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Abstract 
 

The aim of this research was to investigate and develop alternative thermomechanical processing 

techniques to improve the forging outcomes, at industrially viable temperatures, of two cast, 

peritectic solidifying, consolidated titanium aluminide alloys; 45XD (Ti-45Al-2Nb-2Mn-1B at.%) and 

4822 (Ti-48Al-2Nb-2Cr at.%).  

This study differed from existing work on TiAl alloy composition-processing-microstructure 

relationships with an emphasis on controlling the initial microstructure to optimise primary processing 

(i.e., ingot breakdown) efficiency and produce a microstructure that improves the outcome of 

secondary processing (i.e., isothermal closed die forging, or hot rolling), ideally approaching a strain 

ǊŀǘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ җлΦо. For these alloys, consolidation by hot isostatic pressing (HIP) followed by 

primary compression alone does not remove the casting segregation or the anisotropic behaving 

lamellar content that hinders secondary processing; alternative processes are required.  

For 45XD, this study found that integrating HIP and homogenisation stages into one step, using HIP 

equipment, proved beneficial to the forging outcome in comparison to the traditional two step 

approach. Achieving an elementally homogeneous and refined fully lamellar microstructure enabled 

high levels of globularisation, and dynamic recrystallised material from 50 % primary compression at 

1100 °C and 0.001 s-1. This aided secondary compression, returning the highest strain rate sensitivity 

of 0.32.  

For 4822, this study investigated the impact of cyclic heat treatment (CHT) and cooling rate on HIP 

and homogenised material, as well as its subsequent effect on forging outcomes. For the first time, 

industrially relevant induction heating equipment was applied to conduct the five cycles to the single 

ʰ ǇƘŀǎŜ ǘŜƳǇŜǊŀǘǳǊŜǎ όмотл °C) necessary for lamellar grain refinement. The compression results 

showed that CHT, irrespective of cooling, proved successful with uniform 50 % primary compression 

at 1100 °C and 0.001 s-1, compared to the shearing instability of HH material. This led to secondary 

compression of CHT material returning material high in dynamic recrystallised content and free of 

lamellar morphologies, with a strain rate sensitivity of 0.25.  
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fɹ-int Feathery gamma microstructure formed within lamellar grain 

 ɻ Penetration depth effect of induction heating on work piece 

 ʁ Strain  

 ʁ Strain rate 
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cʁ Critical strain 

˃Ǌ magnetic permeability 

 ̀ Stress 

p̀fs Peak flow stress 

s̀s Steady-state flow stress 
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1 Introduction 

1.1 Intermetallics and titanium aluminide 
Intermetallic compounds were ŘŜŦƛƴŜŘ ƛƴ мфст ōȅ {ŎƘǳƭȊŜ ŀǎ άintermetallic compounds as solid phases 

containing two or more metallic elements, with optionally one or more non-metallic elements, whose 

crystal structure differs from that of the other constituentsέ [1]. They show both metallic and ionic 

bonding characteristics between dissimilar atoms such as Fe-Al or Ti-Al over Fe-Fe or Ti-Ti bonding 

respectively. This leads to large, long range ordered crystal structures. This order brings with it 

properties that lend intermetallic compounds to applications as varied as superconductors and 

metallic glasses to non-conducting composites [2]. 

With ever increasing demands on automotive and aerospace engine manufacturers to develop 

systems with improved efficiency and reduced environmental footprint, advanced designs are based 

on higher service temperatures, lighter weight, and higher operation speeds. With properties such as 

high temperature stability, oxidation and corrosion resistance, high strength, and creep resistance, 

while also having a low density, intermetallic titanium aluminide (TiAl) alloys began being incorporated 

into aerospace designs in the latter half of the 20th century [3].  

The difficulty, as with most intermetallics, is their inherent brittle nature at low temperatures. This 

leads to high processing costs due to the elevated temperatures required to achieve acceptable 

workability. If further applications of titanium aluminide are to be made, then the processing and 

production of high integrity titanium aluminide alloys requires further research and greater 

understanding.  
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1.2 Background and justification for this study 
This project is a collaboration between Tier One members of the Advanced Forming Research Centre 

(AFRC), a recognised Centre of Excellence in innovative manufacturing technologies, research and 

development, metal forming and forging research. TIMET, as a global producer of titanium alloys and 

Tier One member of the AFRC, provided titanium aluminide cast ingot material for the project. 

Titanium aluminide (TiAl) alloys fill an important gap between high temperature and high-density 

superalloys and low temperature and low-density titanium and aluminium alloys. This is particularly 

important when considering high temperature applications such as automotive and aerospace engine 

components [4]. Titanium aluminides compare favourably to nickel-based superalloys in terms of their 

high elastic modulus and low density, and to titanium alloys in terms of high temperature stability and 

oxidation resistance [5]. The interest in this study is in investigating methods to ease their production, 

and therefore expand their possible uses in the aeroengine and in other industries. With drives 

towards improved efficiency being seen across the transport sector, advanced materials are essential 

if we are to meet our climate change goals. 

One major obstacle to further application identified is in the processing of a material with an inherent 

brittle nature at low temperatures (<800 °C). TiAl alloys show both metallic and ionic bonding 

character giving defined long-range ordered, therefore brittle, phases. For TiAl, they are based on 

ʴό¢ƛ!ƭύΣ ʰ2 (Ti3!ƭύ ŀƴŘ ʲ0/B2 (Ti). Their brittle nature leads to wrought processing techniques being 

largely avoided due to the high processing and equipment costs involved in multiple processing steps 

working at elevated temperatures which are necessary to achieve acceptable workability, as reviewed 

by Appel et al. [6]. Therefore, reducing processing steps and/or improving forging outcomes would be 

of industrial interest.  

There are also challenges created by the initial casting process, casting of TiAl alloys such as 4822 (Ti-

47.2-48Al-2Nb-2Cr at%) and 45XD (Ti-45Al-2Nb-2Mn-1 at%) used in this study, follow a peritectic 

solidification pathway resulting in solidification porosity and elemental segregation, which promotes 

the formation of brittle phases and large grained lamellar microstructures.  

This results in a material that shows:  

¶ Ease of fracture and flow localisation during processing  

¶ Plastic anisotropy due to large grain sizes 

¶ Slow recrystallisation due to elemental segregation 

A review by Kim, S.L., and Kim, Y. W., discussed ǎŜǾŜǊŀƭ άǇŀǘƘǿŀȅǎέ to making improvements to and 

expanding the use of titanium aluminides [7]Φ ¢ƘŜ άǇŀǘƘǿŀȅέ ǎǘŀǊǘǎ ǿƛǘƘ ƛŘŜƴǘƛŦȅƛƴƎ ŀ ŎƻƳǇƻƴŜƴǘΣ ŀ 

target application or end use. This target then requires clear specific properties. This is followed by 
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investigation and understanding of the composition-processing-microstructure relationship of that 

ƳŀǘŜǊƛŀƭ ŀƴŘ ǘƘŜ ά5ŀǘŀΣ YƴƻǿƭŜŘƎŜ ŀƴŘ LƴŦƻǊƳŀǘƛƻƴέ ŎƻƭƭŜŎǘŜŘ ƻǾŜǊ ǘƘŜ Ǉŀǎǘ ол ȅŜŀǊǎΦ ! Ŧƛƴŀƭ ǘŀǊƎŜǘ 

microstructure can then be identified to provide these properties.  

A similar methodology has been followed in this study, by identifying processes of interest capable of 

producing components and new applications for the material. These target processes, such as 

isothermal closed die forging and hot rolling, require high integrity forged titanium aluminide stock, 

high in dynamic recrystallised material and free of anisotropic grain morphologies.  

The aim of this PhD research is to investigate and develop alternative thermomechanical processing 

techniques to improve the forging outcomes, at industrially viable temperatures, of two cast, 

peritectic solidifying, consolidated titanium aluminide alloys; 45XD (Ti-45Al-2Nb-2Mn-1B at%) and 

4822 (Ti-48Al-2Nb-2Cr at.%).  

To start the project, a literature review will identify promising ingot processing techniques that may 

improve the efficiency of the initial ingot breakdown stage, referred to as primary compression. These 

processes and primary compression will look to produce high integrity, forged titanium aluminide 

stock ready for secondary processing by high deformation processes, such as closed-die forging and 

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

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

superalloys against low temperature and low-density titanium and aluminium alloys. Titanium 

aluminide provides the compromise between these materials, as shown in Figure 1. The difficulty, as 

mentioned earlier, is in the processing and application of a material with a brittle nature, hence the 

drive to near net shape processing routes and application away from potential damage in service. The 

following chapters describe the current theory behind the processing, microstructure and properties 

of current titanium aluminides [8]. 

  

  

Figure 1: Specific strength versus temperature diagram for structural materials [8]  



24 

 

2.2 Crystallography, phases and alloying of titanium aluminide 

2.2.1 Phase diagram ς effect of aluminium 
Titanium aluminide (TiAl) is an intermetallic compound that contains, at its most basic, titanium and 

aluminium. There are three intermetallic titanium aluminides, -ɹTiAl, h 2-Ti3Al and h -TiAl3. These are 

prevalent at different concentrations of aluminium respectively as shown in Figure 2 [3]. 

From an engineering point of view single phase alloys are of limited interest due to their brittle nature 

at all temperatures throughout their solidification pathway [5]. The dual phase ɹ Ҍʰ2 alloys of an 

aluminium content of 45-48 at% have been of interest for a number of years due to the phase fraction 

at this aluminium concentration providing the ductility required for hot working [9]. A more detailed 

phase diagram showing this region is shown in Figure 3 [10].  

 

Figure 2: titanium aluminide phase diagram [10]. 

Figure 3: Ti-Al phase diagram[3]. 
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2.2.2 Crystal structures of phases in titanium aluminide 
The h 2-Ti3Al and ɹ -TiAl phases give different structures, h 2-Ti3Al being hexagonal D019, while ɹ -TiAl has 

a tetragonal L10 structure, as shown in Figure 4 respectively, together with available slip planes and 

lattice parameters [11]. The traditional titanium phases of hexagonal (HCP) ʰ ŀƴŘ body centred-cubic 

(BCC) ̡  structures are only present at high temperatures and, if alloyed accordingly in titanium 

aluminide alloys, ƻǊŘŜǊŜŘ ʲΣ ʲ0/B2 which will be discussed later in section 2.3.1.5. This phase is 

important when considering wrought processing routes [12].  

2.2.3 Alloying of titanium aluminide 
Alloying of titanium aluminide has been one method of improving properties. Extensive research has 

given four distinct generations of titanium aluminide alloy up until now, by applying different 

combinations and ratios of elements to enhance properties such as ductility. This ductility from 

alloying arises from improving four aspects of the intermetallic structure; enabling more slip modes, 

removing or at least changing the long range order, introduction of ductile phases that allow 

deformation, and changes in solidification during thermomechanical processing to give a more 

controlled or refined microstructure [3]. 

Moving away from single phase ɹ  ŀƭƭƻȅǎ ǘƻ Řǳŀƭ ǇƘŀǎŜ ʴҌʰ2 of various aluminium concentrations, with 

small additions of additional elements typified the first generation of titanium aluminide alloys 

described by Kim and Dimiduk [13]. The 4822 (Tiτ48Al-2Nb-2Cr at%) alloy characterises this first 

generation, being the first titanium aluminide alloy applied to a commercial aero engine, these flying 

from 2012 in General Electric (GE) turbine engines [14]. 

First-generation single-phase alloys have a general formula described by.   

Ti-(50-52) AI-(1-2) X2 

2h-Ti3Al hexagonal D019 structure 

a=0.5782 nm, c=0.4629 nm 

-ɹTiAl tetragonal L10 structure 

a=0.4005 nm, c=0.4070 nm 

a 

c 

b 

c 

Figure 4: Left, h 2-Ti3Al hexagonal D019 structure a=0.5782 nm, c=0.4629 nm. Right, ɹ -TiAl tetragonal 

L10 structure a=0.4005 nm, c=0.4070 nm [11]. 
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and dual phase alloys as.  

Ti-(44-49) AI-(1-3) X1-(1-4) X2 -(0.1-1) X3 

 X1 covering manganese, chromium; X2 being niobium, tantalum, tungsten, molybdenum and X3 

describing silicon, carbon, boron, nitrogen, and yttrium. 

The second generation described by Appel et al. [15] restructured the formula for titanium aluminide 

alloys, these all being dual phase systems. 

Ti-(45-49) AI-(0-2) X1-(0.5-5) X2 -(0-1) X3 

The roles of these alloying elements were retained, alloys include 45XD (Ti-45Al-2Nb-2Mn-at% -0.8TiB2 

vol%), this likely to be applied to future Rolls-Royce turbine engines [14]. 

The third generation of titanium aluminide alloys are dominated by those described as TNM (Titanium, 

niobium, molybdenum) or TNB (titanium, niobium, boron) alloys, these are higher in X2 alloying 

elements, particularly niobium, than earlier ŀƭƭƻȅǎ ǿƘƛŎƘ ƎƛǾŜǎ ŘƛǎǘƛƴŎǘƛǾŜ ŀƴŘ ǳǎŜŦǳƭ ʲ ǎƻƭƛŘƛŦȅƛƴƎ 

properties, which will be discussed in later chapters. These alloys, again dual phase at room 

temperature, follow the formula [16];  

Ti-(45-46) AI-(4-8)X2-(0-1)X3 

The removal of boron from the formulation and the increased significance placed on the grain 

refinement offered by massive transformation via post-solidification heat treatments, was the focus 

of the European IMPRESS project [17]. This gave the fourth generation of titanium aluminides, with an 

alloy of configuration;  

Ti-(45-46) AI-(4-8)X2 

In the IMPRESS project all of X2 was niobium, Ti- 46Al-8Nb (at.%). The project team took this new alloy 

from raw material and produced turbine blades for both aero and stationary gas turbine engines [18]. 

X1, X2 and X3 elements all play differing roles in the solid solution and are common throughout the 

generations providing a compromise between properties of ductility and toughness compared to 

temperature stability and oxidation resistance.  
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To explain the mechanisms and the effects of these elements, we must break down these groups 

further in terms of how they alter the binary Ti-Al phase diagram. Lƴ ǘƛǘŀƴƛǳƳ ƳŜǘŀƭƭǳǊƎȅΣ ʰ ŀƴŘ ʲ 

stabilisers refer to elements which ƛƴŎǊŜŀǎŜ ƻǊ ŘŜŎǊŜŀǎŜ ǘƘŜ ʰκʲ phase transformation temperature, 

or transus, of pure ǘƛǘŀƴƛǳƳΣ ʰ ƛƴŎǊŜŀǎƛƴƎ ǘƘƛǎ ǘŜƳǇŜǊŀǘǳǊŜΣ ʲ ŘŜŎǊŜŀǎƛƴƎ. ¢ƘŜ ʰ ŀƴŘ ʲ phases are not 

present in TiAl alloys at room temperature but they still impact on these alloys during solidification, as 

will be discussed in 2.3.  

Table 1: Effect of alloying elements in Titanium Aluminides 

Element General alloying effect Position in alloy 

formula 

ʰΣ ʲ ƻǊ ƴŜǳǘǊŀƭ 

stabiliser 

Al Increases oxidation 

resistance and lowers 

density 

NA  h

Nb Increases oxidation 

and creep resistance 

X2  ̡

Ta Increases oxidation 

and creep resistance, 

tendency for hot 

cracking 

X2  ̡

W Increases Oxidation 

and creep resistance 

X2  ̡

B Grain refiner X3  h

C Increases creep and 

oxidation resistance 

X3  h

Cr Increases ductility if 

added in small 

amounts; increases 

oxidation resistance in 

high conc. 

X1  ̡

Mn Increases ductility X1  ̡

Mo Increases strength, 

and creep and 

oxidation resistance. 

X2  ̡

Si Improves high temp 

mech properties 

X3  ̡

Y Grain refinement in 

lamellar structures 

X3  ̡
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X1 elements vanadium, manganese and chromium are applied to improve ductility of two-phase 

alloys, as they are found to reduce the strain caused by the tetragonal distorted face centred cubic 

structure of the ɹ  phase, this caused by the atomic radii difference in titanium versus aluminium. X1 

elements reduce the c/a ratio of the unit cell. This is by substitution at aluminium sites in the unit cell, 

leading to a weakening of the Ti-Al bonding due to changes in the electronic structure of the unit cell. 

In turn, this alters the bonding in the unit cell to become more isotropic and reduces the lattice 

resistance to dislocations along the ½ (110) direction, shown in Figure 4b, when compared to binary 

titanium aluminide [19]. 

These additions do, however, reduce the oxidation resistance of the alloy, preventing the formation 

of protective aluminium oxide at high temperatures, hence the need for X2 alloying elements [20]. 

The X2 atoms, niobium, tantalum, tungsten, molybdenum, do not inhibit the formation of protective 

layers, in particular aluminium oxide, Al2O3, providing increased oxidation resistance.  

Smaller X3 element additions are made for reasons including oxidation and creep resistance, 

castability as well as more regular microstructure refinement. Additions of boron and yttrium offer 

grain refinement, boron and its effect on solidification and microstructure will be discussed later in 

greater depth [21]. Rarely applied elements such as carbon and silicon have shown improvements in 

creep properties, reductions in melt viscosity and improved high temperature properties [22ς24]. 
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2.3 Titanium aluminide alloys and their microstructures 
 

2.3.1 Microstructures 
Here, the focus will be on the dual phase 

alloys over the out-of-favour single phase 

alloys [13]. The titanium aluminide alloys 

of concern in this study are dual phase 

alloys, existing in the ɹ Ҍh2 region at room 

temperature. However, it is the 

processing and cooling from higher 

temperature phases in heat treatment, 

or solidification from casting, which gives 

the materials microstructure and 

therefore its properties. This section 

describes the microstructures of titanium 

aluminide alloys, how alloying with boron 

impacts these and the effect of the 

solidification pathway the material has 

followed. 

 

2.3.1.1 Near-gamma  
Near-gamma is composed of equiaxed grains of ʴ 

ǿƛǘƘ ǎƳŀƭƭŜǊ ʰ2 deposits, as in Figure 6, this forms 

via heating in the ɹ Ҍh2 phase field, as shown by 

point T4 in Figure 5 [25]. This microstructure 

lends itself to positive tensile properties at room 

temperature but poor fracture and creep 

resistance, moving the microstructure to the 

background in terms of research attention.  

Figure 5: Example of phase diagram and working at different 

temperatures to achieve different microstructures for TiAl alloy 4822 [25]. 

Figure 6: Near-gamma microstructure[25] 
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2.3.1.2 Near fully lamellar 
Colonies consist of near-lamellar grains of h2 + ɹ  plates 

with the presence of small equiaxed  ɹgrains.  

This microstructure is formed high in the h+ɹ  region 

at point T2, the h 2 +  ɹplates and the equiaxed ɹ Ǌŀǘƛƻ 

as well as the size of the grains is controlled via the 

cooling rate and composition of the alloy [26]. The 

image at Figure 7 is 4822 (Ti-48 Al-2 Nb-2 Cr at%), an 

alloy which applies a near fully lamellar 

microstructure to give its mechanical properties in 

service. These at room temperature are more 

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

however when in comparison at higher temperatures they are inferior [27]. 

2.3.1.3 Fully lamellar 
Fully lamellar microstructures, like that of the near fully lamellar structure, consist of ʴҌh2 lamellae 

with the equiaxed ɹ deposits being absent. Formed from casting solidification or via heat treatments 

ŀōƻǾŜ ǘƘŜ ʰ ǘǊŀƴǎǳǎΣ ŀǘ Ǉƻƛƴǘ ¢м ƻƴ Figure 5, time spent at this temperature leads to  hgrain growth 

and so large lamellar grain sizes upon further cooling, described below. The solidifying route of the 

fully lamellar microstructure does not follow a eutectic pathway, but can follow two different routes 

depending on the aluminium concentration of the alloy [28]. Route 2 is the pathway followed by the 

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

wƻǳǘŜ мΤ ʰ Ҧ h 2 Ҧ 2hҌ ɹ

wƻǳǘŜ нΤ ʰ Ҧ +hɹ  Ҧ ʰ2Ҍʴ  

This study by Denquin and Naka investigated the 

mechanism of lamellar formation and described 

how the disordered h and/or ordered DO19 h 2 Ti3Al 

structure transformed into the L10 face centred 

tetragonal structure of .ɹ They found that the 

lamellar structure forms in two stages, first pre-

nucleation. This is where dislocations upon cooling 

cause stacking faults of an FCC type; ABC-ABC, 

within the HCP h  ƳŀǘǊƛȄ, of AB-AB stacking type. This 

stacking fault can repeat every two basal planes, 

resulting in the change of crystal structure from HCP to FCC. The crystallographic relationship between 

HCP and FCC, follows the Blackburn orientation relationship, {111}ʴ᷆(0001)h 2 and ἂ1мɎ0ἃ ʴ᷆ἂ11нɎ0ἃh2,  

Figure 7: Near fully lamellar microstructure[25] 

Figure 8: Fully lamellar microstructure [25] 
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the (0001) basal plane of the HCP structure being the habit plane interfacing the two phases, leading 

to the alternate adjacent phases of the lamellar structure eventually forming with further cooling. 

These stacking faults lower the activation barrier for the second stage; nucleation and growth ƻŦ ʴ 

from the FCC type stacking faults in the  hmatrix upon further cooling. Nucleation consists of atom 

transfer; this lowers the energy barrier for the ordering of FCC into the long range ordered L10 

structure and distortion of the FCC structure to give face centred tetragonal (FCT) and so the ɹ  phase. 

This sequence of events also explains why ŜŀŎƘ ʰ ƎǊŀƛƴ produces a single lamellar grain of identical 

size upon cooling due to the single set of basal planes in the HCP h  structure matching that of the FCT 

structure ƻŦ ʴΦ ThŜ ʰ phase present in the lamellar grain transforms at lower temperatures by an 

ƻǊŘŜǊƛƴƎ ǊŜŀŎǘƛƻƴ ƻŦ ʰ (A3) ǘƻ ʰ2 (DO19)Σ ƳŜŀƴƛƴƎ ŀƭƭ ʰ ǿƛƭƭ ƘŀǾe the same crystallographic orientation, 

to give the ɹ Ҍh2 lamellar grain. From this mechanism the lamellar structure can form to give either the 

fully or nearly lamellar microstructures [29]. 

2.3.1.4 Duplex 
Duplex microstructures are composed of equal 

parts of h 2 + ɹ  lamellae with equiaxed ɹ. This gives a 

compromise of good room temperature ductility 

and toughness, but poor high temperature creep 

resistance. Such structures are formed low in the h  

+  ɹ phase, at a temperature that produces equal 

volumes of both ʰ ŀƴŘ ʴ ǇƘŀǎŜǎΣ ǘƘƛǎ temperature 

being alloy dependent. The fine-grained 

combination of both phases begins with the heat 

treatment transforming 2h ǘƻ ʰ. To reach 

equilibrium, ʰ ǇǊŜŎƛǇƛǘŀǘŜǎ ƎǊƻǿ ƛƴǘƻ ǇƭŀǘŜǎ ƛƴ 

ŦŀǾƻǳǊ ƻŦ ǘƘŜ ŜȄƛǎǘƛƴƎ ʴΣ ǳƴǘƛƭ ŀ мΥм (ʰΥ ʴ) ratio is reached. Both phases grow in grain size at 

temperatures in the h  + ɹ  phase over time in a competitive process, inhibiting each other, hence the 

fine-grained microstructure [30]. 

¢о 
Figure 9: Duplex microstructure [25] 
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2.3.1.р ʲ ǎƻƭƛŘƛŦȅƛƴƎ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜǎ 
These microstructures are gained via the alloying of 

titanium aluminide with  ̡stabilisers to the point 

where ordered body centred cubic (BCC) ̡ (B2/̡ 0), 

is retained at room temperature and disordered ̡  

is present at elevated temperatures. The Al 

concentration, acting as h  stabiliser, of the alloy 

dictates how suppressed the phase boundary is by 

the  ̡ stabilisers. In  ̡ solidifying alloys the Al 

concentration tends to be lean; <44 at%. [31]. 

Alloy refinement investigations by Zhang et al, 

Imayev et al and Chladil et al found solidification 

ǘƘǊƻǳƎƘ ǘƘŜ ʲ ǇƘŀǎŜΣ [Ҍʲ ҦʲΣ rather than through L+̡ Ҧʰ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ŀǾƻƛŘ ǎŜƎǊŜƎŀǘƛƻƴ [32ς34]. 

So, solidification follows as such;  

LҦL+̡ Ҧ ̡Ҧ  ̡+ h  Ҧʰ Ҍ ʴ Ҍʲ Ҧ h  Ҍ ʴ Ҍʲ0 Ҧ h2 Ҍ ʴ Ҍʲ0, 

 TƘŜ ǾƻƭǳƳŜ ƻŦ ʰ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀƴŘ ǊŜǘŀƛƴŜŘ ʲ0 at lower temperatures is dependent on the 

ŜȄǘŜƴǘ ƻŦ ʰ ŀƴŘ ʲ ǎǘŀōƛƭƛǎŜǊǎ ƛƴ ǘƘŜ alloy [35]. 

The microstructure itself, as given by the solidification route, consists of 2h + ʴ ƭŀƳŜƭƭŀŜ ǿƛǘƘ ǘƘŜ 

ŜǉǳƛŀȄŜŘ ʴ ŀǎ ǎŜŜƴ ƛƴ ƻǘƘŜǊ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜǎ ƻŦ titanium aluminide, with additional grains and laths of 

0̡. ¢ƘŜ ǊŜǘŀƛƴŜŘ ʲ0 is present if the heat treatments of the alloy allow it, removal of ǘƘŜ ʲ0 from the 

structure at room temperature achieves a more creep resistant structure [36]. 

The disordered ̡  phase, present at high temperatures, provides these alloys with several beneficial 

properties over other conventional titanium aluminide microstructures. Good workability/ductility, 

ŜǾŜƴ ŀǘ ƭƻǿ ǾƻƭǳƳŜǎ ƻŦ ʲ, with little segregation, leaving a homogeneous and fine microstructure even 

in the as-cast condition [37]. 

2.3.1.6 Effect of boron additions 
After the first generation of boron free, dual phase alloys, additions of boron have influenced titanium 

aluminide metallurgy to reduce processing cost. Grain refinement of the as-cast microstructure is the 

aim of these additions, ideally removing much of the costly wrought processing. The boron enables 

refinement through the changes caused in solidification pathway [21]. 

Studies of the 1990s looked at the concentration and the source of boron required to achieve grain 

refinement. These gave the guidelines in how to apply borides successfully, but no clear-cut 

mechanism. These early practical studies concluded that titanium diboride (TiB2) is preferred, with a 

minimum concentration of 0.5 at%, and that the borides must be homogenously dispersed through 

 
Figure 10: ̡  ǎƻƭƛŘƛŦȅƛƴƎ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ[31] 
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the melt pool prior to casting [38]. From 2007, the mechanism of how boron altered the solidification 

pathway was beginning to reach conclusions, this was found to alter depending on the path followed, 

this being dictated by the aluminium concentration. With several mechanisms suggested for different 

aluminium concentrations and different solidification pathways, the topic was later reviewed by 

Hu.[39]. 

For peritectic solidifying ό[ҌʲҦʰύ alloys, such as 45XD, the titanium boride precipitates ƴǳŎƭŜŀǘŜ ʰ, ʰ 

grows into the high temperature disordered ̡Σ also present as well as any liquid present. This relies on 

a critical boron concentration; this point is where the boride precipitate forms before the phase 

transformation occurs [33]. 

¢ƘŜ ōƻǊƛŘŜ ƎƛǾŜǎ ǘƘŜ ʰ ƛǘǎ random orientation if homogeneously dispersed [40]. As cooling proceeds 

ǘƘƛǎ ƎƛǾŜǎ ǘƘŜ ʴ ǇǊŜŎƛǇƛǘŀǘŜŘ ŦǊƻƳ ǘƘŜ ʰ and so the subsequent lamellar grain the same random 

orientation [41]. 

2.3.1.7 Effect of rapid cooling 

As time at temperature and slow cooling rates influenced the cast microstructures discussed above, 

ǊŀǇƛŘ ŎƻƻƭƛƴƎ ŦǊƻƳ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ŦǊƻƳ ǘƘŜ ǎƛƴƎƭŜ ʰ ǇƘŀǎŜ Ŏŀƴ also lead to 

microstructures and phase transformations of interest, in particular air cooling, which is covered here. 

Phase transformations are reviewed in greater detail by Ramanujan [29]. 

¶ !ƛǊ ŎƻƻƭƛƴƎ ό!/ύ Ҧ ŦƛƴŜ Ŧǳƭƭȅ ƭŀƳŜƭƭŀǊ ʴҌʰ2Σ ŦŜŀǘƘŜǊȅ ʴ όʴfύ ŀƴŘ ²ƛŘƳŀƴǎǘ ǘǘŜƴ-ƭƛƪŜ ʴ 

transformation  

¶ ²ŀǘŜǊ ǉǳŜƴŎƘ ό²vύ Ҧʴf ŀƴŘ ƳŀǎǎƛǾŜ ʴ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ 

¶ LŎŜ ǿŀǘŜǊ ǉǳŜƴŎƘ όL²vύ ҦƳŀǎǎƛǾŜ ʴ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ 

Lƴ ǘƘŜƛǊ ǿƻǊƪ ƻƴ ʴf, Dey et al. ŦƻǳƴŘ ʴf morphologies could be produced from AC to WQ [42]. The 

authors ŦƻǳƴŘ ʴf could be obtained ƛƴ ǘǿƻ ŦƻǊƳǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǿƘŜǊŜ ƛǘ ƘŀŘ ƻǊƛƎƛƴŀǘŜŘ ƻƴ ǘƘŜ ǇǊƛƻǊ ʰ 

ƎǊŀƛƴΦ LƴǘŜǊƴŀƭ ŦŜŀǘƘŜǊȅ ʴ ǇŀŎƪŜǘǎ όʴf-intύ ŀǊŜ ǊŀƴŘƻƳƭȅ ƳƛǎƻǊƛŜƴǘŀǘŜŘ ʴ ƭŀǘƘǎ ǘƘŀǘ ƴǳŎƭŜŀǘŜ ǿƛǘƘƛƴ ǇǊƛƻǊ 

ʰ ƎǊŀƛƴǎ ŀǎ ǘƘŜ ƭŀƳŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜ ōŜƎƛƴǎ ǘƻ ŦƻǊƳ upon cooling, without being in contact with any grain 

ōƻǳƴŘŀǊȅΦ DǊŀƛƴ ōƻǳƴŘŀǊȅ ŦŜŀǘƘŜǊȅ ʴ ǇŀŎƪŜǘǎ όʴf-gb) grow from the grain boundary of one lamellar grain 

into the adjacent lamellar grain, with no apparent orientation relationship with its host lamellar grain. 

The properties and compressƛƻƴ ōŜƘŀǾƛƻǳǊ ƻŦ ǘƘŜǎŜ ʴf dominant microstructures for TiAl alloys is not 

well documented.  
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2.4 Composition- processing-microstructure relationships of titanium 

aluminide  
 

This section will describe the production of titanium aluminide stock and products, focusing on ingot 

metallurgy through to the wrought processing methods employed to achieve the desired 

microstructures, as described in Figure 11 [43]. How these techniques are applied and their impact on 

the microstructure and its deformation will be discussed, properties will be mentioned where 

appropriate, these being relevant to further processing. Special mentions of near net shape processing 

and powder metallurgy will be made. 

2.4.1 Titanium aluminide stock production 

2.4.1.1 Ingot production and casting 
Titanium aluminide ingot production differs little from 

conventional titanium in terms of melting equipment, with 

vacuum arc remelting (VAR), plasma arc melting (PAM) and 

induction skull melting (ISM) being viable [44]. Electron beam 

melting (EBM) has become popular for titanium alloys but is 

avoided for titanium aluminide alloys due to the relatively high 

vapour pressure of aluminium. PAM has certain advantages 

over the other techniques in terms of processing cost and 

flexibility, as it can produce a variety of ingot sizes from 

different feedstock types of a reproducible homogeneity and 

quality, due to processing under an inert atmosphere [12].  

Figure 11: diagram displaying processing routes possible for titanium aluminide 

Figure 12: Diagram displaying PAM process, 

with homogenization step and ingot 

drawing[44]  
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A significant difference between titanium and titanium aluminide production is the feedstock 

required. The high proportion of aluminium and alloying elements necessarily results in three different 

melting temperatures to be considered: that of titanium (1668°C), any master-alloy present, 

containing the alloying elements, (1650°C), and the aluminium (660°C). This range of temperatures 

causes issues such as the formation of titanium inclusions in the melt pool, as shown in Figure 13. To 

reduce inclusions, the VAR process must be run several times, ǘƘƻǳƎƘ ǘƘƛǎ ǎǘƛƭƭ ŘƻŜǎƴΩǘ ǎƻƭǾŜ the 

problem completely. PAM does not have this issue with its near continual heating; however, 

vaporisation of alloying elements is a concern, though this can be mitigated through additions as well 

as maintaining an inert atmosphere under pressure [44]. 

When the melt pool has been homogenised, casting takes place. This can be via traditional investment 

casting or centrifugal casting to give an ingot ready for further processing, including machining and 

hot working [45]. 

When casting-specific alloy 

compositions are used near-net shape 

products can be achieved with little 

further work, such as engine valves and 

turbocharger turbine wheels [23]. 

Reviewed by Noda, applying precision 

casting techniques, such as counter-

gravity- low pressure casting removes 

the need for further consolidation or 

machining [22]. Usually, to achieve 

the desired properties, this large 

Figure 14: Diagram displaying ISM process and pouring for 

centrifugal casting, also used for casting melt from the VAR 

processes [44] 

Figure 13: Diagram displaying VAR process, with method of Ti inclusion [44] 
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grained, as-cast microstructure (in the region of 50-400˃ m depending on the alloy composition) 

requires refining via one or more of the processes described in following sections [12]. 

2.4.1.2 Powder metallurgy 

As shown in Figure 11, powder metallurgy can be the other starting point for producing titanium 

aluminide components. Powder is produced via the atomisation of a pre-alloyed electrode or from a 

melt pool, these are known as electrode induction melting gas atomisation (EIGA) and plasma melting 

induction guiding gas atomisation (PIGA) respectively. Both have their benefits and drawbacks. EIGA 

requires less energy and is safer as the melt pool does not have to be sustained, but relies on a pre-

alloyed electrode, leading to questions over homogeneity of the powder. PIGA is in the opposite 

position, it requires more in terms of energy to maintain the melt pool with all the hazards that entails, 

however this melt pool ensures a homogeneous powder. Throughout the process, the reactive powder 

must be under an inert atmosphere. If exposed to air, impurities such as picking up of oxygen, nitrogen 

and carbon, can take place, removing the benefits of homogeneity. The argon atmosphere required 

for each stage of both routes must be taken into account, as its causes costs to increase [46]. 

If the inert atmosphere is maintained, the advantage of these techniques lies in the improved 

homogeneity when in comparison to ingot based metallurgy, giving more reliable components with 

reproducible properties [47]. The fine powder itself is also beneficial when we consider near-net shape 

processing; parts can be consolidated and compressed directly from powder to the finished article, 

with the obvious savings in machining this includes. With greater control of starting grain size, courtesy 

of the particle size control offered by EIGA and PIGA, deformation can also be different from the ingot-

based materials. Work by Semiatin et al. found powder metallurgy to have lower peak flow stress 

when compressed compared to that of ingot-based material, this was deemed to be due to the smaller 

lamellar colony sizes of powder-based material, of interest if wrought processing techniques are to be 

used over near net shape processes [48]. 

2.4.1.3 Consolidation of titanium aluminide via hot isostatic pressing 

When considering either powder or ingot metallurgy, consolidation via hot isostatic pressing (HIP) is a 

common process to bind the powder or remove porosity from the casting process [49]. This is done 

by applying constant pressure in three dimensions, to either the ingot or powder filled can, all via an 

inert gas, at high temperatures inside a high-pressure vessel [50]. With reducing porosity comes the 

opportunity for near-net shape processing, cast parts that require very little in the way of either final 

machining or further hot working.  

Mechanical property changes occur from the high temperatures, pressures and long process times, 

not necessarily giving the microstructure desired. This can mean an already costly process can become 

a complex one. For example, Bieler et al. found the standard HIP procedure (1270 °C, 175 MPa, 4 

hours) for carbide doped 45XD cooled too slowly, leading to inhomogeneous carbide precipitation. 
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This required an additional 1300°C, 8-hour heat treatment to rectify [51]. Combined HIP and heat 

treatment processing provides an interesting move away from this two-step method, greater control 

over the post-HIP cooling rate and so grain size and microstructure type, being particularly beneficial 

[52]. 

2.4.2 Thermal mechanical processing of titanium aluminide 

Thermal mechanical processing or hot working involves straining the microstructure, at a preferred 

temperature, with control over the total strain and the strain rate applied. Desired properties for in-

service might include improvements in tensile performance and fracture toughness, which can be 

achieved by thermal mechanical processing [27]. These mechanical properties are also important for 

titanium aluminide components and depend on the elemental composition of the alloy, the resulting 

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

being manipulated via thermal mechanical processing techniques.  

However, to get to this point the material must be able to be processed in the first place; a property 

referred to as workability, or forgeability when considering forging. 

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

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

άόƛύ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǇƭŀǎǘƛŎ ŀƴƛǎƻǘǊƻǇȅ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭΣ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ ƻŦ ƛƴŘŜǇŜƴŘŜƴǘ ǎƭƛǇ ǎȅǎǘŜƳǎΣ ǿƘƛŎƘ 

is reflected in the deformed state 

(ii) low dislocation mobility  

(iii) low diffusivity and grain boundary mobility, which retard recovery and recrystallization 

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

the development of textures 

(v) limited ductility and susceptibility to cleavage fracture, which determine the failure modes under 

hot-ǿƻǊƪƛƴƎ ŎƻƴŘƛǘƛƻƴǎΦέ 

This review of hot working titanium aluminide also identifies the issues with peritectic solidifying 

material when considering initial ingot breakdown or primary wrought processing, these are broadly 

grouped as;  

¶ ease of fracture,  

¶ plastic anisotropy and,  

¶ slow recrystallization.  
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These issues are both inherent in the material; from the lack of slip systems in the long range ordered 

phases present at room and working temperatures as well as a product of alloying and casting ingot 

material; large lamellar grain size and elemental casting segregation. These groups will repeatedly 

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

First, the distinction between the aims of primary and secondary processing should be made clear. 

Successful primary processing, seen as equivalent to ingot breakdown, or forming a pre-form in this 

study, looks to return a crack-free, isotropic behaving microstructure ready for secondary processing. 

To achieve this, pre-compression processing should aim to deliver a material that responds efficiently 

to deformation. An efficient response to primary processing includes returning a material with high 

lamellar globularisation, and so high levels of dynamic recrystallisation, both terms which will be 

introduced in this chapter. Secondary processing covers high deformation processes such as hot rolling 

or isothermal closed-die forging. For a successful outcome these techniques require a refined, largely 

recrystallised microstructure, ideally capable of strain rate sensitivity of җ0.3 

[53],[54],[55],[56],[57],[58]. 

To discuss workability and improving forging outcomes, we need to understand the plastic 

deformation of relevant titanium aluminide phases and microstructures, or the permanent distortion 

of a material under applied stress, in metals this can occur via: 

¶ Slip from the motion of dislocations in the crystal structure 

¶ Twinning, where plastic deformation causes changes in crystallographic orientation 

¶ Diffusion creep  

¶ Grain-boundary sliding  

¶ Grain rotation  

¶ Deformation-induced phase transformations 

 

2.4.2.1 Phase fraction, elemental homogeneity and dynamic recrystallisation 

In phases present in titanium aluminide alloys, the deformation modes are via slip and twinning as 

well as elastic deformation of both phases [59]. How and when these modes play a role in deformation 

is dependent on the temperature and phases present. For single phase ɹ, Figure 4b, deformation at 

room temperature is by super-dislocations; a dislocation of more than one atom wide. This is via the 

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

covalent nature, giving ɹ  ƛǘǎ ōǊƛǘǘƭŜ ǇǊƻǇŜǊǘƛŜǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ [60]. The super-dislocations 

mentioned above only become active at high temperatures. 

At high temperatures above the brittle to ductile transition temperature, for  ɹthis is around 800°C, 

deformation proceeds by normal dislocations via 1/2 <110], and mechanical twinning due to the 1/6 
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<112] partial dislocation. This deformation operates in the {111} plane of the tetragonally distorted 

face centred cubic (FCC) L10 structure.  

Addition of the hexagonal close packed (HCP), D019 2h phase, Figure 4a, with only two slip systems at 

the Burgers vectors <1126> on the {1121} plane and <1120> on the {1100} and {0001} planes alters 

the deformation of the other, ɹ  phase in a positive fashion, within limits [61]. Formation of the dual 

phase lamellar microstructures, described in 2.3.1.3, results in ɹ  twinning of the 1/6 <112] and normal 

dislocation of the 1/2<110] at low temperatures. This has been put down to h2 taking up interstitial 

ŜƭŜƳŜƴǘǎΣ ƪƴƻǿƴ ŀǎ ƎŜǘǘŜǊƛƴƎΣ ŀǎ ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ŦƻǊ ǘƘŜǎŜ ƛǎ ƘƛƎƘŜǊ ƛƴ ǘƘƛǎ ǇƘŀǎŜ ǘƘŀƴ ʴΦ ¢Ƙƛǎ effectively 

ǇǳǊƛŦƛŜǎ ǘƘŜ ʴ ǇƘŀǎŜ ōȅ ƘŀǊŘŜƴƛƴƎ ǘƘŜ ʰ2, reducing the stresses involved by interstitials interfering in 

Ti-Ti bonding [62]. Holec et al. also added to this by calculating preferential occupancy sites for 

ŘƛŦŦŜǊŜƴǘ ŀƭƭƻȅƛƴƎ ŜƭŜƳŜƴǘǎ ŀƴŘ ƛƴǘŜǊǎǘƛǘƛŀƭǎ ƛƴ ʰ2, ɹ  ŀƴŘ ʲ [63]. 

!ƴƻǘƘŜǊ ŦŀŎǘƻǊΣ ƭŀǊƎŜƭȅ ƛƎƴƻǊŜŘ ƛƴ ǇǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ƻƴ ǇŜǊƛǘŜŎǘƛŎ ŀƭƭƻȅǎΣ ƛǎ ǘƘŜ ʲ0 phase. These peritectic 

ŀƭƭƻȅǎ Ŏŀƴ Ŏƻƴǘŀƛƴ ǘƘŜ ƻǊŘŜǊŜŘ .нκ ʲ0 phase, without the benefit to workability of solidifying through 

ǘƘŜ ǎƛƴƎƭŜΣ ŘƛǎƻǊŘŜǊŜŘ ʲ ǇƘŀǎŜ ǊŜƎƛƻƴ [17],[18].  

 

As previously mentioned in 2.3.1.5, both the ordered and disordered ̡ ǇƘŀǎŜ Ƙŀǎ ŀ ōƻŘȅ ŎŜƴǘǊŜŘ ŎǳōƛŎ 

(BCC) structure, Figure 15, disordered  ̡is present at hot working temperatures and ordered ̡ 0 at 

room temperature, as seen in the quasi-TNM phase diagram seen in Figure 16 [65]. Solidifying through 

ǘƘŜ ʲ ǇƘŀǎŜ (LҦ[ҌʲҦʲύ helps to produce a more elementally homogeneous microstructure, avoiding 

aluminium segregation and anisotropic casting texture seen through peritectic solidification 

LҦL+̡ Ҧ,h as reviewed by Clemens and Mayer [66]. This, together with its often fine grained and 

globular nature, allow for isotropic deformation, allowing near conventional temperatures to be used 

in hot working [34].  

¢ƘŜ ōŜƴŜŦƛǘǎ ƻŦ ǘƘŜ ʲ ǇƘŀǎŜ ōŜƛƴƎ ǇǊŜǎŜƴǘ ƛƴ Ƙƻǘ 

deformation was investigated around the beginning 

of the millennium. Groups such as Tetsui et al. for 

example, applied 5 at% manganese to their alloy to 

gain the disordered ̡  ǇƘŀǎŜ to aid hot working and 

production of turbine blades [67]. The team applied 

a variety of heat treatments and thermomechanical 

processing techniques; forging, rolling, bending, to 

produce several structural components. Mechanical 

properties (including tensile strength from room 

temperature to 1000 °C and high cycle fatigue 

strength) were investigated. This disordered phase 
Figure 15: Ordered B2 and disordered body 

centred cubic unit cell structure [3] 
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ŜŀǎŜǎ Ƙƻǘ ŘŜŦƻǊƳŀǘƛƻƴ ǿƘŜƴ ǿƛǘƘƛƴ ǘƘŜ ʲҌʰ ǊŜƎƛƻƴ [32]. Wang et al. found the disordered ̡  phase to 

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

and by reducing the overall h2 fraction, also improving oxidation resistance [68]. The disordered phase 

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

ǎȅǎǘŜƳΦ ¢Ƙƛǎ ƛǎ ŘƻƴŜ Ǿƛŀ ǘƘŜ .// ǳƴƛǘ ŎŜƭƭΩǎ ǘǿŜƭǾŜ ŀǾŀƛƭŀōƭŜ ǎƭƛǇ ǎȅǎǘŜƳǎ ǘƘǊƻǳƎƘ ǘƘŜ ғмммҔ ŘƛǊŜŎǘƛƻƴ 

in the {110} plane, as well as twinning and dynamic recrystallisation [69]. 

However, issues arose in terms of lower than anticipated tensile strength and poor workability at lower 

temperatures. This was determined to be due to a high ordered ̡ 0 phase fraction. ¢ƘŜ ƻǊŘŜǊŜŘ .нκʲ0 

phase fraction is accentuated by aluminium segregation from peritectic solidification [67]. At the lower 

working temperatures used in this study, also examined by Tetsui et al. and others, the long range 

ƻǊŘŜǊŜŘ .нκʲ0 is present [68],[70],[71]. This has limited deformability due to the loss of symmetry seen 

ƛƴ ǘƘŜ ǳƴƛǘ ŎŜƭƭ ǳǇƻƴ ƻǊŘŜǊƛƴƎ ŀƴŘ ʲ0 concentrates dislocation pile-ups, as identified by Molénat et al., 

its presence contributing little to workability [72],[73]. 

This was largely resolved by the design of the 

third generation of titanium aluminide alloys 

[32]. This group is referred to as TNM alloys 

(titanium, niobium, molybdenum), this being 

ǘƘŜ ŦƛǊǎǘ ŎƻƳƳŜǊŎƛŀƭ ʲ-solidifying alloy 

developed by GKSS of Germany in 2000 [15]. The 

ƳŀƧƻǊƛǘȅ ƻŦ ǊŜŎŜƴǘ ǿƻǊƪ ǊŜƎŀǊŘƛƴƎ ʲ ŘŜŦƻǊƳŀǘƛƻƴ 

is based upon this alloy design. A case study of 

TNM in low pressure turbine blades will follow 

at the end of this review.  

However, even in TNM alloys workable 

disordered ̡  only comes with the disordering 

ǊŜŀŎǘƛƻƴ ƻŦ ʲoҦʲ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎ, as 

shown on -̡solidifying TiAl alloy Ti-43.5Al-4Nb-

1Mo-0.1B (a TNM alloy) by Schwaighofer et al. [65]. This disordering reaction temperature is not 

known for all alloys so the ̡ 0 present can have an embrittling effect in service or processing if not 

controlled [74], [75]. 

 

As found by Zhang, Dehm and ClemensΣ ǊŜƳƻǾƛƴƎ ǘƘŜ ʲo ǇƘŀǎŜ ƛǎƴΩǘ ǿƛǘƘƻǳǘ ƛǘǎ ŘƛŦŦƛŎǳƭǘƛŜǎ [32]. 

Investigations of the impact of HIP and homogenisation (HMG) on the content and distribution of this 

ǇƘŀǎŜ ŦƻǳƴŘ ōƻǘƘ ǇǊŜǎǎǳǊŜ ŀƴŘ ʰ ǇƘŀǎŜ IaD ŜǎǎŜƴǘƛŀƭ ǘƻ ǊŜƳƻǾƛƴƎ ʲo but this came with excessive 

grain growth in their low boride alloy.  

Figure 16: Phase diagram of TNM type alloying 

system[65] 
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Attempts to retain the ŘƛǎƻǊŘŜǊŜŘ ʲ ǇƘŀǎŜ have been noted, through a high cooling rate for example, 

however this leads to the flow stress increasing dramatically upon deformation. This mechanism for 

body centred cubic materials was proposed by Seeger and Wüthrich in the 1970s, described in terms 

of titanium aluminide by Appel, Clemens and Fischer [73]. So, this technique cannot be used to increase 

ductility at sub ̡ oҦ  ̡ordering temperatures. 

5ŜŦƻǊƳŀǘƛƻƴ ŦƻǊ ʲ-solidifying alloys was comprehensively reviewed by Mayer et al, older non-ʲ 

solidifying alloys by Appel and Wagner, with an update including modelling of deformation by Appel, 

Clemens and Fischer [31,71,76]. 

So, for the thermal mechanical processing of peritectic solidifying titanium aluminide alloys, of concern 

to this work, ōƻǘƘ ŘȅƴŀƳƛŎ ŀƴŘ ǎǘŀǘƛŎ ǊŜǎǘƻǊŀǘƛǾŜ ǇǊƻŎŜǎǎŜǎ ƻŦ ʴ ŀǊŜ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŀŎǘƛǾŀǘŜŘ ōȅ ǘƘŜ 

strain energy caused by dislocations multiplying during deformation. When the increased dislocation 

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

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

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

Dynamic processes include dynamic recovery (DRV), which is the release of strain energy through slip 

and dynamic recrystallisation (DRX), which is the replacement of old high strain grains with new, strain 

free, equiaxed material. In the ʴ ǇƘŀǎŜΣ with its low stacking-fault energy, DRV is slow, giving high 

dislocation density, restoration is therefore reliant on DRX in dual phase alloys [77].  

With compression, the DRX process activated fƻǊ ʴ, with its low stacking fault energy, is discontinuous 

(dDRX, simply referred to as DRX); there are clear nucleation and growth stages involved in the 

formation of the new grains [77]. Once compression and so DRX has stopped, restoration of TiAl 

material with high dislocation density can continue via meta-dynamic recrystallisation (MDRX) [77]. 

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

dislocation density and then recrystallisation.  

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

dynamic recrystallised fraction (X-DRX) >50%, linked to a transition strain (ʁ*ύΣ ōŜƭƻǿ ǘƘƛǎ ʶ*, static 

recrystallisation (SRX) takes place with the accompanying fine globular microstructure symptomatic 

of SRX [78],[79]. This ʁ * can take place between peak and steady state strain, after which MDRX 

behaviour is independent of additional strain.  

However, other authors have offered another theory, (ii), stating that MDRX will take place if DRX has 

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

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

globular grain dimensions. 

Wan et al. looked at critical conditions for dynamic recrystallisation using a PM version of an alloy to 

be studied, 4822, consisting of equiaxed fine grains [89]. They noted that the homogeneous 

microstructure ƻŦ ƎƭƻōǳƭŀǊ ʴҌʰ exhibited good hot workability due to high dislocation mobility and 

ease of DRX. This is one example of where a peritectic solidifying TiAl microstructure and subsequent 

workability does not suffer with anisotropic deformation behaviour or ease of fracture, because of the 

homogeneous equiaxed microstructure present. This alloy also benefited from elemental 

homogeneity, recrystallisation is therefore eased. As discussed in 2.4.1.2, PM alloys, are more 

elementally homogeneous than ingot-based metallurgy routes.  

In work on peritectic solidifying ingot-based material (IM) to ensure successful and homogeneous 

compression Semiatin et al. found the material ǊŜǉǳƛǊŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ ǘƘŜ ʰ ǇƘŀǎŜ ōŜŦƻǊŜ ǿǊƻǳƎƘǘ 

processing [94],[95]. ¢ƘŜȅ ƛŘŜƴǘƛŦƛŜŘ ǘƘŀǘ ƛŦ ƛƴƎƻǘ ƳŀǘŜǊƛŀƭ ƘŀŘ ƴƻǘ ōŜŜƴ ƘŜƭŘ ŀōƻǾŜ ǘƘŜ ʰ ǘǊŀƴǎǳǎΣ 

aluminium segregation from casting caused issues such as differing transus temperatures, flow 

stresses and phase distribution upon compression, as did Fuchs [92]. Alternative homogenisation 

routes have been explored. Kong, Chen and Niu et al. applied lengthy heat treatments to various ingot 

ƳŀǘŜǊƛŀƭ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ ǘƘŜ ʴҌʰ2 region in several studiesΣ ŀƴȅǘƘƛƴƎ ōŜƭƻǿ ǘƘƛǎ ʰ ǘŜƳǇŜǊŀǘǳǊŜ ƭŜŘ 

to segregation and striations on compression [81], [99],[100],[101]. No assessment of X-DRX was 

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

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

alloying elements and Al segregation [102]. 

Wang et al. found ǘƘŜ Ҕʰ ǘǊŀƴǎǳǎ ƘƻƳƻƎŜƴƛǎŀǘƛƻƴ ǎǘŜǇ essential preparation for grain refinement 

through cyclic heat treatment, avoiding hot working in the process [96]. This work has been followed 

ōȅ ƻǘƘŜǊ ǊŜǎŜŀǊŎƘŜǊǎ ŜǎǇƻǳǎƛƴƎ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ Ҕʰ ǘǊŀƴǎǳǎ ƘƻƳƻƎŜƴƛǎŀǘƛƻƴ ǎǘŜǇ ŦƻǊ ƛƴŎǊŜŀǎƛƴƎ 

the dynamic recrystallised fraction (X-DRX) [97], [98], [81]. Heat enables atom transfer to occur and a 

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

casting as discussed in 2.4.1.1 and other techniques, such as ultrasonics in the melt pool being 

introduced to achieve uniformity [82]. 

These studies on IM TiAl have a more heterogeneous microstructure to work with in initial ingot 

breakdown in comparison to those studying PM. To improve forging outcomes and increase the X-DRX 

for further steps necessitates the understanding of the lamellar structure and its behaviour through 

compression or heat treatment. 
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2.4.2.2 Lamellar microstructures and globularisation 

The lamellar morphology itself and its formation is described in 2.3.1.3, here the focus will be on the 

breakdown or globularisation of this anisotropic behaving material. Globularisation begins to initiate 

when lamellar grains are under strain ŀǘ ǘƘŜ ƎǊŀƛƴǎ ǇǊƛƻǊ ʰ ƎǊŀƛƴ ōƻǳƴŘŀǊȅ, the kinetics of this process 

are dictated by several variables and processes, discussed here. 

With a favourable orientation and grain size that is susceptible to the strain applied, kinking of the 

lamellar ǎǘǊǳŎǘǳǊŜ ƻŎŎǳǊǎΦ ¢Ƙƛǎ ǿƛƭƭ ŎŀǳǎŜ ǇŀǊǘǎ ƻŦ ǘƘŜ ƭŀƳŜƭƭŀŜ ǘƻ άǇƛƴŎƘ ƻŦŦέΣ ŀƴŘ from these new 

equiaxed grains will then grow, this is the basic mechanism for DRX in alloys of this type [92]. With 

strain and time DRX will proceed leading to further break-up of these lamellae and softening of the 

flow stress seen in compression. The process of lamellar grains being replaced by equiaxed material is 

often referred to as dynamic globularisation, as reviewed by Seetharaman and Semiatin [25]. 

Recrystallisation, and to a lesser extent phase boundary bulging, were identified as the mechanisms 

of globularisation by Zhang et al; this behaviour was further described by Tian et al. [37],[48]. This 

process removes the anisotropic character provided by this structure. 

The fraction dynamically recrystallised (X-DRX) in fully lamellar TiAl material is dependent on the initial 

lamellar colony size, this is due to grain boundaries acting as nucleation sites for globular 

morphologies, with lamellar-lamellar grain boundaries being preferred for globularisation [58]. 

Semiatin, Seetharaman and Weiss reviewed earlier work looking at the relationship between starting 

microstructure, flow softening rate, recrystallisation and flow localisation [47]. The authors identified 

that the lamellar characteristics, especially lamellar grain sizes, were the most significant factor 

influencing the easing of the flow stress, with Semiatin, Seetharaman and Ghosh identifying the effect 

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

Other microstructural details of lamellar grains also influence the deformation behaviour of the 

material and extent globularised. Microstructural parameters such as lamellar content, lath thickness 

and orientation, and in the case of duplex and nearly lamellar microstructures, the surrounding 

equiaxed grain size and content also contributes.  

Considering bulk TiAl ingot material lamellar orientation is largely random if we ignore the effect of 

fast cooling at the outer edges of the work. This gives hard (0 and 90°) and soft orientations (45°) in 

90°= transverse slip 

45°= longitudinal slip 
0°= mixed slip 

Figure 17: Angle of compression to lath of lamellar grain 
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respect to compression axis and behaviour for lamellar morphologies, this explains the anisotropic 

behaviour seen in processing the material. Lebensohn et al. used polysynthetic twinned crystal models 

to investigate the plastic behaviour of this structure and the effect of orientation at the single lamellar 

grain level, updated with high temperature modelling by Ilyas et al. [83], [84]. They found deformation 

within the lamellar structure relies on longitudinal, mixed and transverse slip modes, the mode being 

activated depends on the angle of compression, as shown in Figure 17. Compression applied between 

15-75° (angle of compression axis to lath) gives the lowest yield stress, this activates longitudinal slip, 

slip between parallel laths, referred to as a soft orientation. Transverse slip, is slip perpendicular to 

the laths of the lamellar grain, activated at 90° compression to lath direction. This lamellar grain will 

show high yield stresses and initially be resistant to globularisation with this compression axis, a hard 

orientation. Mixed slip is activated at 0° and leads to kinking of the laths of lamellar grains. Initially this 

leads to high yield stresses with compression, but efficient globularisation is seen, also referred to as 

a hard orientation [85].  

Controlling lamellar orientation can impact on the material properties, Inui et al. reviewed work of 

deformation and that of directional solidification; controlling the lamellar grain orientation and its 

ƎǊƻǿǘƘ ƛǎ ŎǊƛǘƛŎŀƭ ǘƻ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭΣ ǘƻ ƴŜƎŀǘŜ ǘƘŜ άinverse relationship between tensile 

properties and fracture toughnessέ [86], [85]. Orientation of the lamellar grains into a soft orientation 

is easier with higher equiaxed content present and lamellar grains of small grain sizes compared to 

large ones [87]. Larger grains being less mobile in high equiaxed content material or fully lamellar 

content material, fewer lamellar grains present means there is less chance of being in a favourable 

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

brittle at room temperature in comparison to near fully lamellar and duplex TiAl microstructures, as 

investigated by Kim [88]. 

This work by Kim leads us back to grain size and the dimensions of the lamellar grain. They proposed 

that strength of lamellar and duplex titanium aluminides followed the Hall-Petch relationship, 

achieving higher yield stress through reducing grain size at room temperature. Noticing the anisotropic 

effect of soft and hard orientations of lamellae on the yield stress, this introduces an anisotropy factor 

for determining Hall-Petch constants for different orientations.  

In the study, Kim also discusses the inverse relationship between grain size and ductility, showing both 

duplex and lamellar microstructures can tolerate higher strain to failure (fracture) values with lower 

grain sizes, also discussed in an earlier study of theirs, an important factor in hot working [89]. 

In this earlier study, they looked at the brittle-ductile transition of titanium aluminides and the effect 

microstructure has on this, the improvement seen in ductility was due to the higher amount of yielding 

accepted by the higher density of grain boundaries, preventing crack propagation. However, this was 

up to a point. In the later study grain size was found to be limited by scale, at single figure micron sizes, 
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there is simply not the plasticity to cope with crack tip strains and inhomogeneities in the 

microstructure. 

Another observation of YƛƳΩǎ studies was the effect of lamellar spacing in terms of ductility, as the 

finer the spacing the higher the yield stress. Palomares-García et al. also found reducing lamellae 

thickness can increase the yield stress found when the grain is orientated in the hard orientation  [90]. 

Both investigators being amongst others suggesting that lamellar spacing shows a Hall-Petch like 

relationship, these researchers show that spacing has more of an effect on increasing yield stress than 

lamellar grain size [91,92].  

Fine lamellar microstructures are also exploited in turbine blades to improve the creep resistance of 

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

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

become familiar with later [94ς98].Zhu et al. found hardness decreased with coarsening of the fully 

lamellar microstructure. Kim in their earlier study speculated that coarse lamellar dimensions would 

ŜƴƘŀƴŎŜ ŘǳŎǘƛƭƛǘȅΣ ǿƛǘƘ ǘƘƛŎƪŜǊ ʴ ƭŀǘƘǎ ōŜƘŀǾƛƴƎ ƭƛƪŜ ŀ ŘǳǇƭŜȄ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜΣ ƭƻǎƛƴƎ ǘƘŜ ŀƴƛǎƻǘǊƻǇƛŎ 

character, and improving ductility.  

IŜŀǘ ǘǊŜŀǘƳŜƴǘǎ ŀƴŘ ŀƎŜƛƴƎ ƭŜŘ ǘƻ ŎƻŀǊǎŜƴƛƴƎ ǿƘƛŎƘ ƛƴŎƭǳŘŜŘ ʴ ŜǉǳƛŀȄŜŘ ŀƴŘ ƭŀǘƘ ƎǊƻǿǘƘΣ ǘƻƎŜǘƘŜǊ 

with break-ǳǇ ƻŦ ʰ2. These changes reduced creep resistance, however from a processing standpoint 

and considering topics discussed earlier, these changes can be beneficial in terms of reducing flow 

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

and creep resistance rather than workability for development of jet turbine applications [99ς102]. 

However, these studies are important to understand as they help explain the complex relationship 

between alloying, processing, microstructure and properties of both the lamellar structure and the 

fine equiaxed material, vital for improving forging outcomes.  

Alloying is used extensively to control lamellar dimensions. Zhang et al. found through simulations 

that lath thickness is susceptible to differences in Al content, again showing the importance of an 

elementally homogenous solid solution and the relationship between alloying and mechanical 

properties [103]. Earlier Kastenhuber et al. investigated carbon, silicon and molybdenum; Lapin et al 

looked at tantalum, as did Bresler et al. together with zirconium and niobium [74,104,105].  All 

investigated improving stability of the lamellar structure and its creep resistance through alloying, with 

ǎƛƳƛƭŀǊ ǊŜǎǳƭǘǎΦ ¢ƘŜǎŜ ƘŜŀǾȅ ŀƭƭƻȅƛƴƎ ŜƭŜƳŜƴǘǎ ŀǊŜ ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ƎŜǘǘŜǊŜŘ ƛƴǘƻ ǘƘŜ ʰ2 ŦǊƻƳ ʴ ǳǇƻƴ 

ǎƻƭƛŘƛŦƛŎŀǘƛƻƴ ƻǊ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŜ ʰ2 is less prone to globularisation when under strain 

due to several factors: ǘƛƎƘǘŜǊ ƭŀƳŜƭƭŀǊ ǎǇŀŎƛƴƎΣ ǎƭƻǿŜǊ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ʰ2 ƛƴǘƻ ʴ ŀƴŘ ǎƻƭƛŘ ǎƻƭǳǘƛƻƴ 

hardening effects. Imayev et al and Zhang et al., also noted the negative effect of tight interlamellar 

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

when globularisation of this material is the aim [105],[106]. 
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Removing lamellar microstructures via heat treatment is also an option, as both strain energy and 

dislocation density control the rate of globularisation rather than temperature, this can be achieved 

through heat treatment. Equiaxed duplex type microstructures can be formed by heating low in the 

ʰҌʴ ǊŜƎƛƻƴ ŦƻǊ ǇŜǊƛǘŜŎǘƛŎ ǎƻƭƛŘƛŦȅƛƴƎ ǘƛǘŀƴƛǳƳ ŀƭǳƳƛƴƛŘŜ ŀƭƭƻȅǎ ώмлоϐ. CǳŎƘǎΩ work found that duplex 

microstructures produce lower flow stress compared to fully lamellar microstructures, easing initial 

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

to a successful hot working outcome, i.e., flow stress, strain rate sensitivity, flow localisation. However, 

fully duplex microstructures are only formed over a lengthy heat treatment, in CǳŎƘǎΩ case 96 hours 

[103].  

Other authors have looked to cyclic heat treatment to remove the lamellar microstructure completely 

or return a refined fully lamellar microstructure (RFL). Wang et al. in particular pursued grain 

ǊŜŦƛƴŜƳŜƴǘ ƻŦ ǇŜǊƛǘŜŎǘƛŎ ŀƭƭƻȅǎ ƻŦ м ƳƳ ƭŀƳŜƭƭŀǊ Ŏƻƭƻƴȅ ǎƛȊŜ ǘƻ Җрл ˃ƳΣ ǿƛǘƘ ǘƘŜ ŀƛƳ ƻŦ ǇŜǊƘŀǇǎ 

avoiding hot working altogether [106],[107],[108]. They found the importance of several parameters 

ƻŦ ǘƘŜ /I¢ ǇǊƻŎŜǎǎΥ ƛƴŎƭǳŘƛƴƎ ǇǊƛƻǊ ʰ ǘǊŀƴǎǳǎ ƘƻƳƻƎŜƴƛǎŀǘƛƻƴ ŀƴŘ the effect of cooling rate on 

microstructure formation.  

The CHT process for 4822 alloy was further explored by YƻǏŎƛŜƭƴŀ ŀƴŘ {ȊƪƭƛƴƛŀǊȊ , homogeneous grain 

refinement being their aim [109],[110]. They found that cooling rates in the range of 10-35 Ks-1 led to 

consistent grain refinement. Inhomogeneous grain refinement was found to be a possibility with faster 

cooling, which led to a larger grain size distribution. Uniform grain refinement was improved with five 

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

distribution, less cycles increased the grain size distribution. Having excessive hold times or 

temperatures was found to ƭŜŀŘ ǘƻ ƎǊŀƛƴ ƎǊƻǿǘƘΤ ƳŀȄƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜ Ƨǳǎǘ ŀōƻǾŜ ǘƘŜ ʰ ǘǊŀƴǎǳǎ ŀƴŘ 

a hold time to reach temperature uniformity across sample were found to be ideal.  

More recent work focused on ʲ ǎƻƭƛŘƛŦȅƛƴƎ ŀƭƭƻȅǎ ŀƴŘ ƳǳƭǘƛǎǘŀƎŜ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘǎΦ ¢ƘŜǎŜ ǊŜƭƛŜŘ ƻƴ 

ǊŜŀŎƘƛƴƎ ǘƘŜ ǎƛƴƎƭŜ ʲ ǇƘŀǎŜ ŦƻǊ ƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ŀƴŘ ƛǘǎ ŎƘŜƳƛǎǘǊȅ. Schwaighofer et 

al. applied heat treatments with the aim of removing hot working altogether from the process by using 

ǘƘŜ ʲ ǇƘŀǎŜ ŀƴŘ ǘƘŜ ǇƘŀǎŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŜŦŦŜŎǘǎ ƻŦ ƘŜŀǘƛƴƎ ŀƴŘ ŎƻƻƭƛƴƎ [65]. The study achieved 

parity with forged work regarding high temperature creep and strength, but moderate room 

ǘŜƳǇŜǊŀǘǳǊŜ ŘǳŎǘƛƭƛǘȅΦ ¢Ƙƛǎ ǿŀǎ Ǿƛŀ ƘƻƳƻƎŜƴƛǎƛƴƎ ǘƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ǘƘǊƻǳƎƘ ƘŜŀǘƛƴƎ ǘƻ ǘƘŜ ʲ ǇƘŀǎŜ 

ŀƴŘ ŀƴƴŜŀƭƛƴƎ ŀǘ άƻǇŜǊŀǘƛƻƴŀƭ ǘŜƳǇŜǊŀǘǳǊŜǎέ όул0 -900 °C). To improve ductility, cyclic heat 

ǘǊŜŀǘƳŜƴǘǎ ǿŜǊŜ ŀǇǇƭƛŜŘ ŀŦǘŜǊ ʲ ƘƻƳƻƎŜƴƛǎŀǘƛƻƴΣ ǘƘŜǎŜ ƛƴǾƻƭǾŜŘ ǎŜǾŜǊŀƭ ŎȅŎƭŜǎ ƻŦ ƘŜŀǘƛƴƎ ǘƻ Ƨǳǎǘ ǳƴŘŜǊ 

ǘƘŜ ʴ ǎƻƭǾǳǎ ŦƻƭƭƻǿŜŘ ōȅ ŎƻƻƭƛƴƎ ǘƻ Ƨǳǎǘ ǳƴŘŜǊ ǘƘŜ ʰ ǘǊŀƴǎǳǎ ŀƴŘ ƘƻƭŘƛƴƎΦ ¢ƘƛǎΣ ƘƻǿŜǾŜǊΣ ƘŀŘ ŀŘǾŜǊǎŜ 

effectǎ ƻƴ ǘƘŜ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ ǘŜƴǎƛƭŜ ǎǘǊŜƴƎǘƘΣ ŘǳŜ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜŘ ŦǊŀŎǘƛƻƴ ƻŦ ŜǉǳƛŀȄŜŘ ʴΦ  

Further advances into multi-stage processing aimed at grain refinement and material property 

improvements in peritectic alloys are well documented, but the risks of inhomogeneous grain 
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refinement lead back to wrought processing techniques, thus, a hybrid approach would be worth 

investigating [111],[112],[113].  
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2.4.2.3 Forging of titanium aluminide 

Most titanium aluminide alloys are forged through isothermal techniques for primary ingot breakdown 

and secondary processing [56]. This is where the workpiece and the die are at an equal, or at least 

near-equal, high temperature whilst being compressed via hydraulic presses at relatively slow strain 

rates. High temperature die material such as TZM (titanium, zirconium, molybdenum) are used whilst 

forging under vacuum or inert atmosphere but are still limited to a temperature of 1150 °C to avoid 

excessive die wear [114]. These conditions mean reduced flow stress, little adiabatic heating or 

oxidation. Ideally this produces work of near-net shape, reducing machining and material costs, whilst 

refining and homogenising the microstructure.  

2.4.2.3.1 Flow stress, processing maps and hot workability evaluation 

Described here are the conditions that effect forgeability for titanium aluminide and the trials and 

investigations of note. Here we will focus on the process variables that impact the forging of titanium 

aluminide materials in relation to isothermal forging, though the approach is still relevant to other 

bulk forming techniques.  

 Significant factors and variables are: 

¶ Flow stress 

o Strain rate  

o Temperature 

o Total Strain 

¶ Lubrication 

¶ Friction 

As well as identifying microstructural issues, as described in the introduction to 2.4.2, a thorough 

evaluation of the above factors affecting workability is required to carry out wrought processing 

techniques successfully. 

2.4.2.3.1.1 Flow stress 

Flow stress can be measured through compression testing, this assesses a material by compressing it 

at a known strain rate in an open-die setup, at constant isothermal conditions [114]. The following 

equations are taken from the ASM handbook; Metalworking: Bulk forming, they describe the variables 

that need to be considered when assessing flow stress [115]. 

Once yielding stress is reached, the flow stressΣ ˋΣ can be written as force, F, over cross-sectional area, 

A; 

„
Ὂ

ὃ
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Change in true strain, ‐Ӷ, during deformation can be measured by monitoring the cross-sectional area 

before, Ao, and after, Ai, expressed as;  

‐ӶÌÎ
ὃ

ὃ
 

True strain can also be related to the height, h, of the piece as the volume is constant; 

‐ӶÌÎ
Ὤ

Ὤ
 

True strain rate, ‐, for a cylindrical sample of height, h, at, v, velocity over, t, time is expressed as; 

‐
Ὠ‐

Ὠὸ

ὺ

Ὤ
  

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

together with strain rate sensitivity, m, known as the power law; 

„ ὑ ‐  

2.4.2.3.1.2 Temperature and strain rate dependence 

As temperature is increased, keeping constant strain and strain rate, the flow stress will usually 

decrease. Flow stress is similarly dependent on both strain rate, as seen in determining strain rate 

sensitivity. This relationship is described by temperature-compensated strain rate or the Zener-

Hollomon parameter, Z, with the equation; 

ὤ ‐ὩȾ  

Where R is the universal gas constant, T is the total temperature and Q is the activation energy [115]. 

The activation energy, Q, denotes the energy required to activate a deformation mechanism e.g., 

dislocation movement, so is dependent on the alloy, phase composition and its microstructural state 

[116]. 

2.4.2.3.1.3 Compression behaviour 

Under compression, titanium aluminide alloys show a distinctive peak in flow stress followed by 

softening. The stress-strain curve can be affected by several factors, by initial microstructure, 

geometry, die, lubrication and compression conditions, the focus here will be on the effect the 

microstructure has on compression behaviour [117],[118],[119]. When compression is successful, i.e., 

uniform, with lamellar TiAl microstructures the stress-strain curve begins with viscoelastic to plastic 

behaviour followed by ƛƴƛǘƛŀƭ ǿƻǊƪ ƘŀǊŘŜƴƛƴƎ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǊŀǇƛŘ ŘƛǎƭƻŎŀǘƛƻƴ ǇƛƭŜ ǳǇ ƛƴ ǘƘŜ ʴ ƭŀǘƘǎ ǎƭƻǿŜŘ 

ōȅ ŀ ŎǊƛǘƛŎŀƭ ǎǘǊŀƛƴ όʶc) being reached. Ideally, this is followed by high stored energy in the lamellar 

material initiating rapid DRX, hence the relatively sharp peak flow stress όp̀fs) discussed. This prevents 
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further strain hardening and reduces the chances of brittle fracture, discussed later in 2.4.2.3.1.4 

[120,121]. As additional strain accumulates the p̀fs is followed by subsequent flow softening, 

globularisation and DRX will proceed until a steady-ǎǘŀǘŜ Ŧƭƻǿ ǎǘǊŜǎǎ όˋss) is reached and any further 

DRX becomes sluggish, as reviewed by Seetharaman and Semiatin, discussed in greater detail in 2.4.2.2 

[25], [37], [48]. 

With unsuccessful compression, i.e., heterogeneous deformation, flow localisation can lead to the 

impression of softening. As discussed in 2.4.2.2, large grained fully lamellar microstructure restrains 

globularisation and therefore recrystallisation [117], [118], [119]. 

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

‐ ὃÓÉÎὬὥ„  ÅØÐ 
ὗ
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²ƘŜǊŜ ! ƛǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǎǘǊŜǎǎ ŀƴŘ ƛǎ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ŘŜǘŜǊƳƛƴŜŘ ƭƛƪŜ ʰΦ ƴΣ ƛǎ ǘƘŜ ǎǘǊŀƛƴ ƘŀǊŘŜƴƛƴƎ 

constant. We can now relate the Zenner-Holloman parameter to flow stress by; 

ὤ ὃÓÉÎὬὥ„   

2.4.2.3.1.4 Strain rate sensitivity and processing maps 

Strain rate sensitivity (m) is vital in terms of forge and die design as well as determining the conditions 

necessary for a successful forging operation. Strain rate sensitivity indexing (0-1, 0 being least 

sensitive, 1 being most) can be used to assess compression conditions [54].  

The lower the m value, the less deformation is achieved; so, at low temperatures m would be near 0, 

as little deformation would be achieved, materials with low m microstructures during processing can 

suffer localised deformation, maybe cracking. The higher the temperatures and the higher the m value 

the better it will fill a die under strain, the better the material will flow under strain [54]. This is because 

the m value incorporates both microscopic and macroscopic plastic deformation behaviour, (e.g., 

dislocation and recrystallisation concepts as well as lamellar grain size and orientation as well as 

globularisation kinetics, discussed previously in 2.4.2.1 and 2.4.2.2 respectively). The m values for TiAl 

in compression are often evaluated as part of workability assessments, with process mapping 

identifying hazardous processing conditions, many of these studies were assessed and reviewed by 

Bibhanshu et al. [56], [55].  

The difficulties in processing TiAl, summarised by Appel et al. In the introduction to 2.4.2, means a 

more thorough approach is required, which process mapping is a part of. With isothermal compression 

testing, an assessment of how strain rate and temperature alter the deformation mechanisms enacted 

in a material can be made. By altering these variables; low temperature-high strain rate and vice versa, 

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

displaying data was first designed by Frost and Ashby using temperature and shear stress in the 1980s, 
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now strain rate and temperature are used. For titanium aluminide alloys, Nobuki et al. provided much 

of the data on the first dual phase alloys [122]. These maps also detail the conditions where failure 

has occurred; their mechanisms of failure and fracture are discussed next.  

From these mapping trials and other work Gupta et al. identify 0.2-0.3 as satisfactory for typical 

forming operations, Fuchs suggested m ƻŦ җлΦоΤ ōƻǘƘ ŦƻǳƴŘ ƛƴŎǊŜŀǎƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ǳǎǳŀƭƭȅ ǊŜǎǳƭǘŜŘ ƛƴ 

an increase of m in their compression trials mapping the alloy Ti-48Al-2Cr-2Nb (4822) [53],[57]. 

However, Gupta et al. begin by identifying that intrinsic workability still depends on the initial 

microstructure and its response to temperature, strain rate and strain. Forging trials on boride free Ti-

45Al alloy by Seetharaman and Semiatin, found that m and the fraction of globularised lamellar 

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

relationship between m in compression and microstructure is well established [58]. For this reason, 

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

is investigated. This study will use m ƻŦ җлΦо ŀǎ ŀ marker to track changes in forging outcomes, 

combined with microstructural analysis. 

As described by Ghosh, the methods for calculating m rely on making stress-strain curves [54]. 

The first method uses several samples using different strain rates at constant strain and temperature,  

ά
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The second method applies sudden changes in strain rate to one sample, whilst under compression, 

monitoring the difference in stress. 
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2.4.2.3.2 Compression defects; failure and fracture 

 In compression, failures come from non-uniform distribution of plastic strain, failure at both the 

micro- and macro-scale occur due to the following for TiAl alloys, described by Semiatin [114]. 

ά(1) stress gradients are produced by factors inherent in the method of load application (such as 

friction between tool and workpiece) or in the shape of the specimen (such as stress concentration at 

the roots of notches or cracks),  

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

yield point in steel),  

(3) the initial structure is not homogeneous but is a polycrystalline single-phase or multiphase 

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

localized event.έ 

First Semiatin et al. and then Appel et al. reviewed failure and fracture in comprehensive review papers 

of hot working titanium aluminide alloys, either side of the millennium respectively [119],[6]. Both sets 

of researchers identify the defects possible in hot working titanium aluminide, being either fracture 

controlled for britt le failure or flow-localization controlled for ductile failure. Brittle failure occurs by 

intergranular cracks at high strain and low temperature; both internal wedge type and surface occur. 

Ductile failure at low strain and high temperature begins with void growth leading to wedge cracks or 

cavities. 

Work led by Semiatin and Seetharaman et al. produced several papers covering isothermal 

compression behaviour of a variety of dual phase titanium aluminide alloys through the 1990s, 

however none contain the ̡ 0 phase or borides of more recent alloys [123],[124].  

They sought to define the conditions that contributed to brittle and ductile failures and the transition 

between the two. As mentioned earlier, a successful outcome or, alternatively, fracture is controlled 

by temperature, strain rate and the extent to which flow softening and so dynamic recrystallisation 

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

Another area of interest was the impact the microstructure had on this transition temperature, the 

larger the grain size, the higher the transition temperature. This implies similar issues would be found 

with as-cast material in comparison to more refined wrought work. 

Semiatin and Seetharaman identified that intergranular brittle fracture proceeded via wedge cracking 

and is initiated at grain boundary triple points [123]. The extent to which the material cracks was 

covered by their criterion for intergranular failure based on grain size, d, and the materialΩs peak flow 

ǎǘǊŜǎǎΣ ˋp ,defined as; 

„ЍὨ 

This criterion proved useful for both single and dual phase alloys, due ǘƻ ǘƘŜ ƭƛƳƛǘŜŘ ǊƻƭŜ ʰ2 plays in 

deformation, as discussed in 2.4.2.1.  

Ductile failure at low strain but high temperature is found to proceed at triple points and grain edges 

by stable cavity growth, followed by eventual coalescence [114],[124]. This growth rate being 

countered by the rate of dynamic recrystallisation, which hinders grain boundary sliding and inhibits 

crack/cavity growth in both brittle and ductile fracture [124]. Cavity growth causes secondary tensile 

stresses in the material that can lead to bulges, known as barrelling, these can then cause surface 

cracks. Seetharaman et al. found this ductile failure to be predicted by the maximum tensile work 

criterion proposed by Cockcroft and Latham in the 1960s [125]. 
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m̀ax is the maximum local tensile stress, ‐Ӷȟ is true strain at fracture, ‐Ӷ , being true strain. The degree 

that the material bulged is relative to the secondary tensile stresses in the material which is dependent 

on the friction involved between die and work, discussed next, as well as the workΩǎ geometry, its 

width and height ratio, known as the aspect ratio. 

2.4.2.3.2.1 Friction and lubrication of titanium aluminide 

As mentioned above, barrelling of the work is a defect caused by a discrepancy in friction between 

workpiece and die. This discrepancy in friction can be controlled by adequate lubrication and sample 

design [115]. 

For isothermal forging, which is required in the most part for titanium aluminide alloys, the priority is 

high temperature oxidation resistance. For this, as with forging of titanium alloys, a glass-based 

coating is used. This being preferably a water, rather than oil based colloidal suspension of graphite, 

boron nitride, titanium carbide amongst other proprietary constituents, which is sprayed on and cured 

[114]. This forms a layer of glass-ceramic lubricant that provides lubrication and oxidation protection 

at forging temperatures.  

Depending on the material and how it deforms, two opposing models are used to quantify friction, 

reviewed by Groche et al.[126]. Friction coefficient, µ, by the contact normal forces between work and 

die, Ὂ , gives us the Coulomb friction or the friction law, relevant for low friction force, Ὂ; 

Ὂ ‘Ὂ  

Or for the friction stress involved, †, and contact normal stresses, „ , it can be expressed as; 

† ‘„  

 

These are assuming movement at the die-work interface. 

The shear friction model assumes the opposite, no movement or very high pressure. 

† άὯ 

This takes m as the friction factor, 0 being sliding freely, 1 being no movement, and k, as the shear 

flow stress.  

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

models. For direct measurement of homogeneous deformation, a combination of the two is used; 
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xi is the instantaneous displacement of material. 

Friction is one component of determining if work under compression will undergo successful uniform 

deformation. This can be understood and quantified via different tribological testing methods, these 

can be applied but come with their own positives and negatives, reviewed by Groche et al. 

2.4.2.3.2.2 Alloying and phase contribution to fracture 

As mentioned, the 45XD alloy to be used in this study contain borides and 0̡ phase, they alter how 

fracture proceeds. IƛƎƘŜǊ ŀŘŘƛǘƛƻƴǎ ƻŦ ʲ-stabilisers such as niobium retard dynamic recrystallisation, 

and high stacking fault energy ̡  ǇǊŜŦŜǊǎ ǘƻ ǊŜǎǘƻǊŜ Ǿƛŀ ŘȅƴŀƳƛŎ ǊŜŎƻǾŜǊȅΦ As discussed in 2.3.1.5 and 

2.4.2.1, at working temperatures tƘŜ ŘƛǎƻǊŘŜǊŜŘ ʲ phase takes on much of the strain energy during 

deformation ƛƴ ʲ ǎƻƭƛŘƛŦȅƛƴƎ ŀƭƭƻȅǎ [6]. This means the ʲ ǇƘŀǎŜ ŀŎǘǎ ŀƭƳƻǎǘ ŀǎ ŀ ƭǳōǊƛŎŀƴǘ ŜŀǎƛƴƎ 

deformation, preventing ductile failure via the growth of cavities as no peak stress is seen, dynamic 

recovery takes place, and a steady state is maintained during deformation [127]. 

This is not possible if ƻƴƭȅ ƻǊŘŜǊŜŘ ʲ0 is present at the working temperature, then intergranular failure 

as discussed above can be seen at high strain and low temperature. 

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

the hot workability of titanium aluminide alloy 4822 [57]. As was described in 2.3.1.6, boron additions 

are used to refine the microstructure by preventing excessive grain growth, especially upon casting. 

Identified by Semiatin and Seetharaman, a refined grain size is one factor in reducing flow stress and 

reducing the risk of brittle fracture. Gupta et al. found this not to be the case, boron being present 

increased the flow stress at all temperatures versus 4822 without boron. They proposed that this was 

due to a phase containing boron, most likely titanium boride or diboride particles, these being present 

at working temperatures.  

This was also noted by Luo et al., who presented several papers on the changes in mechanical 

properties in 4822 with and without boron. They suggested that borides which presented at grain 

boundaries and triple points prevent movement or sliding, pinning grains together [128]. Hence the 

increased flow stress seen at all temperatures.  

This is the case for other boron containing alloys of interest like 45XD, but this was only investigated 

at room temperature [129]. Hu was involved in much of the work on 45XD and its mechanical 

properties but first looked at the impact of boron on ductility in the early 2000s [130]. These studies 

found that boron particle size dictates the effect boron presence has on tensile ductility, larger 

particles removing the benefits of smaller grain size and promoting intergranular fracture. This study 
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included 4822 with and without boron as well as ƘƛƎƘ ƴƛƻōƛǳƳ ŎƻƴǘŀƛƴƛƴƎ ʲ-solidifying alloys. The 

mechanisms themselves of brittle and ductile fracture follow those discussed earlier in this section.  

2.4.2.4. Other primary processing techniques; extrusion  

Extrusion of titanium aluminides is carried out at elevated temperatures from 1050-1450°C to ease 

deformation as strain is applied, via a ram, in the region of 15-50mm/s [114].  

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

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

Plansee AG.[43].  The titanium aluminide is deformed ƛƴ ǘƘŜ ʰҌʴ ǊŜƎƛƻƴ ƭŜŀǾƛƴƎ ōŜƘƛƴŘ ŀ ŦƛƴŜ-grained 

duplex microstructure upon cooling. This microstructure suffers from aluminium segregation during 

solidification, forming bands of differing aluminium content, this is resolved by a second extrusion at 

a similar temperature. The second extrusion leaves a refined microstructure which lends itself to 

applications where toughness is the priority; exhaust valves and the like have been mass produced by 

forming titanium aluminide rod via this method.  

In the pursuit of refined fully lamellar microstructure and single step working, CǳŎƘǎΩ combined heat 

treatment and working at very high temperatures (1400 °C), known as super-transus working. Fuchs 

found this to be detrimental, working led to unstable refined fully lamellar microstructures, leading to 

recrystallization upon further heat treatments, a sign of stress in the microstructure [131].  

Another factor that allows hot extrusion to take place at industrially accessible temperatures is the 

disordered ̡  ǇƘŀǎŜΣ as discussed in greater detail in 2.3.1.5 found in highly alloyed titanium aluminides 

such as TNM, this allows for extrusion at 1100 °C and with strain of 0.01s-1, found by Xu et al. [132].  

2.4.2.5 Other Secondary processing techniques; hot rolling 

As mentioned above, high deformation processes such as hot rolling and isothermal closed-die forging 

in titanium aluminide alloys is restricted to high temperatures and low strains, and particularly in the 

sheet and foil forming has been the reserve of fine grain structures. Teams at Plansee AG of Austria, 

developed an advanced sheet rolling process in the early 2000s ǿƻǊƪƛƴƎ ǿƛǘƘ ǇǊŜŘŜŎŜǎǎƻǊǎ ƻŦ ǘƘŜ ʲ-

solidifying alloys and successfully forming sheet of 2000x500x1 mm3 [43]. This involved the hot-rolling 

of both ingot and powder-based ƳŜǘŀƭƭǳǊƎȅ ŀǘ ƴŜŀǊ ƛǎƻǘƘŜǊƳŀƭ ŎƻƴŘƛǘƛƻƴǎ ƛƴ ǘƘŜ ʰҌʴ ǇƘŀǎŜΦ Special 

considerations were given to the rolling speed, strain applied per pass and temperature control. This 

was to reduce both micro/macroscopic cracking by applying strain at low temperatures, as well as 

minimising risk of oxidising the material at high temperatures. 

These issues were exacerbated by poor composition control, with aluminium deviations of +/-1 at% 

aluminium leading to significant changes in transus temperature points. This led to both powder 

metallurgy being adopted as the main source of metallurgy for sheet, as well as improvements in 

casting, as mentioned earlier for ingot-based metallurgy in 2.4.1.1 [46]. 
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Furthering the case for sheet forming, applications such as ŀǳǘƻƳƻǘƛǾŜ ŀƴŘ ŀŜǊƻǎǇŀŎŜ άƘƻƴŜȅŎƻƳōŜŘέ 

exhaust structures led to requirements of high strength and ductility to ease processing, allowing for 

superplastic forming and diffusion bonding to be possible [133]. /ŊƳ Ŝǘ ŀƭ. used TAB (Ti-47Al-4Nb) 

alloy to provide the higher strength yet ductility through deformation of ŦƛƴŜ ƎǊŀƛƴŜŘ ŜǉǳƛŀȄŜŘ ʴ ŀƴŘ 

.h Lamellar microstructures were avoided and removed, controlling the type of microstructure was 

deemed essential to enable properties necessary for these processing techniques. 

Further applications such as thermal protection foils for high-speed aerospace vehicles prioritised low 

weight materials [134]. Semiatin et al. worked the ʰҌʴ phase to produce foil 200-250 µm thick. The 

study utilised conventional rolling mills, instead of purpose-built isothermal equipment, to deform 

canned titanium aluminide. This is termed hot pack rolling, referring to the encapsulated titanium 

aluminide foil as the pack, using the canning to insulate and protect the work from oxidation as the 

work goes from a furnace at 1260 °C to cold rolling equipment. To produce the foil this study aimed 

to deform the equiaxed h  ŀƴŘ ʴ grains present and globularisation of any remnant lamellar left from 

prior sheet rolling. The lamellar colonies present even after foil rolling, give the reason for the +/-15 

% difference in thickness found. These change orientations rather than breaking up in both sheet and 

foil forming, highlighted the importance of breaking up these colonies prior to secondary processing 

for the workability required. Heat treatments were used to finally remove the remnant lamellar 

colonies from the microstructure ready for the components use. 

2.4.2.6 Post-hot working heat treatments 

For titanium aluminide that has been worked by any wrought process post-hot working heat 

treatments are applied to relieve internal stress; via static recovery or recrystallisation, or for further 

control of the microstructure-properties relationship seen, such as improving ductility [65],[81]. 

LƳǇǊƻǾƛƴƎ ŘǳŎǘƛƭƛǘȅ Ǿƛŀ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘǎ ǿƻǊƪǎ Ǿƛŀ ŎƻƴǘǊƻƭƭƛƴƎ ǘƘŜ ōǊƛǘǘƭŜ ŜǉǳƛŀȄŜŘ ʰ2 and lamellar 

content. This applies to dual phase alloys as shown by Tang et.al ŀƴŘ ŦƻǊ ʲ-solidifying alloys, shown by 

Bolz et al., both applying two-step heat treatments [37,135]. Both also recognise the importance of 

the refined microstructures for ductility and further workability. 

IƻǿŜǾŜǊΣ ǎƛƳǇƭŜ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘǎ ŀōƻǾŜ ʰ ǘǊŀƴǎǳǎ ŀǊŜ ǎǘƛƭƭ ŀ ŎƻƳƳƻƴ ǇǊƻŎŜǎǎΦ !ǎ will be discussed in 

the next section, the demand for creep resistance by the low-pressure turbine blade requires the fully 

ƭŀƳŜƭƭŀǊ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜΣ Ŝŀǎƛƭȅ ŀŎƘƛŜǾŜŘ ǘƘǊƻǳƎƘ ƘŜŀǘ ǘǊŜŀǘƛƴƎ ŀōƻǾŜ ǘƘŜ ʰ ǘǊŀƴǎǳǎΦ 
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2.5 The low-pressure turbine blade 

Throughout this review reference to titanium aluminide and its association with aero engine turbines 

has been made. In this section we will go into the component itself and the titanium aluminide alloys 

currently being used.  

The temperature and weight sensitivity of titanium and nickel based super alloys in jet engines led to 

the rise in interest in the intermetallic, titanium aluminide in the 1980s. Above 600°C properties of 

conventional titanium alloys rapidly worsen, allowing oxidation and creep to occur. This keeps nickel-

based superalloys as the material of choice for high temperature areas, despite a near doubling of 

density [136]. 

From the 1980s, 20 years of research led to the point of applying these materials to jet turbine engines. 

Now at the stage of application by the major aero-engine manufactures as the material of choice for 

low pressure turbine (LPT) blades, the major light weighting benefits of titanium aluminide are being 

realised in terms of fuel efficiency and reduced emissions. They noted the critical importance of 

ƻȄƛŘŀǘƛƻƴ ŀƴŘ ŎǊŜŜǇ ǊŜǎƛǎǘŀƴŎŜ ŦƻǊ ǘƘŜ ǘǳǊōƛƴŜ ōƭŀŘŜΩǎ ƭƻƴƎŜǾƛǘȅ ŀǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ Ҕсллϲ/Σ ǿƘƛƭǎǘ 

maintaining the materialΩs strength and ductility. Dimiduk comprehensively reviewed early titanium 

aluminide alloys, their properties and their position as a future structural material in aero-engines in 

comparison to other structural materials [4]. 

(a)  

Figure 18: a) Rolls Royce UltraFan, (b) Turbine section[14] 

Figure 19: (a) Low pressure turbine blade (LPT), (b) Turbine assembly [14] 
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Bewley et al., Kim et al. and Gunther et al. provided updated information on the application of three 

different titanium aluminide alloys by the three major gas turbine manufacturers. Case studies of the 

alloys and low-pressure turbine production follow this section with information these groups 

provided, with additional references to work on singular alloy processing where required [7,14,44]. 

Table 2: Alloys in use as low pressure turbine blade material 

2.5.1 4822 

General Electric (GE) first started to develop titanium aluminide low pressure turbine blades in the 

early 1990s, to produce 4822, eventually being the first to introduce titanium aluminide low pressure 

turbine blades to commercial engines in the GEnx aero engine, flying in early 2012. 

These were machined, cast parts without wrought processing. Achieving the properties described in 

Table 2 through heat treatment and hot isostatic pressing alone, to give a duplex/nearly lamellar 

microstructure.  

2.5.2 45XD 

Developed by Martin Marieta laboratories in the USA along with 47XD. Traditionally an investment 

cast only alloy. The first commercial alloy to introduce borides for grain refinement [137,138]. 

XD or exothermic dispersion essentially is a casting melt treatment, which involves titanium diboride 

particles to nucleate fine lamellar grains. The process also gives anisotropic properties, through 

Alloy name 4822 45XD TNM 

Composition Ti-47.2-48Al-2Nb-2Cr Ti-45Al-2Nb-2Mn-1B Ti-43Al-4Nb-1Mo-0.1B 

Alloy type peritectic solidified peritectic solidified, 

exothermic dispersion (XD) 

lamellar 

 ̡solidified 

Processing Cast-heat treatment 

1, (~1093°C, 4hrs)-

HIP, (1185°C, 175MPa, 

4hrs)- heat treatment 

2, (1260°C, 2hrs with 

controlled cooling) 

Cast-HIP, (1260°C, 175MPa, 

4hrs)-heat treatment, 

(~1350°C, 2hrs, oil cooling) 

 

Cast- HIP, (1200°C, 175MPa, 

4hrs)- forge (1000-1200°C, <10-

3s-1) - Heat treatment, (~1250-

1400°C, 4hrs, with controlled 

cooling) 

Application GEnX (2012) & LEAP 

engine by CFM (50:50 

GE& Safran) 

Rolls Royce (~2018) 

 

Pratt & Whitney, GTF engines 

(2016) 

Microstructure 

used 

Casting duplex/ nearly 

lamellar 

XD fully lamellar Wrought nearly lamellar 

Max temp (°C) <700°C <700°C <750°C 
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random lamellar grain orientation [45]. Blades from this alloy may be incorporated into Rolls-wƻȅŎŜΩǎ 

new UltraFan at its intermediate-pressure turbine and at the low-pressure turbine in Advance model. 

2.5.3 TNM 

Titanium, niobium and molybdenum offer their initials to this 3rd generation of titanium aluminide 

alloy. Developed by MTU aero engines and Pratt & Whitney, manufactured by Leistritz. Much of the 

research and development work was led by Clemens, with many papers and reviews on titanium 

aluminide processing from the early 2000s to the present day, some of which is discussed throughout 

this literature review [34]. 

TNM alloys are currently in service in Pratt & Whitney GTF (Geared Turbofan) type turbine engines. 

However, the Federal Aviation Authority (FAA) in early 2020 released an airworthiness directive, 

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

was made but failure was suspected to be from foreign object damage causing excessive wear, cost of 

replacement predicted by the FAA; ~ $750,000 per engine [139]. Post-mortem studies into the relative 

brittleness of TNM in service found that ǘƘŜ ʲ0 hardened under tensile testing resulting in premature 

fracture between lamellar-lamellar grain boundaries ŎƻƳǇŀǊŜŘ ǘƻ ŀƭƭƻȅǎ ǿƘŜǊŜ ǘƘŜ ʲ0 is absent [72].  

2.5.4 Other alloys of interest and their uses 

While developing wrought processing routes for low-pressure turbine and high-pressure compressor 

blades, MTU and Leistritz used a couple of ƻǘƘŜǊ ʲ-solidifying alloys for engine trials with Rolls-Royce 

Germany [140]. These included alloys TAB (Ti-47Al-4Nb) and TNB-V4 (Ti-45Al-5Nb-0.2B-0.2C). This cast 

material was consolidated via hot extrusion to form bar, which was then forged in three steps at high 

temperature and low strain rate. Producing crack free work when forged at temperatures of >1000°C, 

with strain rate of 0.001 s-1. With additional heat treatment and machining, hundreds of these blades 

were evaluated in Rolls-wƻȅŎŜΩǎ 9о9 ŜȄǇŜǊƛƳŜƴǘŀƭ ŜƴƎƛƴŜ [140]. 

The first commercial application for titanium aluminide was in automotive turbochargers, developed 

by Mitsubishi Motors to replace heavy nickel-based superalloys. Due to the reduction in turbine wheel 

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

RNT 650  
Composition: Ti-(33-48) Al-(2-4.8)Nb-(0.7-
1)Cr-(0.2-0.3)Si 
 

Microstructure used: Duplex  
 
Processing: Cast-HIP-HT 
 

Application: Turbo chargers/ engine valves  

 
Figure 20: Turbocharger turbine wheel [22] 
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900°C, was extended. It had the additional benefits of improved fuel efficiency by allowing the turbo 

to run hotter, and reduced turbocharger response time [141]. 

Turbocharger wheels, and later exhaust valves were cast, from a material such as RNT 650. These 

would then be hot isostatic pressed to consolidate the material and produce a duplex microstructure. 

This microstructural ductility allowed the heavy machining necessary to give the complex design of 

the turbine wheel seen in Figure 20 [22]. 

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

all in this section, however throughout the review a variety of alloys will have been used in the studies 

referenced. Alloys of interest are also mentioned ŀǎ άŀŘǾŀƴŎŜŘ ŎƻƴǾŜƴǘƛƻƴŀƭ ƎŀƳƳŀ-ŀƭƭƻȅǎέ ƛƴ ǘƘŜ 

research pathways identified by Kim, S.L., and Kim, Y. W., in their review of titanium aluminide 

research [7]. 
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2.6 Summary of the knowledge gap 

Together with our industrial partners, desired processes have been identified, such as isothermal 

closed die forging and hot rolling, which require specific levels of workability from the microstructure.  

Hot isostatic pressing (HIP) is an essential step applied to remove the solidification porosity and will 

be the starting point for this study on both alloys. However, there appears room for improvement on 

the HIP microstructure for optimising forging outcomes. As has been discussed in several reviews, 

homogenising as the next step has been explored but its positive and negative aspects have made 

conclusions on the need for this step, and its details for each alloy, difficult to come by 

[7],[8],[9],[10],[11],[12]. This study will look to clarify this situation for these two alloys and develop 

additional stages if required to improve the removal of the anisotropy-causing lamellar grains and 

casting segregation upon primary compression (i.e., forming a pre-form or ingot upsetting), both of 

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

rolling.  

2.7 Aims and Objectives 
The aim of this PhD thesis is to investigate and develop thermomechanical processing techniques for 

the cast TiAl alloys 45XD and 4822, in the HIP condition, that can then improve the forging and 

microstructural outcome of these difficult to work titanium aluminide alloys. 

The experimental part of this PhD thesis will describe the investigations into the processing techniques 

discussed in the preceding literature review that may improve the efficiency of the initial ingot 

breakdown stage, referred to as primary compression. The literature for 45XD is not as thorough as 

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

outcomes, the aims of these experiments for 45XD are to:  

¶ Establish the impact of HIP and heat treatment on initial 45XD microstructures as well as their 

compression behaviour and resulting microstructure. 

¶ Identify a homogenisation temperature for 45XD to improve the microstructural outcome 

from primary compression.  

¶ Investigate multi-stage uniaxial compression for 45XD, including the effect that intermediate 

heat treatment and dwell time at compression temperature has on microstructural 

outcomes. 

¶ Investigate whether HIP and homogenisation can be integrated into one process and 

establish its effect on the microstructural outcome of primary compression. 

¶ Bring together the learning from the previous aims to quantify their effects on secondary 

processing in terms of compression behaviour, through strain rate sensitivity indexing and 

microstructural analysis. 
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For 4822 alloy, the literature considering its processing is more extensive, but practical methods of 

improving the microstructural outcome of initial ingot breakdown are lacking. Thus, the objectives are: 

¶ Establish the impact of HIP and homogenisation, as well as integrating the two processes on 

initial 4822 microstructures as well as their compression behaviour and resulting 

microstructure. 

¶ Combining elemental homogeneity and refinement of the large-grained microstructure is 

anticipated to improve primary forging outcomes, this will be aimed for and investigated by 

applying cyclic heat treatment. This technique, described in 2.4.2.2, has shown promise at a 

smaller scale using electrical resistance heating equipment to refine the lamellar 

microstructure of 4822 alloy. This study will apply induction heating equipment as a step up 

in scale and industrial relevance, with a view to this producing a refined microstructure 

leading to improvements in forging outcomes, with the anticipated higher globularisation of 

lamellar content. 

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

strain rate sensitivity indexing and microstructural analysis. 
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3 Experimental Methods 

This chapter covers the steps from the raw material received from TIMET, through initial material 

preparation, experimental processes, and characterisation. Calculated phase diagrams (CALPHAD), 

metallurgical analysis, combined with compression testing and analysis of flow behaviour looks to 

provide the base with which to measure the effect of alternative processing techniques on the forging 

outcomes of cast 45XD and 4822. 

3.1 Materials and their pre-compression processing 

Here the different pre-compression processing sequences are described to provide several distinct 

starting conditions for each alloy. Each process imparts a different microstructural condition on the 

subsequent compression sample, which looks to replicate primary ingot breakdown, this will then be 

assessed for its effect on overall workability.  

3.1.1 As received material (ASR) 

Two cast, plasma arc melted ingot known as 45XD (~Ti-45Al- 2Nb-2Mn at% 0.8 TiB2 vol%) and 4822(~Ti-

48Al- 2Nb-2Cr at%), courtesy of TIMET were received at the Advanced Forming Research Centre 

(AFRC), this condition is referred to as ASR.  

Table 3: Average chemical composition of supplied 45XD ingot, analysed via ICP at three points by TIMET 

Figure 21: Phase fraction diagram 

determined from CALPHAD for 45XD 
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Table 4: Average chemical composition of supplied 4822 ingot, analysed via ICP at four points by TIMET 

The composition data used for calculating the phase diagram (CALPHAD, Figure 21 and Figure 22) was 

determined via inductively coupled plasma (ICP) by the manufacturer, the results are shown in Table 

3 and Table 4 respectively. The CALPHAD used was the commercially available PANDAT software from 

Computherm, using their TiAl database. These CALPHAD plots are estimates but together with the 

literature and preliminary experiments was used to select processing temperatures. 

a b 

Figure 23: (a) Ingot of 45XD alloy of Ø146 x 245 mm and 18kg. (b) Ingot of 4822 alloy of Ø140 x 233 mm and 

15kg. Courtesy of TIMET. 

3.1.2 Hot isostatic pressing (HIP) 

For each HIP run, a full-length cylindrical core sample of Ø60 mm, the maximum diameter for the HIP 

equipment used, for both ASR 45XD and 4822 was cut via electrical discharge machining (EDM). 

These samples were individually hot isostatic pressed (HIP) to remove any residual casting porosity 

and consolidate the material. All investigations started in the HIP condition for both alloys, a AIP8-

Figure 22: Phase fraction diagram 

determined from CALPHAD for 4822 
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45H press based at the Royce Translational Centre, University of Sheffield, was used with a cooling 

and heating rate of 10 °C/min. All other conditions were constant and common practice for HIP of 

TiAl ingot alloys; 4 hours at 1270 °C, 175 MPa under argon. This material condition is referred to as 

the άILtέ ƳŀǘŜǊƛŀƭ ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǿƻǊƪ and is the starting point for these studies. 

3.1.3 Determining the impact of heat treatment on the HIP microstructure of 45XD 

pre-compression 

Enough literature was available to confidently pursue and justify the use of ŀ ǎǳǇŜǊ ʰ ǘǊŀƴǎǳǎ ƘŜŀǘ 

treatment to homogenise the 4822 alloy prior to compression [53],[142],[143]. This was not the case 

for 45XD. An investigation of heat treatments in the different phases present to see their impact on 

the HIP microstructure and subsequent compression behaviour was necessary. 

 

Figure 24: 45XD Ti-Al phase diagram calculated from data received from Computherm. 

Using cylindrical HIP compression samples, cut via EDM of Ø13x20 mm, a Carbolite lab furnace was 

used for each heat treatment, described in Table 5. Two cooling methods were applied after a 2-hour 

dwell time: furnace cool (FC, 13.5°C/min) and air cool (AC, 200°C/min), to investigate the 

microstructural effect of industrially viable cooling rates and their subsequent impact on compression 

behaviour. AC and FC, as well as time at temperature, were monitored by K-type thermocouples. 

These thermocouples are capable of monitoring at these high temperatures and were placed within 

the alumina crucible (10 x 30 mm) holding the sample, as seen in Figure 26, but not in contact with the 

sample in the furnace for each heat treatment. Heat treatment was under normal lab conditions, 

without a protective atmosphere. All cylindrical samples were coated with glass lubricant (87.2.207) 

to reduce oxidation, courtesy of Prince Minerals before heat treatment and compression.  
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Table 5: Heat treatment sample identification, temperature (°C)- cooling rate together with the phase the heat 

treatment is working within 

3.1.4 Traditional HIP and homogenisation (THH) 

Using information from the literature described in 2.4.2.1 and the experimental evidence from 4.1, 

homogenisation temperatures and conditions were identified for both alloys. Material in the HIP 

condition was homogenised (HMG) in bulk via a vacuum carbon furnace (FCT GmbH) at the Royce 

Institute facility based at the University of Manchester. The heating rate used was 3 °C/min, under 0.5 

mBar of vacuum for 2 hours at 1300 °C and 1380 °C for 45XD and 4822, respectively followed by 

furnace cooling of 3 °C/min. This material condition is referred to as traditional HIP & homogenised 

(THH); traditional due to the state of the current literature around processing of peritectic solidifying 

TiAl alloys. 

 

3.1.5 Integrated HIP and homogenisation (IHH) 

Integrating HIP and homogenisation (IHH) aims to combine the two costly processes, in terms of time 

and energy, into one stage using HIP equipment based at the University of Sheffield. A cylinder of each 

alloy was consolidated using the same HIP conditions for each alloy, but, following the HIP cycle and 

before cooling, the temperature was ramped up to reach the homogenisation temperature of 1300 °C 

for 45XD and 1380 °C for 4822 for two hours, maintaining pressure in the vessel throughout, with a 

cooling rate of 10 °C/min. This material is referred to as the integrated HIP and homogenised (IHH). 
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Figure 25: Idealised temperature-time profile of the traditional and integrated HIP and homogenisation heat 

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

primary compression (COMP.) 

 

3.1.6 Intermediate heat treatment for 45XD 

To investigate the effect of an intermediate heat treatment post primary compression όмΩύ, a Carbolite 

lab furnace was used to reach 1200 °C for two hours, followed by air cooling (AC, 200 °C/min), as 

identified as potentially beneficial in sections 4.1 and 4.3. The heat treatment and AC was monitored 

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

lab conditions, without a protective atmosphere however all cylindrical samples were coated with 

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

¢Ƙƛǎ ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ǳǎƛƴƎ ǇǊƛƳŀǊȅ ŎƻƳǇǊŜǎǎŜŘ ¢II ƳŀǘŜǊƛŀƭΣ όмΩ¢IIύ ƎƛǾƛƴƎ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ ILt ŀƴŘ 

ƘƻƳƻƎŜƴƛǎŀǘƛƻƴ Ǉƭǳǎ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘ όмΩ¢IIҌI¢ύ ƳŀǘŜǊƛŀƭ ŎƻƴŘƛǘƛƻƴ ǊŜŦŜǊǊŜŘ ǘƻ ƛƴ ǘƘƛǎ ǿƻǊƪΦ  

 

3.1.7 Cyclic induction heat treatment for 4822 

From cast plasma arc melted 4822 ingot material of Ø140 x 233 mm (Ti-47.2Al-1.83Nb-1.83Cr at. %), 

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

the centre of the ingot. This material was in a homogeneous, fully lamellar condition with a large 

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

ŀǘ мнтл ϲ/Σ мтр atŀ ǳƴŘŜǊ ŀǊƎƻƴ ŦƻƭƭƻǿŜŘ ōȅ ƘƻƳƻƎŜƴƛǎŀǘƛƻƴ όIaDύ ǿƛǘƘƛƴ ǘƘŜ ǎƛƴƎƭŜ ʰ ǇƘŀǎŜ ŀǘ 

1380 °C for two hours under vacuum, followed by natural cooling for each process. This material, 

referred to as HIP and HMG (HH), was then cut into cylindrical compression samples of Ø13 x 20 mm 

via EDM. The composition data used for calculating the phase diagram (CALPHAD), Figure 22, was 

determined via inductively coupled plasma (ICP) by the supplier, shown in Table 4. From CALPHAD and 
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the literature describing cyclic heat treatment in 2.4.2.2, the target temperatures and cooling rates for 

cyclic heat treatment were identified. However, these were established at a smaller scale than desired 

for the present study, using electric-thermal resistance mechanical testing (ETMT) equipment. This 

study applied industrially relevant induction based cyclic heat treatment (CHT) equipment to 

investigate its effect on the microstructure pre-compression compared to HH alone. Using induction 

equipment allows greater control over the CHT process i.e., temperatures and cooling rates, than is 

possible with other traditional heat treatment techniques such as gas or vacuum furnaces. This 

enables the lamellar grain refinement or complete globularisation, shown by others using ETMT to be 

essential for lamellar grain refinement, which could improve the rate of globularisation upon 

compression by reducing lamellar grain size and maintaining elemental homogeneity [58],[122].  

The cyclic heat treatments on the alloy 4822 samples were carried out using the 15 kW Ambrell 

EKOheat induction heating system in conjunction with the large inductor. The inductor and system 

electronics were water cooled during the heat treatment using a recirculating chiller. The inductor 

consisted of a 6-turn copper coil with an internal diameter of 97 mm, working length of 95 mm and 

wall thickness of 0.81 mm. The inductor was mounted within a refractory concrete enclosure with an 

empty tubular region of Ø 87 mm in its centre to position sample(s). The settings for the induction 

heating control system were as follows: 

ω Resonant frequency: ~ 93 kHz. Tap setting: 16. 

ω Capacitance: series/parallel arrangement (-(2 µF x 1 µF) ς (2 µF x 1 µF) -> equivalent to 1 µF). 

ω Starting voltage: approximately 550 V (decreased to ~350 V to prevent overshooting target 

temperature at 1340 °C). The voltage settings for each sample varied due to differences in their 

thermal, electrical, and magnetic properties.  

ω Temperature control was achieved manually by adjustment of the induction voltage. 

The temperature was monitored and recorded with a dual wavelength SPOT pyrometer (Land 

Instruments) using ratio mode to minimise the impact of changing surface emissivity. The pyrometer 

beam (~few mm2) was focused on the surface as a precaution to minimise temperature overshoot. 

The target temperature-time profile is shown in Figure 27. Compression samples were coated with 

glass lubricant 87.2.207 from Prince Minerals to reduce oxidation. To start, samples were rapidly 

heated to 1370 °C from room temperature and held for 30 seconds before cooling to 800 °C, where 

the cycle would start again for five cycles. Furnace and air cooling (FC, AC) were applied to achieve 

different pre-compression microstructures. FC was applied by reducing the power, to induce cooling 

at a constant cooling rate to 1200 °C followed by switching the power off. AC was applied by simply 

turning the power to induction equipment off. These conditions are referred to as furnace-cooled 

cyclic heat treatment (FCCHT) and air-cooled cyclic heat treatment (ACCHT Samples were held in an 

alumina jig within the induction coil for repeatability of positioning, this would also provide enough 

insulation for the part to reach the target temperature. 
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Following metallurgical preparation, the microstructural analysis of all cross sectioned pre-

compression samples was focussed on the centre and at the faces of CHT material as per Figure 26. 

 

Figure 26: Compression sample ready for ACCHT or FCCHT with glass-based coating, -C= centre, -F1= one face, -

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

Figure 27: (a) Idealised temperature-time profile of air-cooling cyclic and furnace cooling cyclic heat treatment, 

including consolidation (HIP), homogenisation (HMG), and five cycles of induction cyclic heat treatment (CHT) of 

4822 before primary compression (COMP.) (b) Induction cyclic heat treatment set-up with pyrometer 

temperature monitoring. 

  

 

a b 

Ø13 mm 

20 mm 
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3.2 Compression testing 

3.2.1 Primary compression 

As discussed, all samples for compression were cut into cylindrical compression samples of Ø13x20 

ƳƳΣ Ǿƛŀ 95a ŦƻǊ ǇǊƛƳŀǊȅ όмΩύ ŎƻƳǇǊŜǎǎƛƻƴΣ with the aim of resembling ingot breakdown or forming a 

pre-form. For compression, all cylindrical samples were coated with glass lubricant (87.2.207) from 

Prince Minerals to reduce oxidation. The test machine platens were lubricated with boron nitride 

before compression to 50 % at 1100 °C after a 5-minute soak, to establish a uniform temperature 

throughout the sample, with a strain rate ( )ʁ of 0.001 s-1 for 4822 and 0.001, 0.005 and 0.01 s-1 for 

45XD to determine strain rate sensitivity (m), using a Zwick Roell Z250 machine, followed by air cooling.  

3.2.2 Secondary compression 
CƻǊ ǎŜŎƻƴŘŀǊȅ όнέύ ŎƻƳǇǊŜǎǎƛƻƴΣ ƻƴƭȅ ǎŀƳǇƭŜǎ ǘƘŀǘ ǿŜǊŜ мΩ ŎƻƳǇǊŜǎǎŜŘ ŀǘ лΦллм ǎ-1 were used to 

ǇǊƻŘǳŎŜ нέ ŎƻƳǇǊŜǎǎƛƻƴ ǎŀƳǇƭŜǎ Ǿƛŀ 95a ƻŦ qсȄф ƳƳ ŎȅƭƛƴŘŜǊǎΦ ¢ƘŜ нέ ŎƻƳǇǊŜǎǎƛƻƴ ŎƻƴŘƛǘƛƻƴǎ 

ŦƻƭƭƻǿŜŘ ǘƘŜ ǎŀƳŜ ǇǊƻŎŜŘǳǊŜ ŀǎ ǘƘŜ мΩ ŎƻƳǇǊŜǎǎƛƻƴ ǎǘŀƎŜΣ ŀǘ ммлл ϲ/Σ ōǳǘ ŀǘ  ʁof 0.001, 0.01 and 0.1 

s-1 to establish the m value of the sample material for both alloys. 

a b 

Figure 28: (a)Image of electrical discharge machined primary compression sample, (b) diagram indicating EDM 

pattern of primary compression samples (0.001 s-1 only, faster strain rates only have the red dashed cut) giving 

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

3.2.3 Compression behaviour analysis 

From compression data, this includes force, F (Newtons), time, t (seconds) and platen travel (mm) 

recorded by the automated data logger system attached to the Zwick Roell Z150 machine combined 

with the starting dimensions of the sample; height, h (mm), cross sectional area, A (mm2) and volume, 

V (mm3) true stress-ǎǘǊŀƛƴ όˋ-ʶύ ŎǳǊǾŜǎ were produced.  

True strainΣ ʶ, is monitored through compression through the height, h, of the work piece as the 

volume, V, is constant; 

P1 P2 
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This compression in height then alters the instantaneous cross-sectional area, Ai, assuming no 

barrelling due to friction between work and platen, calculated by  

ὃ
ὠ

Ὤ
 

CǊƻƳ ǘƘƛǎ ǿŜ Ŏŀƴ Ŧƻƭƭƻǿ ˋ ǘƘǊƻǳƎƘƻǳǘ ŎƻƳǇǊŜǎǎƛƻƴ ƻƴŎŜ ȅƛŜƭŘƛƴƎ ǎǘǊŜǎǎ ƛǎ ǊŜŀŎƘŜŘΣ ǘƘŜ Ŧƭƻǿ ǎǘǊŜǎǎΣ ˋΣ 

can be written as force, F, over cross-sectional area, A; 

 

„
Ὂ

ὃ
 

From these values the true stress-ǎǘǊŀƛƴ όˋ-ʶύ ŎǳǊǾŜ ƛǎ ǇǊƻŘǳŎŜŘ ŦƻǊ ǘƘŀǘ compression test. From this 

curve it can show characteristics of different restoration mechanisms active through compression 

and values can be determined such as the peak flow stress; ̀ pfs. 

From this, plots of change in log ̀  versus change in log ʁ, with the compression temperature (T, °C) 

and the strain of 0.04 όʶύ Ғ ˋpfs constant, the slope of this plot is strain rate sensitivity (m). 

ά
ЎÌÏÇ„

ЎÌÏÇ‐
ȟ 
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3.3 Microstructural Characterisation 

3.3.1 Specimen preparation and microscopy 

All samples were cross sectioned via EDM for microstructural analysis and imaged, as per Figure 26 for 

pre-compression material and Figure 28 for post-compression samples, with compression direction 

from top to bottom of images. The analysis included scanning electron microscopy (SEM) using an FEI 

Quanta-250 with field-emission gun, with back-scattered electron (BSE) detector fitted, using an 

accelerating voltage of 20 kV and a working height of 10 mm for imaging. Working alongside this setup, 

a NordlysNano electron back-scattered diffraction (EBSD) system acquired crystallographic data. For 

both alloys the EBSD was setup with an acquisition time of 120 mS and лΦр ˃Ƴ ǎǘŜǇ ǎƛȊŜΣ as this 

achieved the best compromise between allowable run time and achieving the 90 % indexing aimed 

for.  

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

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

minutes. This was finished with two stages of chemical-mechanical polishing in 0.02 µm colloidal silica 

using a microcloth polishing plate followed by vibro-polish overnight in 20 vol% 0.02 µm silica. This 

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

For optical microscopy (OM) a Leica model was used, samples were ground and polished as described 

ŀōƻǾŜ ǿƛǘƘ ŀŘŘƛǘƛƻƴŀƭ ŎƘŜƳƛŎŀƭ ŜǘŎƘƛƴƎ ƛƴ YǊƻƭƭΩǎ ǎƻƭǳǘƛƻƴ ŦƻǊ р ǎΦ 

3.3.2 Data processing 

¢ƻ ŘŜǘŜǊƳƛƴŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŀƭ ǇŀǊŀƳŜǘŜǊǎ ƛƴŎƭǳŘƛƴƎ ŀǾŜǊŀƎŜ ƭŀƳŜƭƭŀǊ ƎǊŀƛƴ ǎƛȊŜ ό˃ƳύΣ and phase 

ŦǊŀŎǘƛƻƴ ό҈ʴΣ 2h or 0̡) together with their morphology i.e., lamellar, equiaxed or feathered 

microstructure content (%lam, %eq, %f), different analytical and processing techniques were applied. 

Here, each parameter was quantified at P1, unless specified otherwise in the results.  

 3.3.2.1 Morphology grain size and content  

Firstly, morphology volume fraction waǎ ŜǎǘƛƳŀǘŜŘ ŦƻǊ ƭŀƳŜƭƭŀǊΣ ŜǉǳƛŀȄŜŘ ƻǊ ŦŜŀǘƘŜǊȅ ʴ ŎƻƴǘŜƴǘ ό҈ύ Ǿƛŀ 

the systematic manual point count method detailed in ASTM E562-19e1 using OM and BSE imaging, 

processed using ImageJ software. To clarify, this study defines lamellar grains as colonies consisting of 

alternate parallel 2h + ɹ (+̡ 0) plates, referred to as laths; equiaxed grains are described as globular in 

shape with axes of approximately the same length. Feathery ɹ  microstructures are described as short, 

ǊŀƴŘƻƳƭȅ ƳƛǎƻǊƛŜƴǘŀǘŜŘ ʴ ƭŀǘƘǎ, exclusively of ɹ, in comparison to lamellar laths. These morphologies, 

their formation as well as appearance are described in greater detail in 2.3.1. The lamellar content 

results of the systematic manual point count method are then applied to calculate lamellar grain size 

ό˃Ƴύ Ǿƛŀ ǘƘŜ ƭƛƴŜŀǊ ƛƴǘŜǊŎŜǇǘ ƳŜǘƘƻŘ !{¢a 9ммн-13 at 0° and 90° to compression axis. This is to assess, 

in two axes, the complicated microstructure of kinked/bent laths in compression samples or laths of 

different thickness in heat treated material for example, these complicated microstructures also made 
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automated image analysis difficult. Examples of microstructural images analysed are given in each 

section where discussed. 

3.3.2.2 Phase fraction 

Phase contributions and their resulting morphologies are estimated from a combination of the above 

%lam and EBSD phase analysis, discussed below.  

From EBSD phase analysis, ǘƻǘŀƭ ʴ ό%ɹ totύΣ ʲ0 (%̡ totύ ŀƴŘ ʰ2 (%h 2tot) phase contributions are determined 

but it is not possible to distinguish the equiaxed or lamellar forms for the ʴΣ ʲ0 ƻǊ ʰ2. Here the %lam is 

ǳǎŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ƭŀƳŜƭƭŀǊ ŎƻƴǘŜƴǘ ŦƻǊ ŜŀŎƘ ǇƘŀǎŜ ʴ ό%ɹ lamύΣ ʲ0 (%̡ lamύ ŀƴŘ ʰ2 (%h 2lam). 

 

 Ϸɾ
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ρππ
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And from this the equiaxed content (Xeq) for each phase can be estimated by subtracting the lamellar 

content from the rest of the total phase given by EBSD. 

Ϸ‎ Ϸ‎ Ϸ‎  

Ϸ‍ Ϸ‍ Ϸ‍  

Ϸ‌ Ϸ‌ Ϸ‌  

 

As ŦŜŀǘƘŜǊȅ ʴ όʴf) can also be calculated by removing eɹq from the above equation and replacing with 

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

using image processing tools on BSE micrographs by Schwaighofer et al.[65]. 

3.3.2.3 Grain area Җрл ˃ Ƴ2 fraction  

Electron back-scatter diffraction (EBSD) was used to identify grain boundaries,., to define a grain, 10° 

of mis-orientation was used. However, EBSD itself cannot distinguish between morphologies; lamellar 

and equiaxed or feathery ɹ, itself, so is not used for determination of the morphology content fraction. 

As the fraction and size of the remnant morphology is an important factor in further workability, as 

identified by Zhang et al., the fraction of grains under 50 ˃m2 look to quantify this and set a marker 

for the comparison of compression samples in this study [144].  
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3.3.2.4 Dynamic recrystallised fraction 
With a grain defined the dynamic recrystallised fraction (X-DRX) of compressed material and the 

deformed content can be estimated, this was done through the grain orientation spread (GOS) 

approach. GOS uses the average misorientation degree within grains, the misorientation spread in 

DRX grains is lower than that of deformed grains, an approach identified by Hadadzadeh et al. [145]. 

This GOS approach has been applied to work on TiAl alloys as a reliable and convenient method to 

quantify X-DRX and has been used to validate DRX predictive modelling and form processing maps, 

ǳǎƛƴƎ Җ нϲ ŀǎ ǘƘŜ ōŜƴŎƘƳŀǊƪ ŦƻǊ 5w· ƎǊŀƛƴǎΣ ŀǎ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ƘŜǊŜ [146],[147]. However, it has its 

limitations, the GOS approach will not be able to distinguish between άrecrystallised and deformedέ 

grains and those that are just άdeformedέ, consequently only recently recrystallised grains are 

included in X-DRX. For the GOS of grain Ὥ,  

 

ὋὕὛὭ
ρ

ὐὭ
‫  

 

The number of pixels per grain is given by ὐὭȟ ‫  is the angle of misorientation between pixel 

orientation of grain ὐ  and the mean orientation of grain Ὥ. This was done using script and commands 

written in MTEX, an add-on to MATLAB, to construct maps of microstructure observed, including band 

contrast, grain boundary/phase and DRX.  
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4 Thermomechanical processing trials of 45XD  

4.1 The impact of HIP and heat treatment on the microstructure and 

subsequent compression behaviour of 45XD  

4.1.1 Introduction  

To summarise the findings of the literature review in respect to 45XD, simple HIP and uniaxial 

compression could be optimised to improve the removal of the anisotropy causing lamellar grains and 

casting segregation which will hinder secondary processing [86]. An emphasis on controlling and 

optimising this starting microstructure to globularise the lamellar content and return a favourable 

microstructure that improves forging outcomes is missing. 

The work reported, here evaluates the effect of pre-compression consolidation and heat treatment 

on the as-received cast microstructure. By maintaining constant compression conditions these pre-

compression microstructures were assessed for their influence on the compression behaviour. The 

resulting post-compression microstructures were assessed in terms of lamellar grain dimensions and 

content as well as phase fraction, with a view to facilitating secondary processing of 45XD (Ti-44.31Al-

1.93Nb-2.93Mn-0.87B at%). This study is necessary as a starting point for subsequent work to provide 

isotropic-behaving material ready for secondary processing i.e., isothermal closed die forging or 

rolling.  

Ti Al Nb Mn B O Fe Cu C N Si 

49.80 44.31 1.93 2.93 0.84 0.10 0.02 0.03 0.02 0.01 0.02 

Table 6: Average chemical composition of supplied 45XD ingot, analysed via ICP at three points by TIMET. 

a b 

Figure 29: (a) BSE image of as- received (ASR) cast microstructure of 45XD from the centre of the received ingot, 

equivalent of position C in Figure 26, at 500x magnification, ǿƘŜǊŜ ōƭŀŎƪ ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ ǇƘŀǎŜΣ ǿƘƛǘŜ ʲ0 

ŀƴŘ ƎǊŜȅ ʰ2. (b) Calculation of phase diagram (CALPHAD) of 45XD alloy from ICP analysis in Table 6. 
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4.1.2 Results and discussion 

The influence of the starting microstructure on the deformation behaviour of the material relies on 

several parameters, these are discussed here. This is followed by an explanation of the compression 

behaviour for each processing condition, as well as the associated extent of globularisation of lamellar 

grains, together with the resulting X-DRX and the fraction of grains Җ50 ˃ m2. The potential for future 

use in processing will be assessed by exploring the relationship between the initial microstructures 

formed by the different HT applied; the lamellar content, lamellar grain size and phase fraction 

produced, and the microstructure returned after primary compression; remnant lamellar content, 

remnant lamellar grain size, X-DRX and the fraction of grains Җ50 m˃2 as well as phase fraction. 

Regression analysis will help identify characteristics which are most important in returning the 

preferred microstructure discussed. To start, the ASR and HIP microstructure and analysis is discussed. 

4.1.2.1 Pre-compression microstructures 

In Figure 29a and Figure 30, BSE imaging shows the 45XD alloy in the as-received cast and consolidated 

condition (HIP) respectively, both with nearly fully lamellar microstructures, consisting of coarse 

lathed lamellar colonies of ɹ+h 2 ŀǎ ǿŜƭƭ ŀǎ ŜǉǳƛŀȄŜŘ ʴ ŀƴŘ ʰ2 at lamellar grain boundaries. A third 

phase, B2/̡0, ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǎƛƳǇƭȅ ʲ ǿƘŜƴ ŘƛǎŎǳǎǎƛƴƎ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ ƛǎ ŀƭǎƻ 

present as both ŜǉǳƛŀȄŜŘ ʲ at lamellar grain boundaries ŀƴŘ ʲ ŘŜǇƻǎƛǘǎ within lamellae grains 

themselves.  

Hot isostatic pressing (HIP) was used to consolidate the material, reducing porosity. The HIP 

temperature for this alloy is high in the hҌʴ region, within 20 °C of the h  transus according to Figure 

29b. The influence of this process on the microstructure of titanium aluminides has been explored by 

several investigators for both finishing of cast parts and as preparation for further processing 

[129],[49],[51]. The HIP microstructure is casting porosity free and consists of lower lamellar content 

and grain sizes when compared just to ASR. An increase in the overall ɹeq suggests HIP causes some 

form of static globularisation [148]. This is perhaps due to the time spent high in the ɹ+h  region during 

the HIP process causing  ɹmorphologies to coarsen. Table 7 shows microstructural characteristics from 

BSE image processing. The microstructure of ASR and the HIP material is largely dictated by the 

solidification pathway of the ingot.  

  

Figure 30: BSE images of 45XD alloy in the HIP condition 

ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŀǘ рллȄΣ ǿƘŜǊŜ ōƭŀŎƪ ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ 

ǇƘŀǎŜΣ ǿƘƛǘŜ ʲ0 ŀƴŘ ƎǊŜȅ ʰ2. Lamellar grain and boundary 

examples outlined in red blue arrow identifies ɹeq, yellow 

arrows identify ̡ Ŝǉ ŜȄŀƳǇƭŜǎ ŀƴŘ red arrow identifies an 

2h lath.  
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tŜǊƛǘŜŎǘƛŎ ǎƻƭƛŘƛŦȅƛƴƎ ό[ҌʲҦʰύ ŀƭƭƻȅǎΣ ǎǳŎƘ ŀǎ пр·5Σ ǳǎŜ ǘƘŜ ǘƛǘŀƴƛǳƳ ōƻǊƛŘŜ ǇǊŜŎƛǇƛǘŀǘŜǎ ǘƻ ƴǳŎƭŜŀǘŜ ʰΣ 

as shown in the CALPHAD phase fraction diagram in Figure 29bΣ ƘŜǊŜ ʰ ƛǎ ƎǊƻǿƛƴƎ ƛƴǘƻ ǘƘŜ disordered 

ʲΣ ŀǎ ǿŜƭƭ ŀǎ ŀƴȅ ƭƛǉǳƛŘ ǇǊŜǎŜƴǘΦ Grain refinement, compared to the non-boride doped alloys, of the as-

cast microstructure is the aim of these additions, ideally removing much of the costly wrought 

processing [137]. The boron enables refinement through the changes caused in solidification pathway, 

as reviewed by Hu.[39]. The boride also gives the growing h  laths their orientation, as described by Hu 

et al., so giving the random lamellae grain orientation seen here in ASR material upon cooling and in 

the subsequent HIP microstructure, giving engineering properties sufficient for cast low pressure 

turbine blades [45],[40].  

Starting from the HIP material condition, shown in the annotated Figure 30, the effect on the 

microstructure of different heat treatment temperatures, heating in different phase regions, followed 

by either air (AC) or furnace cooling (FC), is shown in the resulting BSE images in Figure 31a-h. Table 7 

shows microstructural characteristics from BSE image processing.  

Heat treatment temperatures <1270 °C produce nearly fully lamellar microstructures, with lamellar 

ŎƻƭƻƴƛŜǎ ƻŦ ʴҌ ʰ2 ŀƴŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŜǉǳƛŀȄŜŘ ʴ ŀƴŘ ʲ0 grains at lamellar grain boundaries. At room 

temperature this type of microstructure typically gives more ductility and toughness, compared to the 

fully lamellar microstructure [27]. However, when in comparison at higher temperatures they are 

inferior for practical applications. 

a

 

b

 

c

 

d

 

e

 

f

 

g

 

h 

Figure 31: SEM micrographs (BSE) at 500x magnification of 45XD alloy before compression, heat treated for 2 hours at 

different temperatures with either FC or AC cooling rates; 1130 °C FC(a) and AC(e), 1200 °C FC(b) and AC(f), 1270 °C 

FC(c) and AC(g), 1350 °/ C/όŘύ ŀƴŘ !/όƘύΦ ²ƘŜǊŜ ōƭŀŎƪ ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ ǇƘŀǎŜΣ ǿƘƛǘŜ ʲ0 ŀƴŘ ƎǊŜȅ ʰ2, respectively. 
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In general, the lamellar grain content is largely constant from the HIP microstructure to the HIP plus 

1130 °C and 1200 °C HT material, there is however an overall increase in the lamellar grain size. At 

мнлл ϲ/Σ ƛƴ ǘƘŜ ʰҌʴҌʲ0 region, lamellar laths visibly saw growth and swelling, perhaps explaining the 

increase in lamellar grain size. The high temperature and furnace cooling provided the energy and 

time for this growth, the air cooling prevented any obvious lath growth.  

In samples HT at 1130 °C, a rise in both lamellar and equiaxed h 2Ҍ0̡ content compared to HIP material 

is noted. This HT sees an increase of around double the HIP values for equiaxed h 2Ҍ0̡ material. This is 

expected to increase the flow stress seen during compression with the increase of these slip restricted 

phases [70]. Casting segregation of the aluminium content of 45XD alloy also ŀŎŎŜƴǘǳŀǘŜǎ ǘƘŜ ʲ0 phase 

present from ingot formation of peritectic solidifying titanium aluminides. This segregation and 

ǊŜǎǳƭǘƛƴƎ ʲ0 phase causes processing issues such as narrow processing windows, heterogeneous 

deformation and poor recrystallisation kinetics, as identified by Imayev et al. and Chladil et al. 

[33],[34]. There is very little difference between microstructures of the FC and AC material HT at 1130 

°C. 

The high temperatures of HT at 1270 °C and 1350 °C led to fully lamellar microstructures, as well as an 

increase in both lamellar grain size and overall content with both air and furnace cooling. The lamellar 

content increased at these temperatures and cooling rates, via type 1 lamellar formation, as described 

by Denquin and Naka [28]. The lamellar structure can form from three phases in the Ti-Al phase 

diagram, to give either the fully or nearly lamellar microstructures, as reviewed by Ramanujan [29]. 

Type 1 lamellar structure, fully lamellar, is formed above the alpha transus (~1300 °C for 45XD) 

In Type 1, lamellar grains are formed via the pathway; 

ʰ Ҧ ʰҌʴ Ҧ ʰ2Ҍ ɹ

For 45XD alloy this pathway is adjusted to follow the pathway below, the extent of 0̡ phase being 

dependent on the time spent in this temperature region; 

ʰ Ҧʰ Ҍ ʴ όҌʲ0ύ Ҧʰ2 Ҍ ʴ όҌʲ0), 

In this reaction, plate-ƭƛƪŜ ʴ ōŜƎƛƴs to precipitate out of the h  ƳŀǘǊƛȄ when temperatures reach below 

ǘƘŜ ʰ ǘǊŀƴǎǳǎ όϤмолл ϲ/ύ, mechanism described in greater detail in section 2.3.1.3. This structure 

transforms at lower temperatures to a Ҍɹ 2h lamellar structure by the ʰ ǘƻ ʰ2 ordering reaction, this 

ƻŎŎǳǊǎ ōŜƭƻǿ ǘƘŜ ʰ2Ҍʴ ǘǊŀƴǎǳǎ ƭƛƴŜ όϤммнр ϲ/ύΦ ¢Ƙƛǎ ƛǎ ǎƘƻǿƴ with HT at 1350 °C, AC giving fine laths 

with /h 0̡ at the grain boundaries frozen in place; AC not giving the time to form lamellar 

microstructures. The FC material has the time to form lamellar grains, with consequently more coarse 

laths, with no equiaxed ɹ material at the grain boundaries, as seen in Figure 31d. 
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45XD 

material 

condition 

%Lam Average 

lamellar 

grain 

size 

ό˃Ƴύ 

Standard 

deviation 

of average 

lamellar 

grain size 

ό˃Ƴύ 

% h 2 + 

0̡ lam % ɹ lam  

% h 2 + 

0̡ eq % ɹ eq 

ASR 64 62 15 9 46 7 38 

HIP 53 47 13 7 46 6 41 

1130FC 53 57 21 14 39 12 35 

1130AC 49 56 13 14 35 14 37 

1200FC 52 59 13 6 46 5 43 

1200AC 61 54 12 8 53 5 34 

1270FC 70 60 41 11 59 5 25 

1270AC 90 83 23 49 41 5 5 

1350FC 85 72 17 14 71 2 13 

1350AC 88 69 11 24 65 3 9 
 

Table 7: breakdown of lamellar grain content and size, as well as lamellar and equiaxed morphology and 

respective phase composition for 45XD in different conditions before compression from BSE image processing. 

Material homogenised at 1270 °C has larger lamellar grain sizes than 1350 °C, with AC higher than FC. 

The 1270 °C AC sample sees a high fraction of h2lam which could be due to the time spent high in the 

+ɹh  phase, with h  growth being dominant over ɹ , the fast-cooling rates then freezing the growing and 

dominant h  phase in place. This suggests that 1270 °C could be ōŜƭƻǿ ǘƘŜ ʰ ǘǊŀƴǎǳǎΣ ŀǎ indicated by 

Figure 29b.  

To summarise, in samples with a rise in h 2Ҍ0̡ content, particularly 1130FC and AC, there is expected 

to be an increase in the flow stress seen during compression and a reduction in the resulting 

globularised fraction compared to HIP material with the increase of these slip restricted phases 

[58],[70]. Using a heat treatment near or within ǘƘŜ ʰ ǇƘŀǎŜ, 1270 °C and 1350 °C, for elemental and 

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

by other researchers with non-boride containing TiAl alloys [53],[149]. These fully lamellar 

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

produce the highest flow stress results during compression but when combining fully lamellar 

microstructures with low average lamellar grain size, the high lamellar to lamellar grain boundary 

density promises higher globularised fractions [58]. 

 

4.1.2.2 Compression behaviour 

This section describes mechanisms at play during compression and the effect the pre-compression 

microstructure has on the flow behaviour. This behaviour is largely affected by the characteristics of 
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the lamellar grains present, this includes grain dimensions, lath thickness and the orientation of the 

lamellar grain to the load applied as well as the phase fraction [86]. These tests aim to simulate ingot 

breakdown or upsetting,  these processes are referred to as primary compression. 

This will be discussed in terms of microstructural details mentioned in 4.1.2.1 and their impact on flow 

behaviour.  

Figure 32: Flow stress-true strain curves for each 45XD material condition through 50% compression at 1100°C, 

0.001s-1, over 760 seconds.  

Flow stress and true strain were calculated for each of these microstructural conditions with uniaxial 

compression testing to 50% at 1100 °C, with a strain rate of 0.001 s-1. Each curve follows a similar 

pattern, peak flow stress (̀pfs) reached at a true strain of 0.04, in Figure 32 for each 45XD condition, 

followed by flow softening. This flow behaviour is a characteristic of dynamic recrystallisation in this 

material [114],[150]. In  titanium aluminide alloys athot working temperaturesΣ ʴ ǇƘŀǎŜ ƛǎ ŘŜŦƻǊƳŜŘ 

with a low stacking-fault energy, this means dynamic recovery (DRY) is slow, giving a high dislocation 

density, restoration is therefore reliant on dynamic recrystallisation (DRX), as discussed in 2.4.2.1 [77]. 

The formation of this stress-free recrystallised material is key to producing workable material for 

secondary processing [53].  

When considering the compression and breakdown of lamellar material, dynamic recrystallisation is 

often referred to as dynamic globularisation, this is similar in nature to discontinuous dynamic 

recrystallisation, discussed in detail in sections 2.4.2.1 and 2.4.2.2, with reviews and mechanisms by 

Seetharaman and Semiatin, and Zhang et al and Tian et al. Respectively [58], [144], [151]. With 

constant compression conditions, these studies found the extent of globularisation, and therefore 

DRX, is dependent on the lamellar content, size, and orientation as well as phases present.  
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Heat treatments at 1270 °C or 1350 °C, high in the ɹ +  h phase region or above the h transus, 

respectively, returned the highest lamellar grain sizes and content seen, particularly with AC. The fully 

lamellar microstructures and large lamellar grain sizes, seen in both FC and AC pre-compression 

samples, limits the opportunity for lamellar grains to orientate perpendicular to compression when 

compared to samples with a higher fraction of equiaxed material, and explains the higher flow stresses 

seen [87]. This is due to larger lamellar grains being less mobile in either equiaxed or fully lamellar 

material, relatively few and large lamellar grains being present also means there is less chance of the 

lamellar grain being in a favourable orientation for globularisation [58]. 

. However, globularisation favours higher lamellar to lamellar grain boundary density, seen extensively 

in material heat treated at 1270 °C and 1350 °C pre-compression, shown by the higher lamellar content 

in Table 7 as compared to HIP, also identified by Seetharaman and Semiatin, explaining the greater 

extent of flow softening [58]. This relationship between large starting lamellar microstructures, flow 

softening rate, recrystallisation and flow localisation was reviewed by Semiatin, Seetharaman and 

Weiss [119]. 

Another aspect of these AC samples that resisted recrystallisation and dynamic globularisation, is the 

fine lath spacing, however this has not been quantitatively assessed here[91,92]. No obvious signs of 

flow localisation i.e., sheared samples, were identified in these trials but the high ̀ pfs and extent of 

flow softening seen in the AC samples from HT at 1270 °C and 1350 °C is a concern.  

The coarser lathed lamellar structures in the 1350 °C and 1270 °C FC samples show lower  ̀ pfs, due to 

the relative ease of recrystallisation initiation in comparison to AC, even with similar starting phase 

fraction, lamellar content, and sizing in the case of 1350 °C FC [144]. The ̀ pfs of 1270 °C FC is the lowest 

of the fully lamellar microstructures, perhaps due to the combination of low lamellar grain sizing and 

relatively high lamellar content compared to HIP, seen in Table 7. Potentially this leads to a higher 

lamellar-lamellar grain boundary density in comparison to other fully lamellar microstructures and so 

initiating DRX at lower flow stresses, this is promising for improving globularisation kinetics [119]. 

Samples HT at 1200 °C give the lowest ̀ pfs, followed by HIP and 1270FC respectively. This is likely to 

be due to a combination of low lamellar content and lamellar grain size, as well as a favourable fraction 

of 2hҌ0̡ [58]. This looks to have reduced peak flow stress and increased the extent of flow softening, 

especially when compared to samples held at 1130 °C, where considerably higher flow stresses were 

seen without the extent of flow softening.  

Both HT samples at 1130 °C give higher ̀pfs despite lower lamellar content compared to 1270 °C AC. 

The higher fraction of the equiaxed and lamellar 2hҌ0̡ perhaps contributing to this higher than 

anticipated result. 

 Material  HIP 1130FC 1130AC 1200FC 1200AC 1270FC 1270AC 1350FC 1350AC 

мϥ ˋpfs- (MPa) 108.0 115.8 114.7 105.8 99.7 117.8 123.5 121.1 138.5 

Table 8: maximum flow stress seen for each 45XD material condition with 50% compression at 1100 °C, 0.001 s-1. 
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Cooling having fairly little effect at this temperature. This temperature region, dominated by ɹ Ҍʲ0, 

seen in Figure 29, the ̡ 0 fraction is high and appears detrimental in terms of compression behaviour 

[69].  

 

4.1.2.3 Post-compression microstructures  

a

 

Figure 33:  SEM micrographs (BSE) at 1000x 

magnification of 45XD alloy after compression, in 

the HIP condition (a) and heat treated for 2 hours at 

different temperatures with either FC or AC cooling 

rates; 1130 °C FC(b) and AC(c), 1200 °C FC(d) and 

AC(e), 1270 °C FC(f) and AC(g), 1350 °C FC(h) and 

!/όƛύΦ ²ƘŜǊŜ ōƭŀŎƪ ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ ǇƘŀǎŜΣ 

ǿƘƛǘŜ ʲ0 ŀƴŘ ƎǊŜȅ ʰ2, respectively. 

b c 

d e 
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Microstructural analysis was conducted on 50 % compressed samples of 45XD material to analyse the 

influence of initial microstructure on the evolution of the microstructure after compression. With 

particular focus on the phase fraction, remnant lamellar grain size content, as well as the resulting DRX 

fraction (X-DRX). These factors contribute to material behaviour and response in the following 

processing steps.  

All samples show ɹ material is dominant, as seen in phase maps in Figure 33 and Table 9, as well as h 2 

ŀƴŘ ʲ0 morphology contributions. These h2 ŀƴŘ ʲ0 morphology contributions appear to have become 

more consistent across all compressed samples, in comparison to the pre-compressed material. 

However, iƴ ƎŜƴŜǊŀƭΣ ʲ0 material ŘƻŜǎ ŀǇǇŜŀǊ ƛƴ ƭŀǊƎŜǊ ŦǊŀŎǘƛƻƴǎ ƛƴ ƳŀǘŜǊƛŀƭ I¢ Җмнлл ϲ/ ǘƘŀƴ ǘƘŜ 

material in a fully lamellar state before compression. The 1200AC material shows the highest fraction 

at 11 %, tƘŜ морл!/ ǎŀƳǇƭŜ ǎƘƻǿƛƴƎ ǘƘŜ ƭƻǿŜǎǘ ʲ0 at 4 %.  

f g 

h i 

a b c 
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Considering the lamellar content of compression samples, those HT at 1270AC show the greatest 

reduction in lamellar content at 76 % with the smallest average lamellar grain size at 19 m˃, but not 

the highest X-DRX, at 69 %. The HT sample 1200AC shows the highest X-DRX at 71 %, 1270FC the 

highest X-DRX value of the fully lamellar material. Compression of material HT at 1350 °C AC and 1270 

°C FC gives the highest content of grains under 50 m˃2, 78 % and 77 %, respectively. Figure 35 shows 

how the X-DRX is calculated through the GOS approach, together with the grain area frequency density 

plots from EBSD analysis.  

  

s t u 

v w x 

y z ai 

Figure 34: 9.{5 ǳǎŜŘ ǘƻ ƎƛǾŜ ƳŀǇǎ ƻŦΣ όƭŜŦǘύ ōŀƴŘ ŎƻƴǘǊŀǎǘΣ όƳƛŘŘƭŜύ ǇƘŀǎŜ ƳŀǇΤ ōƭǳŜ ƛǎ  ʴΣ ǊŜŘ ƛǎ ʰ2Σ ȅŜƭƭƻǿ ƛǎ ʲ0, 

(Right) X-DRX; red is the recrystallised fraction, blue is deformed, of 45XD alloy in the HIP condition (a- c), and 

heat treated for 2 hours at different temperatures with either FC or AC cooling rates; 1130 °C FC (d-f) and AC(g-i), 

1200 °C FC(j-l) and AC(m-o), 1270 °C FC (p-r), and AC (s-u), 1350 °C FC (v-x) and AC(y-ai), at 1600x magnification, 

after 50% compression at 1100 °C, 0.001 s-1. 
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45XD material 

condition +50% 

compression 
% h 2  % ̡ 0  % ɹ   

DRX 

fraction 

(%) 

Grain area 

ŦǊŀŎǘƛƻƴ Җрл 

˃Ƴ2 (%) 

HIP 3 5 84 53 57 

1130FC 3 8 89 43 57 

1130AC 3 9 88 61 76 

1200FC 2 5 94 65 72 

1200AC 3 11 86 71 75 

1270FC 2 4 94 69 77 

1270AC 3 7 90 51 69 

1350FC 2 5 93 48 58 

1350AC 3 4 94 65 78 

Table 9: breakdown of phase composition for 45XD in all material conditions at P1 after compression from BSE 

image processing and EBSD mapping.  

The X-DRX was calculated in this work through the GOS approach, seen in Figure 35, from EBSD data. 

GOS uses the average misorientation degree within grains, the misorientation spread in DRX grains is 

lower than that of deformed grains, an approach identified by Hadadzadeh et al. [145]. This has been 

ŀǇǇƭƛŜŘ ǘƻ ǿƻǊƪ ƻƴ ¢ƛ!ƭ ŀƭƭƻȅǎ ǘƻ ǾŀƭƛŘŀǘŜ 5w· ǇǊŜŘƛŎǘƛǾŜ ƳƻŘŜƭƭƛƴƎ ŀƴŘ ŦƻǊƳ ǇǊƻŎŜǎǎƛƴƎ ƳŀǇǎΣ ǳǎƛƴƎ Җ 

2° as the benchmark for DRX grains, as has been used here [146],[147].Table 10 displays the range of 

remnant lamellar dimensions still present at P1 and P2 of compression samples, the purpose of both 

P1 and P2 here is to look at the homogeneity of compression outcome across the work piece.  

Including outliers, 1270 °C HT material shows the lowest average of lamellar grain sizes for all 

compressed material, the AC sample showing the lowest value at 19 m˃. After compression, lamellar 

grains were still present in all samples, however, Zhang et al. suggested lamellar grains below 80 ˃Ƴ 

should not be considered detrimental [144]. Using this value, only 1270FC, 1200FC and AC comply. 

The orientation of these remnant lamellar grains appears to largely align perpendicular to 

compression, as the maximum lamellar grain size 0° to compression shows in Table 10.  

Uniform globularisation of lamellar grains, with similar remnant lamellar grain sizes, across the 

workpiece is also an important factor. This appears to be the case with only 1270FC, 1200FC and AC. 

In fully lamellar material, for example 1270FC, re-orientating the lamellar grains is difficult with 

lamellar-to-lamellar grain boundaries, if these are relatively small grains with favourable lath 

thickness, globularisation proceeds. Larger lamellar grains are less mobile, with a higher chance of 

being in an unfavourable orientation for globularisation, as is likely the case with 1350FC [58].  

The opposite position to this is where we have smaller lamellar grains with equiaxed material present 

at grain boundaries as in nearly fully lamellar microstructures pre-compression. Rotation of lamellar 

grains rather than globularisation is a possible reason for the lack of globularisation seen in samples 
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with low starting lamellar content, such as those HT at 1130 °C, 1200FC and HIP [87]. Exhibited by the 

low values for reduction in lamellar content in Table 10.  

45XD material 

condition +50% 

compression 

%Lam 

 

Reduction in 

%Lam 

Average 

lamellar grain 

ǎƛȊŜ ό˃ƳΣ from 

0° and 90°) 

Standard deviation 

of average lamellar 

ƎǊŀƛƴ ǎƛȊŜ ό˃ƳΣ ŦǊƻƳ 

0° and 90°) 

P1 P2 P1 P2 P1 P2 P1 P2 

HIP 23 39 30 14 34 57 18 20 

1130FC 33 36 20 17 50 38 31 13 

1130AC 26 37 23 12 37 45 25 24 

1200FC 21 39 30 13 26 46 13 15 

1200AC 17 31 44 29 22 37 10 16 

1270FC 24 30 46 49 31 33 22 12 

1270AC 14 29 76 61 19 47 7 31 

1350FC 24 83 61 2 55 71 54 26 

1350AC 21 29 67 60 49 29 29 18 

Table 10: Remnant lamellar morphologies of all 45XD material conditions at P1 and P2 after 50% compression, 

1100 °C, 0.001 s-1. 

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

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

and interstitials are preferentially gettered into the h 2 ŦǊƻƳ ʴ during HTΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŜ ʰ2 is less prone 

to globularisation when under strain in compression due to several factors; possibly tighter lamellar 

ǎǇŀŎƛƴƎ ŎƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊ ǎŀƳǇƭŜǎΣ ǎƭƻǿŜǊ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ʰ2 ƛƴǘƻ ʴ ŀƴŘ ǎƻƭƛŘ ǎƻƭǳǘƛƻƴ ƘŀǊŘŜƴƛƴƎ ŜŦŦŜŎǘǎ 

[74],[104],[152]. 
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Figure 35: Plots calculating the DRX fraction from the GOS approach on the left, grain area frequency density on 

the right, for each material condition after 50% primary compression at 1100 °C and 0.001 s-1,  HIP (a, b), and 

heat treated for 2 hours at different temperatures with either FC or AC cooling rates; 1130 °C FC (c, d) and AC (e, 

f), 1200 °C FC(g, h) and AC(i, j), 1270 °C FC (k, l), and AC (m, n), 1350 °C FC (o-p) and AC (q, r). 

With respect to future processing of the material discussed here, studies by Kim discuss the inverse 

relationship between grain size and ductility, their study showing microstructures with low grain sizes 

can tolerate higher strain to failure (fracture), also discussed in an earlier study of theirs [89],[88].  

In their study on strength and ductility of TiAl alloys, they looked at the brittle-ductile transition of 

titanium aluminides and the effect microstructure has on this, higher ductility came about due to the 

higher amount of yielding accepted by the higher density of grain boundaries, preventing crack 

propagation. This is relevant to the present work as it is apparent that maintaining elemental 

ƘƻƳƻƎŜƴŜƛǘȅ ƛǎ ǾƛǘŀƭΣ ōǳǘ ǘƻ Řƻ ǘƘƛǎ ƘŜŀǘƛƴƎ ŀōƻǾŜ ǘƘŜ ʰ ǘǊŀƴǎǳǎ ƛǎ ǊŜǉǳƛǊŜŘ. This leads to a larger 
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grained fully lamellar microstructure, which can be difficult to process with a possibility of flow 

localisation and resistance to dynamic globularisation if lamellar grain sizes are too large.  

So, achieving a refined fully lamellar microstructureΣ ƭŀǊƎŜƭȅ ŀōǎŜƴǘ ƻŦ ʲ0, may improve forging 

outcomes through the refined grain size and elemental homogeneity required for the material to 

respond to thermo-mechanical processing promptly and efficiently. 

4.1.3 Summary  

The aim of this study was to understand how consolidation, heat treatment and cooling rate influence 

the pre-compression microstructure and subsequent compression behaviour of 45XD, with a focus on 

the extent of homogeneous globularisation across the work piece. This is required to improve the 

chances of successful outcomes in subsequent processes i.e., hot rolling or closed die isothermal 

forging. The extent of globularisation during compression was found to rely on characteristics of the 

pre-compression microstructure, and the following conclusions regarding the primary processing 

stage of the alloy were drawn. 

¶ Hot isostatic pressing to remove porosity and consolidate the ingot does not return a 

microstructure best placed to remove the lamellar content upon compression or phase 

fraction for further processing.  

¶ The literature states that for other alloys the ideal pre-compression microstructure for 

efficient globularisation is a homogeneously sized microstructure, fully lamellar, with 

elemental homogeneity, making a heat treatment near or above the h transus necessary. 

This study partially agrees with the literature when we consider the 1270FC material, this 

temperature is close to the h transus for this alloy. The homogenisation heat treatment 

temperature is further explored in the next section; 4.2. 

¶ The growth of the ̡ 0 phase by heat treatment or time spent in the +ɹ̡ 0 region and the 

presence of large, fine lamellar grains induced by air cooling from single phase  h

temperatures, have been identified in these studies as detrimental to globularisation.  

¶ Heat treatment just below the h transus followed by furnace cooling (1270FC) and within 

the ɹ ҌʰҌʲ0 phase followed by air cooling (1200AC) appear to be useful heat treatments 

for promoting the microstructural and elemental conditions that increase the extent of 

globularisation. Intermediate heat treatments, between primary and secondary 

compression, should be explored to improve microstructural outcomes. 
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4.2 Identifying the homogenisation temperature for 45XD in respect to 

compression behaviour and microstructural outcome 

4.2.1 Introduction 

The summary of 4.1 describes the ideal pre-compression microstructure for efficient globularisation 

as a homogeneous microstructure, fully lamellar, with elemental homogeneity. Defining the heat 

treatment ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴǘƛŎƛǇŀǘŜŘ ǘƻ ōŜ ŎƭƻǎŜ ǘƻ ǘƘŜ ʰ ǘǊŀƴǎǳǎΣ that fulfils these criteria is therefore 

necessary. This is explored here with a closer examination of the microstructure pre-compression of 

HIP and 1270FC, as well as another HT temperature above the  h transus, 1300FC, using EBSD to 

investigate the effect phase composition has on forging outcomes, with forging conditions constant. 

Furnace cooling from these high temperature heat treatments has been deemed most significant from 

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

compression microstructure being most promising in terms of flow softening and globularisation, 

therefore X-DRX, without flow localisation. 
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4.2.2 Results and discussion 

4.2.2.1 Pre-compression microstructures 

a b 

c d 

e f 

Figure 36: (a) SEM used to give BSE images at 500x magnification (left) ǿƘŜǊŜ ōƭŀŎƪ ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ ǇƘŀǎŜΣ 

ǿƘƛǘŜ ʲ0 ŀƴŘ ƎǊŜȅ ʰ2, and EBSD phase maps at 1600x magnification, (right); where ōƭǳŜ ƛǎ ʴΣ ǊŜŘ ƛǎ ʰ2, yellow is 

0̡, of 45XD alloy in the HIP condition (a- b), and heat treated for 2 hours at ; 1270 °C FC (c-d), and 1300 °C FC (e-

f). 
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45XD 

material 

condition 

%Lam Average 

lamellar 

grain 

size 

ό˃Ƴύ 

Standard 

deviation of 

average lamellar 

ƎǊŀƛƴ ǎƛȊŜ ό˃Ƴύ % h н  

lam 

% ̡ 0  

lam  

% ɹ   

lam  

% h н  

eq 

% ̡ 0  

eq  

% ɹ   

eq 

HIP 53 47 13 3 5 45 8 4 40 

1270FC 70 60 18 6 4 60 3 2 26 

1300FC 81 71 23 8 4 70 2 1 16 

Table 11: breakdown of lamellar grain content and size, as well as lamellar and equiaxed morphology and 

respective phase composition for 45XD in different conditions before compression from BSE image processing 

and EBSD mapping. 

¢ƘŜ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘ ŀōƻǾŜ ǘƘŜ ʰ ǘǊŀƴǎǳǎΣ моллC/Σ ƭŜŀŘǎ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ƭŀƳŜƭƭŀǊ ŎƻƴǘŜƴǘ ŀƴŘ ŀǾŜǊŀƎŜ 

lamellar grain size as versus the HIP and 1270FC material, seen in 4.1.2.1. It also leads to a small 

ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƻǾŜǊŀƭƭ ʲ0 content, perhaps due to elemental homogeneity. The energy dispersive 

spectrometry (EDS) mapping, available in the appendix also exhibits the elemental homogenising 

ŜŦŦŜŎǘ ƻŦ ʰ ǇƘŀǎŜ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘ, 0̡ regions containing greater concentrations of Mn in particular 

without homogenising, as discussed by others on similar alloys [153], [154]. 

With HT material at 1270FC and 1300FC, although both HT is near or just above the h ǘǊŀƴǎǳǎ, 

differences do exist in the microstructure, particularly in the decrease seen in the overall equiaxed 

material content from 1270FC to 1300FC. This is an important factor identified in 4.1.3; lamellar to 

lamellar grain boundaries promote globularisation [58]. 
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4.2.2.2 Compression behaviour  

 

Figure 37: Flow stress-true strain curves for each 45XD material condition through 50% compression at 

1100°C, 0.001s-1, over 760 seconds. 

Flow stress and true strain were calculated for each of these microstructural conditions with uniaxial 

compression testing to 50 % at 1100 °C, with a strain rate of 0.001 s-1. Each curve follows a similar 

pattern, peak flow stress (̀pfs) reached at a true strain of about 0.04, followed by flow softening, as in 

4.1.2.2, seen in Figure 37. However, the steep, relative to non-TiAl alloys, initial work hardening seen 

before ̀ pfs is of interest. The differences seen in work hardening rate, with 1270FC being the steepest 

followed by HIP and then 1300FC is perhaps at first counter intuitive given the fully lamellar 

microstructure of the 1300FC material. 

 

The steep initial stress-strain curve shows several processes taking place, both elastic and plastic, 

including work hardening, this is due to rapid dislocation pile-ǳǇ ƛƴ ǘƘŜ ʴ ƭŀǘƘǎ, only slowed by a critical 

ǎǘǊŀƛƴ όʶc) being reached, high stored energy in the fragmented lamellar material initiating rapid DRX, 

hence the relatively sharp peaks seen here and in working other TiAl alloys [155]. This dislocation pile-

up perhaps being slowed by the elemental ƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜ ʴ ƭŀǘƘǎΣ ǘƘŜ effect of heat treatment in 

ǘƘŜ ǎƛƴƎƭŜ ʰ ǇƘŀǎŜ, seen in 1300FC. The lower ̀ pfs of the HIP material may be explained by its lower 

lamellar content, lamellar grain mobility being higher ǿƛǘƘ ƘƛƎƘŜǊ ʴeq content, allowing rotation of 

lamellar grains rather than globularisation/DRX [156].  

Table 12: maximum flow stress seen for each 45XD 

material condition with 50% compression at 1100 °C, 

0.001 s-1. 

 Material  HIP 1270FC 1350FC 

мϥ ˋpfs- (MPa) 108.0 117.8 116.8 
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4.2.2.3 Post compression microstructures 

 

The compression of the 1300FC sample, heat treated ƛƴ ǘƘŜ ǎƛƴƎƭŜ ʰ ǇƘŀǎŜΣ ǊŜǘǳǊƴǎ ǘƘŜ ƭƻǿŜǎǘ ƭŀƳŜƭƭŀǊ 

content at 13 % this consists of the smallest average grain size of 22 ˃ Ƴ and maximum grain size of 55 

˃Ƴ. The HIP and 1270FC results are presented in greater detail in 4.1.2.3, these are presented here in 

45XD material 

condition 

+50% 

compression 

% Lam Reduction 

in lamellar 

content (%) 

Average 

lamellar 

grain size 

ό˃ƳΣ ŦǊƻƳ 

0° and 90°)) 

SD of 

average 

lamellar 

grain size 

( m˃) % h 2  % ̡ 0  % ɹ   

DRX 

fraction 

(%) 

Grain 

area 

fraction 

ҖрлǳƳ2 

(%) 

HIP 23 30 34 18 3 5 84 53 57 

1270FC 24 46 31 20 2 4 94 69 77 

1300FC 13 69 22 13 3 7 85 59 70 

a b 

c d 

Figure 38:  (a), SEM micrograph in BSE mode at 1000x magnification of 45XD alloy in the 1300 FC condition after 

compression, where black ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ ǇƘŀǎŜΣ ǿƘƛǘŜ ʲ0 ŀƴŘ ƎǊŜȅ ʰнΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 9.{5 ǳǎŜŘ ǘƻ ƎƛǾŜ ƳŀǇǎ 

ƻŦΣ όōύ ōŀƴŘ ŎƻƴǘǊŀǎǘΣ όŎύ ǇƘŀǎŜ ƳŀǇΤ ōƭǳŜ ƛǎ ʴΣ ǊŜŘ ƛǎ ʰ2Σ ȅŜƭƭƻǿ ƛǎ ʲ0, (d) X-DRX; red is the recrystallised fraction, blue 

is deformed, at 1600x magnification. 

 

 

 

Table 13: breakdown of lamellar grain content and size, as well as lamellar and equiaxed morphology and 

respective phase composition for 45XD in different conditions after 50% compression at 1100 °C, 0,001 s-1 from 

BSE image processing and EBSD mapping. 
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Table 13 for comparison. The increased lamellar-lamellar grain boundary density seen with 1300FC 

appears to be the catalyst for the high extent of globularisation seen, with a 69 % reduction in lamellar 

content. 

a

 

b 

Figure 39: Trend line between pre-compression (a)lamellar content and (b) equiaxed content and globularised 

fraction returned from primary compression at 0.001 s-1. This scatter plot includes material described in chapter 

4.1 and 4.2 

This is due to grain boundaries acting as nucleation sites for globular morphologies, lamellar-lamellar 

grain boundaries being preferred for globularisation [24], [58]. This relationship is shown in Figure 39a-

b. However, the fraction dynamically recrystallised (X-DRX) is a little more nuanced, smaller average 

lamellar grain sizes does result in higher X-DRX, but the trend is not so strong, Figure 40 [47]. 

 

 

Figure 40: relationship between pre-compression average lamellar grain size and DRX fraction returned from 

primary compression at 0.001 s-1. This scatter plot includes material described in chapter 4.1 and 4.2. 

This seems to have impacted the X-DRX of 1300FC compressed material, with lower X-DRX at 59 % 

compared to 1270FC at 69 %, a similar effect is seen in the grain area fraction Җ50 m˃2 values. The 

phase fraction appears constant, the highest ̡ 0 value is noted for 1300FC and will be considered in 

any further processing steps.  
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4.2.3 Summary  

The aim of this study was to identify a temperature for 45XD that produces a homogeneous fully 

lamellar microstructure, with elemental homogeneity, to optimise the microstructure from 

compression. The temperature range 1270-1350 °C, as well as furnace cooling, looked promising for 

forming this microstructure based on the findings of 4.1. This study took a closer look at the pre-

compression microstructure through EBSD mapping and subsequent compression behaviour and 

microstructure, with a focus on the extent of globularisation and X-DRX. The aim of this is to provide 

a microstructure capable of improving the forging outcome of the material for subsequent processing 

i.e., hot rolling or closed die isothermal forging. This target microstructure is identified from the 

literature as being refined, elementally homogeneous and free of lamellar morphologies. The 

following are conclusions regarding the primary processing stage of the alloy. 

¶ Hot isostatic pressing to remove porosity and consolidate the ingot does not return a 

material microstructure best placed to remove the lamellar content upon compression 

or phase fraction for further processing. A homogenisation heat treatment within the h  

transus improves globularisation extent and X-DRX. 

¶ The literature, as well as the analysis and regression plots in this study show that the 

ideal pre-compression microstructure for efficient globularisation is fully lamellar. To 

increase X-DRX refining the initial lamellar grain size looks beneficial, also improving 

elemental homogeneity. This makes a heat treatment low within the single h  ǘǊŀƴǎǳǎ, 

1300 °C, most promising, followed by furnace cooling. 
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4.3 The effect of multi-stage forge processing on the forging outcome of 

consolidated 45XD 

4.3.1 Introduction  

As has been discussed already, simple HIP and uniaxial compression is not the most efficient process 

for removing the anisotropy causing lamellar grains and casting segregation which hinders secondary 

processing [86]. Combined with the other sections of this work on controlling and optimising the 

starting microstructure, an investigation into the effect of multiple stages in the forging sequence is 

of interest.  

The study started with HIP only material, as described in Table 14. From the results of sections 4.1 and 

4.2 it could be anticipated that forging outcomes of all sequences described here would be improved 

by homogenising this material first, however there were restrictions on the availability of processing 

equipment and supply of material. 

By maintaining constant compression conditions (1100 °C, 0.001 s-1) the resulting compression 

behaviour and post-compression microstructures are assessed in terms of lamellar grain sizes and 

content as well as phase, X-DRX and grains Җ 50 m˃2 fraction, with a view to easing secondary 

processing of 45XD.  

The reasoning behind these alternative sequences is based on promoting material with low lamellar 

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

as discussed already in previous sections [53].  

Samples 25% + RT + 25% and 25% + Dwell + 25%, Table 14, are of interest as dynamic recrystallisation 

(DRX) is not the only restoration process active in the forging of titanium aluminide alloys and 

Table 14: Sample identification and expectations for each test, all material is in the HIP (hot isostatic pressed) 

condition first, then described sequentially for simplicity. Any compression is described per blow (%), any heat 

treatment is described by temperature (°C)- cooling rate. Any dwell is for 30 minutes at compression temperature. 

RT is where the sample is returned to room temperature. 

Sample ID HIP 50%  25% + RT + 

25%  

25% + Dwell + 

25%  

50% + 1200AC 25% +1200AC + 

25%  

Anticipated 

active 

restoration 

mechanisms  

DRX DRX DRX + MDRX or 

SRX 

DRX + SRX DRX + SRX 

Expected 

effect on X-

DRX and %Lam 

For 

comparison 

-ve +ve +ve +ve 
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contributing to the recrystallised fraction [80],[77],[157]. With a dwell at compression temperature, 

also referred to as inter- pass annealing, other restoration processes can be active. Firstly, with 

compression, the dynamic recrystallisation process active here can be described as discontinuous DRX, 

ŦƻǊ ʴ ǿƛǘƘ ƛǘǎ ƭƻǿ ǎǘŀŎƪƛƴƎ Ŧŀǳƭǘ ŜƴŜǊƎȅ 5w· ƛǎ ŘƛǎŎƻƴǘƛƴǳƻǳǎ όdDRX, simply referred to as DRX), that is, 

there are clear nucleation and growth stages involved in the formation of the new grains [77]. Once 

compression and so DRX has stopped, refinement of TiAl material could continue via meta-dynamic 

recrystallisation (MDRX) [77]. MDRX refers to the growth of DRX grains into the surrounding material, 

causing an accumulation in dislocation density and then recrystallisation.  

One theory, referred to here as (i), applied to austenitic steel and magnesium alloys, is that MDRX is 

dependent on X-DRX >50 %, linked to a transition strain (ʁ*), such that ōŜƭƻǿ ǘƘƛǎ ʶ*, static 

recrystallisation (SRX) takes place with the accompanying fine globular microstructure symptomatic 

of SRX [78],[79]. This ʁ * can take place between peak and steady state strain, after which MDRX 

behaviour is independent of additional strain.  

However, other authors have stated that MDRX will take place if DRX has been initiated at all [80]. This 

will be subsequently referred to as theory (ii).  

Restoration by MDRX has been claimed to apply to titanium aluminide alloys with lamellar 

morphologies and identified as a possible method of reducing microstructural heterogeneity from 

compression by further globularisation of lamellar colonies and equalising globular grain dimensions. 

If MDRX takes place with 25% compression it should be identified by the 25% + dwell + 25% sample 

compared to the compression behaviour and microstructure of 25% + RT + 25%. The analysis of 

lamellar dimensions, X-DRX and recrystallised grain size distribution plots, which reveal the grain area 

ŦǊŀŎǘƛƻƴ Җрл ˃Ƴ2 values should identify any noticeable microstructural effects of MDRX [80], [157]. 

From the X-DRX values of previous sections 4.1 and 4.2, X-DRX has not reached 50 %. So according to 

theory (i) ǘƘŜ ʶϝ Ƙŀǎ ƴƻǘ ōŜŜƴ ǊŜŀŎƘŜŘ, MDRX will not take place with either 25% + Dwell + 25% or 

25% + RT + 25%, as rapid air cooling to room temperature will prevent MDRX [158],[159]. If this is the 

case, according to (i), with 25% + Dwell + 25% it could be expected that SRX will take place during the 

dwell, so a softening effect on the recompression behaviour compared to 25% + RT + 25% could be 

identified [77]. This is also industrially relevant as forging processes can have interruptions at 

temperature, with multi-axial forging for example [80]. If theory (ii) is followed then no softening will 

be seen with the second blow of 25% + Dwell + 25% compared to 25% + RT + 25%, as MDRX will lead 

to a hardening effect caused by subtle grain growth of the globular microstructures, showing an 

increase in flow behaviour [157]. 

As discussed above, compression increases the dislocation density up to a critical strain where DRX is 

initiated, flow softening commences. If compression does not reach a steady state, such as at 25 % 

compression, the deformed material, with its high dislocation density, stimulates SRX upon heat 

treatment (HT), this has been found to largely eliminate remnant lamellar microstructures, yielding 
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more homogeneous compression microstructures upon recompression or secondary processing 

[53],[149].  

The HT applied in 4.1, within the ɹҌʰҌʲ ǇƘŀǎŜ ŦƻǊ н ƘƻǳǊǎ ŦƻƭƭƻǿŜŘ ōȅ ŀƛǊ ŎƻƻƭƛƴƎ όмнлл!/ύ appeared 

to be useful for promoting the microstructural and elemental conditions that increase globularisation. 

Here it is applied as both an intermediate and post compression heat treatment as 25%+1200AC+25% 

and 50%+1200AC. 

If the HT removes lamellar microstructures this would appear as lower lamellar content in post 

compression analysis as compared to HIP. It could also be expected that p̀fs be lower in the sample 

25%+1200AC+25% compared to 25%+RT+25%. 

These investigations are necessary as another pathway to providing isotropic-behaving material ready 

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

4.3.2 Results and discussion 

4.3.2.1 Pre-compression microstructure 

Microstructural analysis was conducted on 45XD on the consolidated condition to analyse the 

influence of initial microstructure on compression behaviour and resulting microstructural evolution. 

a

 

b

 

Figure 41: BSE images of 45XD alloy in the (a), HIP condition, at 1000x magnification, where black areas 

ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ ǇƘŀǎŜΣ ǿƘƛǘŜ ʲ0 and grey h 2Φ όōύ tƘŀǎŜ ƳŀǇ ŦǊƻƳ 9.{5 ŀǘ мсллȄΣ ōƭǳŜ ŀǊŜŀǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ʴ 

ǇƘŀǎŜΣ ȅŜƭƭƻǿ ǘƻ ʲ0 ŀƴŘ ǊŜŘ ǘƻ ʰ2 

Figure 41a BSE imaging shows 45XD alloy in the HIP condition, with a nearly fully lamellar 

microstructure consisting of all three phases contributing to the 53 % lamellar content, with average 

lamellar grain size of 47 ˃ m and equiaxed grains present at lamellae grain boundaries. A more detailed 

description of the HIP microstructure and its formation is part of 4.1.2.1, Table 11. 

4.3.2.2 Compression behaviour 

Table 14 details the conditions of the multi-forge sequences, with uniaxial compression flow stress 

and true strain calculated for each of these sequences, to 25 % and 50 % compression respectively. No 

machining of compression samples takes place in between blows, so the changes in aspect ratio of  
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height to width of 1.5 (20 mm: Ø13 mm), important for comparing compression behaviour, makes the 

two compression stages difficult to compare against each other. However, comparisons can be made 

between the rec-compression stages. 

a 

b 

Figure 42: Flow stress-true strain chart of 45XD following different intermediate steps showing the both blows 

(a), first blow is of material in a similar HIP condition, and (b) a zoomed in view of the second blow of hot 

compression at 1100°C, 0.001s-1, 25 - 50%.  
























































































































































