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Characteristics of Intermetallic MaterialsCharacteristics of Intermetallic Materials
&&

--Titanium AluminidesTitanium Aluminides
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Intermetallic 
-TiAl Based Alloys

Intermetallic Intermetallic 
--TiAlTiAl BasedBased AlloysAlloys

Alequiv.= Al + 1/3·Sn + 1/6·Zr + 10·(O + C + 2N) < 9 m-%Alequiv.= Al + 1/3·Sn + 1/6·Zr + 10·(O + C + 2N) < 9 m-%


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Ordered crystal structuresOrdered crystal structures due to strong
bonding forces between the metal atoms

Unique mechanical propertiesUnique mechanical properties
 high Young´s moduli, high-temperature strength retention, (low density  TiAlTiAl)

High thermal conductivitiesHigh thermal conductivities
 higher than engineering ceramics  higher cooling efficiency and lower 

thermal stresses

“CeramicCeramic” behaviour at room temperature -
“metallicmetallic” behaviour at elevated temperature
 low (TiAlTiAl) or no (NiAl) ductility at room temperature
 some intermetallics (TiAlTiAl) can be processed using conventional

metallurgical methods  economically competitive

Characteristics of intermetallic materialsCharacteristics of intermetallic materials
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The world of structural materialsThe world of structural materials

 TNM alloys: Ti-(42-45)Al-(3-5)Nb-(0.1-2)Mo-(0.1-1)B TNMTNM alloysalloys:: Ti-(42-45)Al-(3-5)Nb-(0.1-2)Mo-(0.1-1)B

Extending the limits Extending the limits 
of Ti alloys!of Ti alloys!
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Intermetallic Intermetallic titaniumtitanium aluminidesaluminides

Light weight structural materials:Light weight structural materials: ~ 4 g/cm3

(50 % less dense than superalloys and steels)

…and several other attractive properties

Application benefit:Application benefit: higher efficiency, lower
fuel consumption and reduced emissions

• high specific modulus

• high specific strength

• good oxidation resistance

• resistance against “titanium fire”

To be used in highhigh--temperature technologiestemperature technologies

Aircraft engines, automotive enginesAircraft engines, automotive engines
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Basic Basic propertiesproperties

ElasticElastic modulusmodulus
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PhysicalPhysical MetallurgyMetallurgy
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Alloy range:  Alloy range:  ~ 42 - 49 at% Al
Important temperatures:Important temperatures: eutectoid:     

-transus:  

Phases present in TiAl alloys Phases present in TiAl alloys 

Further phases: borides, silicides, perovskites, Laves-phases, -phases, ...Further phases:Further phases: borides, silicides, perovskites, Laves-phases, -phases, ...
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L + → 
L + → 

Ti-4545Al

Ti-4848Al

SolidificationSolidification of TiAl of TiAl alloysalloys: : effecteffect on on segregationsegregation

M. Oehring, V. Küstner, A. Chatterjee, V. Güther, H. Clemens, and F. Appel,  
Proceedings “Gamma Titanium Aluminides 2003”, pp. 89-96.
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SolidificationSolidification texturetexture of a of a TNMTNMTMTM alloyalloy

L + → L + → 

No statistically significant texture 
is present after solidification

No statistically significant texture 
is present after solidification

Neutron diffractionNeutron diffraction
TEXTEX--22 diffractometer, 
HZG Research Centre

L + → 
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2 volume fraction

strength

RT ductility

oxidation resistance

RT ductility

superplasticity

refinement of microstructure

creep strength

22 -- TiTi33Al Al 
phasephase  phasephase

silicidessilicides
carbidescarbides

boridesborides

Ti Ti - (42-48)AlAl - (0-4)Cr,Mn,V - (0-10)NbNb,Ta,W,MoMo - (0-2)SiSi,CC,,BB

Impact of alloying elementsImpact of alloying elements

oxidation resistance 
creep strength  

refinement of microstructure
hot-workability 
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CreepCreep↑↑, , RTRT-- ductility ductility ↓↓

RTRT-- ductility ductility ↑↑, , creep creep ↓↓ RTRT-- ductility ductility ↑↑, , creep creep ↓↓

Balanced propertiesBalanced properties

Fully Lamellar (FL) Nearly Lamellar  (NL)

Duplex (D) Near Gamma (NG)

HeatHeat treatmentstreatments, , microstructuresmicrostructures and and propertiesproperties

(111)   II (0001)2 

[110]   II [1120]2
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AlloyAlloy DevelopmentDevelopment
&&

AlloyAlloy CharacterizationCharacterization
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Design Design strategystrategy for TiAl for TiAl alloysalloys

•• SolidificationSolidification via via thethe ββ--phasephase
•• MinimizedMinimized segregationsegregation andand
solidificationsolidification texturetexture

•• RRefinedefined equiaxed equiaxed microstructuremicrostructure
 utilizationutilization of of boridesborides

•• Presence of ductile bcc Presence of ductile bcc --phasephase
during hotduring hot--workingworking

•• No single No single --phase field phase field 

•• Small amount of ordered Small amount of ordered 00--
pphase at service temperaturehase at service temperature

•• Balanced mechanical properties Balanced mechanical properties 
due to optimized microdue to optimized micro-- andand
nanostructure nanostructure 

Ti-43Al-4Nb-1Mo-0.1B

 TNM alloys: Ti-(42-45)Al-(3-5)Nb-(0.1-2)Mo-(0.1-1)B TNMTNM alloysalloys:: Ti-(42-45)Al-(3-5)Nb-(0.1-2)Mo-(0.1-1)B

…to aim at good hot-workability and balanced mechanical properties



0 2 


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GravityGravity and and centrifugalcentrifugal ((spinspin) casting) casting

afterafter HIPingHIPingSolidification and transformation model: Solidification and transformation model: 

L  L +  + borides       +    +    +  +   o + 2 + 

(krz)

(hdp)

    1100001


1110211

Trace of {110}
planes in  2/

(111)   II (0001)2 

[110]   II [1120]2

TNM TNM alloyalloy: : asas--castcast microstructuremicrostructure

( + 2)L


o

afterafter HIPingHIPing

( + 2)L



o
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InIn--situ situ –– investigationinvestigation usingusing synchrotronsynchrotron radiationradiation

Calculated phase diagramCalculated phase diagram

The corresponding diffraction pattern 
are analyzed by Rietveld method

The corresponding diffraction pattern 
are analyzed by Rietveld method
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ComparisonComparison phasephase fractionfraction diagramdiagram
–– CalculatedCalculated and experimentaland experimental

Calculated Calculated 
Ti-43.9Al-4Nb-0.95Mo-0.1B

o



2



ExperimentalExperimental

☞Heat treat-
ments and 
quantitative 
metallography

☞in-situ 
synchrotron 
measurements
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ProcessingProcessing

16.12.1991
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IM PM
alloy ingot

HIPing
homogenizing

rolling

flattening

single/multi-step
extrusion

straightening

NNS

HIPing

alloy powder

forming
(SPF, DB/SPF)

forming
(conventional)

forging
(isothermal)

heat treatment,
machining, joining,

coating

forging,
shaping

forging
( conventional) 

Processing of titanium aluminidesProcessing of titanium aluminides

24”

3”

5”



20

Primary material: production routesPrimary material: production routes

Vacuum Arc Remelting 
(VAR)

Plasma Arc Melting 
(PAM)

VAR skull melter + 
centrifugal (spin) casting  

Large 
dimensions

Pouring via tundish in 
rotating permanent
molds
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NearNear conventionalconventional forgingforging on an on an industrialindustrial scalescale

BBööhler Schmiedetechnik, Kapfenberg, Austriahler Schmiedetechnik, Kapfenberg, Austria

Conventional hot-die
forging process

ConventionalConventional hothot--diedie
forgingforging processprocess
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InIn--situ situ deformationdeformation experimentexperiment

Synchrotron radiation storage ring with 
bending magnets → high energy X-rays

Sample

Detector
(image plate or CCD)

Monochromator

Deformation device

Temperature

Force

Time 
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InIn--situ situ deformationdeformation experimentexperiment
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XRD XRD patternspatterns ↔↔ microstructuremicrostructure

(Perfect) starting (Perfect) starting 
microstructuremicrostructure

Response of Response of patternspatterns on on hothot--workingworking, , e.ge.g. . forgingforging

deformation & temperature deformation & temperature 

Dynamic recoveryDynamic recovery Dynamic (continuous) Dynamic (continuous) 
recrystallization recrystallization 

(Cold) working(Cold) working Dynamic recrystallizationDynamic recrystallization
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• Overall grain refinement occurs during deformation in the 
(α+β)-phase field region

• A high defect density is observed in the -phase, a lower
one in the -phase

Proposed predominantpredominant processesprocesses occuring during
hot-working in the ( + )-phase field region :

• Dislocation slip and slow recovery in -phase (smaller SFE)
• Slip and very fast recovery in -phase (higher SFE)
→ extended recovery (in-situ recrystallization)

SFE: stacking fault energy

RRéésumsuméé of inof in-- and exand ex--situ situ experimentsexperiments
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MicrostructureMicrostructure, , HeatHeat--TreatmentsTreatments
&&

MechanicalMechanical PropertiesProperties
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MicroMicro-- and nanostructure & mechanical properties and nanostructure & mechanical properties 

Lamellar
 /2-

colonies

LamellarLamellar
 /2-

coloniescolonies

Microstructural Microstructural parametersparameters:: ● lamellar colony size and lamellar spacing

● volume fraction and size of globular o and 

Example of NLNL microstructure showing balanced mechanical properties

Globular
-grains

GlobularGlobular
-grainsgrains

Globular
o- grains
GlobularGlobular
o- grainsgrains
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TensileTensile testtest
Ti-43at%Al-4at%Nb-1at%Mo-0.1B
Volume fraction of globular - and 0-grains 
is constant! 

Mechanical properties of TNM alloysMechanical properties of TNM alloys

800°C/300 MPa

CreepCreep testtest

2nd generation alloy

Tensile ductility is mainly determined 
by the fraction of globular -grains!  

Tensile ductilityTensile ductility is mainly determined 
by the fraction of globular -grains!  
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Extending the limits!Extending the limits!

TiAl TiAl alloysalloys in in comparisoncomparison

,, e.g. TNM alloyse.g. TNM alloys
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