

EDX analysi3,ablel0, made on an area of both air cooled and water quenched material shows
similarities in chemical composition. From the EDX it can be seen that the phase created in the center
of the bar in bothair cooled and water ggnched material is single phase®
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Tablel0EDX analyze of air cooled and water quenched material

Elements [at.%] Ti Al Nb Cr
Water quenched 49.8 46.1 2.3 1.7
Air cooled 49.7 46.4 2.2 1.7

Figure55 The center of the furnace cooled bar, SEM picture

Study of the furnace cooled material in SENgure55, reveals a similar lametatructure, as

observed from the optical micrographs. EDX analysiblell> & K2 ga ( Kghase, WdB{l Ay SR i
aSANBIAFGAZ2Y 2F /I NE OFy 06S aSSy |a ¢6KAGS &SIaINXB3II
YR GKS RIFEN] LKFAS Aa + Ay GKS €FYStfl N aidNHzOG dzN

Tablel1 EDX analyze of furnace cooladterial

Elements [at.%)] Ti Al Nb Cr
White 52.7 34.7 2.8 9.8
Intermediate gray 57.2 37.5 2.3 2.9
Dark gray 47.9 48.1 2.6 1.4
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