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SUMMARY  

Gamma titanium aluminides (ɔ-TiAl) have been recognized for decades to be suitable for aerospace 

applications due to their low density and high strength at elevated temperatures.  However, TiAl is limited 

in application due to difficulties during machining which arise from the inherent brittle nature associated 

with intermetallic phases.  Electron Beam Melting (EBM) has recently been proven as a processing method 

to produce complex, near net shape ɔ-TiAl parts with short lead times. 

In this report the resulting microstructure from the as-EBM built material is presented. The as-EBM-built 

material is treated through Hot Isostatic Pressing (HIP) and thoroughly investigated using optical 

microscope, SEM and FIB-SEM technologies. From the as-HIPed material different heat treatments were 

applied to achieve the theoretical available microstructures. The heat treated material was evaluated using 

SEM and grain size measurements. By using tensile testing the mechanical properties of all different 

treatments were evaluated. 

The results from investigations conclude that EBM is a feasible way to produce ɔ-TiAl material. Different 

microstructures are achievable with applicable heat treatments and process parameters from the EBM 

machine. By using the EBM technology ɔ-TiAl produced material will experience unique microstructural 

features with very small grain size. 
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1 Introduction  
Titanium Aluminide (TiAl) is a member of the material group of ordered intermetallics, which are 

characterized by unique mechanical properties due to their long-range ordered crystal structure (1). 

TiAl has high strength, good high-temperature properties and low density (2). These properties make 

the material attractive for aerospace applications (3), especially as a substitution for nickel-based 

superalloys used in the low pressure turbine in an aircraft engine (4). As an example, the alloy Ti-

48Al-2Cr-2Nb is a certified alloy by GE and tested for use in commercial turbofan engines (5).    

As TiAl has a high strength the ductility of the material is low and the material experience severe 

brittleness and low fracture toughness at ambient temperature (6). Research has been conducted on 

TiAl for about 20 years and during the last years the main focus has been to tailor the material by 

alloying in order to increase the room temperature ductility (7).  

¢ƛ!ƭ ǳǎŜŘ ŦƻǊ ǎǘǊǳŎǘǳǊŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ Ŏƻƴǘŀƛƴǎ ǘǿƻ ǇƘŀǎŜǎΣ ʴ-¢ƛ!ƭ ŀǎ ǘƘŜ ōŀǎŜ ŀƴŘ ʰ2-Ti3Al distributed in 

different ways depending on the type of microstructure obtained. The microstructure of the material 

is important for its mechanical properties and there is a trade-off between the different properties. 

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

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

application. This can be done by conventional metallurgical processing, as for example designing of 

heat treatment cycles (8).  

TiAl has a density half of the density of nickel-based superalloys (1), high strength and good thermal 

stability (9). Despite this TiAl is not a material used in a wide range of structural applications. A 

ǊŜŀǎƻƴ ŦƻǊ ǘƘƛǎ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ ¢ƛ!ƭΩǎ ōǊƛǘǘƭŜƴŜǎǎ ǿƘƛŎƘ ƳŀƪŜǎ ƛǘ ƘŀǊŘ ǘƻ ǇǊƻŎŜǎǎ ǿƛǘƘ ŎƻƴǾŜƴǘƛƻƴŀƭ 

manufacturing methods. Manufacturing methods like casting and forging have been applied but they 

are accompanied with problems and limitations (10). Due to the low fracture toughness post-

processing and machining is also challenging without fracture the material (2). For example to 

replace nickel-based superalloys with TiAl in low pressure turbines the material must be able to be 

manufactured to a blade with complex shape. Production is not easy and limits a cost-effective use of 

TiAl (4). 

Electron Beam Melting (EBM) is a technique, developed by Arcam AB in Sweden, which produces net-

near shape products by additive manufacturing (11). An electron beam melts powder on a powder 

bed according to a computer-made 3D-drawing and the structure is built up layer by layer (3). Recent 

research has shown that EBM is a feasible way to manufacture TiAl (3), (12). The material waste is 

low, time from drawing to production is short and complex structures can be obtained with minimal 

requirements of post-manufacturing (11).  
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1.1 Aim of the study  
The aim of this study is to investigate the material propeǊǘƛŜǎ ƻŦ ʴ-TiAl (Ti-48Al-2Cr-2Nb) material 

manufactured by EBM for aerospace applications.  

As the obtained microstructure is important for the mechanical properties HIP and heat treatment 

cycles shall be investigated in order to present cycles that gives the most ideal microstructure and 

enhanced mechanical properties. For the HIP cycle, parameters such as temperature, pressure and 

time must be determined. For heat treatment; temperature, time and cooling rate are the 

determining properties. Different heat treatment paths are also to be investigated as there exists a 

trade-off between different microstructure and properties. To evaluate the obtained microstructure 

micro hardness and tensile tests at ambient and elevated temperature are to be performed. 

EBM is a new and unique manufacturing method for TiAl and in order to tailor a proper HIP and heat 

treatment cycle the as-built material must be studied, together with literature in the relevant area of 

TiAl. Literature is also gathered in order to increase thŜ ŎƻƳǇŀƴȅΩǎ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭΦ !ǎ ƛǘ ƛǎ 

a new and different manufacturing technique the comparability to conventional manufacturing 

techniques, regarding microstructure and mechanical properties, shall also be investigated.   
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2 Aircraft Engine   
The development of the aircraft engines is a continuously ongoing process as new aircrafts are 

developed and fuel prices are rising. The size of the aircrafts has increased lately. One example is the 

Boeing 777 which is a twin engine aircraft (powered by only two engines)with a length of nearly 70 m 

(13). Powering the Boeing 777 are two GE90 engines. This engine type is the largest commercial 

engine used today with a diameter of up to 3.5 meters (14).   

The function of an aircraft engine can easily be said to be a gas turbine cycle. Air is compressed and 

combusted with fuel under high pressure. The thrust producing mechanism is the increased 

momentum created through the engine (15). A picture of the GE90 engine and its vital parts can be 

found in Figure 1. 

 

Figure 1 GE90 aircraft engine with important areas marked out. Picture based on (15) 

The air is sucked into the engine by the fan which also works as a barrier for debris (14). The air is 

then compressed in the Low Pressure Compressor (LPC) and High Pressure Compressor (HPC). After 

the air is compressed it will enter the combustion chamber were it is combusted together with fuel. 

Behind the combustion chamber the High Pressure Turbine (HPT) and Low Pressure Turbine (LPT) is 

located. The turbines drive the compressors but also provide essential power to the aircraft by 

generating electric power, hydraulic power, and pneumatic power (15).  

With all applications in the aerospace industry weight is an important issue (16). With engines of the 

size of the GE90 with all the equipment mentioned above the weight becomes very high. To decrease 
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the weight innovative materials have to be used. Recent studies have focused on replacing the 

superalloy LPT blades with lighter ones made of TiAl (4). The inlet temperature into the turbine 

stages is usually in the range between 1430 and 1180°C (15). This temperature is well beyond the 

operating temperature of TiAl (17). However, the temperature in the turbine decreases as the 

combusted air progress through the turbine stages (15), (18). Therefore TiAl is considered to be used 

in the LPT stages as the temperature is lower. Also the HPC blades and engine casings have been 

considered to be changed to TiAl (4), (19), (2). Even if the blades are able to be lighter with TiAl, 

compared to the superalloys used today with twice the density (19), the largest weight savings will 

be in the turbine disk (20). As the turbine blades will become lighter the forces acting on the blades 

will be lower and the structures supporting the blades can be diminished (20).  

When considering new materials for jet engine applications some specific properties of the material 

must be considered. Most important are the strength, stiffness, maximum service temperature and 

ductility of the material (19), (2). In Table 1 ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ʴ-TiAl and nickel-based superalloys are 

compared.  

Table 1. Comparison between Cast  ɹTiAl and Cast nickel-based superalloy (19) 

 /ŀǎǘ ʴ-TiAl Cast Nickel-Based Superalloys 

Density (g/cm3) 3.9 8.3 
Yield Strength (MPa) 275 - 380 850 
Ultimate Tensile Strength (MPa) 360 ς 500 1,000 
Ductility (%) 1 ς 3 3 ς 5 
Modulus of elasticity (GPa) 160 ς 175 206 
tƻƛǎǎƻƴΩǎ wŀǘƛƻ 0.27 0.29 
Coefficient of Thermal Expansion 
(10-6/°C) 

10.8 14.8 

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

 

The nickel-based superalloys are the material commonly used in jet engines for high temperature 

applications. As can be seen in the table the nickel-based superalloys have superior properties 

compŀǊŜŘ ǘƻ ǘƘŜ ʴ-TiAl. However, as the density for the ɹ -TiAl is much lower than the nickel-based 

superalloys, the specific properties such as specific strength and specific ultimate tensile strength will 

bŜ ŎƻƴǎƛŘŜǊŀōƭȅ ƘƛƎƘŜǊ ŦƻǊ ǘƘŜ ʴ-TiAl (19).  

Other properties that is important for jet engine design is the fatigue-, crack-growth-, creep- and 

creep-fracture properties. These properties are used to decide the final design and operating 

conditions for the component and its material (19). Comparison of the rupture strength after 1,000 

ƘƻǳǊǎ ƻŦ ƻǇŜǊŀǘƛƻƴ ŀǘ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ тлр ϲ/ ōŜǘǿŜŜƴ ʴ-TiAl and nickel-based superalloys shows 

that the rupture strength is lower for TiAl material. Once again, since the TiAl has a much lower 

density it will have an advantage (19). Creep and crack growth resistance may be the most important 

properties in jet engine design and TiAl has been reported to fit these requirement well (19).  
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3 Intermetallics  
Ordered intermetallics are a unique material group that forms long-range ordered crystal structure 

below the critical ordering temperature (Tc). Due to this order they have unique properties, including 

increasing yield strength with increasing temperature. Depending on the strength, the material also 

suffers from severe brittleness at ambient temperature and low fracture toughness (1). 

The intermetallics often exist in specific, fairly narrow, composition ranges and have simple 

stoichiometric ratio. Most of them are ordered until the melting temperature, while others pass 

through different ordered structures before disordering. When the composition deviates from the 

stoichiometric ratio the structure may become less ordered. By introducing vacancies or by placing 

atoms between ordinary places in the sub-lattice the ordered structure can be maintained (1). 

As mentioned above, intermetallics suffer from brittleness, most often due to low density of gliding 

dislocations or immobile dislocations. The lack of dislocation mobility prohibits the specimen to 

match the superimposed strain rate and it cracks (2).   

Combinations of materials that forms intermetallics were first found in the early 1900s and since 

then mechanical properties of these compounds have been studied (21). At first the studies were 

more theoretical to understand how the compounds affect the materials, since they often were 

found as second phases in structural materials (21). In time the ordered intermetallics were studied 

as a possible structural material (1), but the interest was subsided during late 1960s because of their 

embrittleness and the difficulty to manufacture to structural components. However, the interest rose 

again during the late 1970s due to the discovery that intermetallics could be made more ductile with 

help of different alloying elements (1). The ductility and thereby the formability can be improved by 

microalloying with different elements. For example Co3V alloyed with iron shows an increase in 

ductility by changing the crystal structure from hexagonal to cubic. In Ni3Al microalloyed with boron, 

the boron forms carbides in the grain boundaries and thereby suppresses intergranular fracture (1).   

Recent research for new high-temperature structural material has again increased the interest for 

intermetallics, as they exhibit good high-temperature properties due to their long-range order. The 

ordered structure lowers the dislocation mobility and prevents diffusion processes more effectively 

at elevated temperatures (1).  

As recent research has shown, a usable material can be formed and tailored by use of alloy design 

work. Research has also shown that simple structures, such as fcc, bcc and hcp structures, with 

simple crystalline structure and high symmetry have the best ductility (22). As a result, nickel (Ni), 

iron (Fe) and titanium (Ti) have been discovered as having good properties, such as good mechanical 

properties and oxidation resistance at high temperatures, combined with low density and relatively 

high melting point (1). Much of the contemporary research is therefore concentrated to these 

materials.  
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4 Titanium Aluminide  
TiAl has good thermo-physical properties; such as high melting point, low density, high elastic 

modulus and good structural stability. The primary reason for these properties is the ordered nature, 

the strong bonding of the compounds and the high critical ordering temperature (Tc) of the material 

(2)Φ CƻǊ ʴ-TiAl alloys, the material does not become disordered until the melting temperature of 

around 1440 °C (8).The expected service temperature is in a range between 600 to 760 °C (4).    

Even compared to conventional Ti alloys the density of TiAl is lower and due to the high Al content 

the corrosion resistance is improved (2). The diffusion rate in TiAl is also lower than conventional Ti 

alloys, which increases the high temperature stability of the material and thereby the high 

temperature properties (9).  

Contrary, the ordered nature also leads to some negative properties. As mentioned above 

intermetallics are hard but the hardness also leads to brittleness and low fracture toughness at room 

temperature. This also applies for TiAl and is one challenge when using them as structural materials. 

Another challenge is due to the hardness of the material as it becomes hard to process with 

conventional manufacturing methods (6).  

4.1 The intermetallic compounds  
The phase diagram (see Figure 2) of TiAl contains many different intermetallic compounds, such as 

Ti3Al, TiAl, TiAl2 and TiAl3 (23). However, the research for structural materials has been concentrated 

ǘƻ ƳŀǘŜǊƛŀƭǎ ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ōŀǎŜǎΤ ŜƛǘƘŜǊ ʴ-¢ƛ!ƭ ƻǊ ʰ2-Ti3Al, as they have shown to have the 

potential to meet the design requirements needed for the intended applications (2). A third 

compound has lately been developed, orthorhombic intermetallics with Ti2AlNb as the base (4).  

 

Figure 2 Binary phase diagram Titanium and Aluminum (24) 

4.1.1 ɻ2-Ti 3Al 

¢ƘŜ ʰ2 phase has a hexagonal ordered D019 crystal structure (see Figure 3), the stacking sequence is 

!.!.Χ ŀƴŘ ǘƘŜ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŎƻƳǇƻǎƛǘƛƻƴ ƛǎ ¢ƛ3Al. The (0002) planes are closed packed (23) and in 
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total the structure contains three independent slip systems (9). Dislocation motions can occur on the 

{0001} basal, the {1010} prism and the {0221} pyramidal planes. The lattice parameter of the 

structure has been shown to be a=0.577 nm and c=0.420 nm (9); giving the lattice parameters a (c/a) 

ratio of 0.8 (23).  

 

Figure 3 Crystal structure for h2 structure. Picture based on (23) 

¢ƘŜ ʰ2 phase exist between 22-39 at.% aluminum (Al) (23) and the structure stays ordered until a 

temperature of 1180 °C and Al content of 32 at.%, before it transform to a disordered hcp structure 

(25). The structural h2 based alloys developed up to now are two phased, consƛǎǘƛƴƎ ƻŦ ʰ2 ŀƴŘ ʲ 

phase (9)Φ ʲ ǇƘŀǎŜ ƛǎ ŀ ŘƛǎƻǊŘŜred body centered cubic Ti phase (25) with a Ti content of between 0 

to 47.5 at.% Al (23). These two phase alloys have approximately two times the strength of single 

phase h 2 (9).  

¢ƻ ŎǊŜŀǘŜ ǘƘŜ ǘǿƻ ǇƘŀǎŜǎ ŀ ʲ ǎǘŀōƛƭƛȊƛƴƎ ŜƭŜƳŜƴǘ in addition to niobium (Nb), for example 

molybdenum (Mo), chromium (Cr) or tantalum (Ta) (2), is often present and the alloys also contains 

around 11 to 18 at.% Nb. The Nb, with retained Al concentration, enhances most of the material 

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

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

most important thing is to maintain control of the microstructure (9).  

4.1.2 ɾ-TiAl  

¢ƘŜ ʴ ǇƘŀǎŜ Ƙŀǎ ŀ ŦŀŎŜ-centered tetragonal (fcc) L10 structure (see Figure 4) and the stoichiometric 

composition is TiAl (8). The tetragonality is small, with c/a ratio being only around 1.02, but with 

increasing Al content the tetragonality increases up to c/a=1.03 (9). With a decreased Al content the 

c/a ratio becomes around 1 and the structure becomes ordered fcc (3).The lattice parameters have 

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

ǎǘŀŎƪƛƴƎ ǎŜǉǳŜƴŎŜ ƛǎ !./!./ΧΣ ŎƻƳǇƻǎŜŘ ƻŦ ŎƭƻǎŜ-packed {111} planes (23). The Ti and the Al is 

successively arranged on the (002) plane (9).  

 

Figure 4 Crystal structure for ɹ- TiAl. Picture based on (23) 
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¢ƘŜ ǎǳŎŎŜǎǎƛǾŜ ŀǊǊŀƴƎŜƳŜƴǘ ƛƳǇƭȅ ǘƘŀǘ ǘǿƻ ǘȅǇŜǎ ƻŦ ŘƛǎƭƻŎŀǘƛƻƴǎ ƻŎŎǳǊ ƛƴ ʴ-TiAl; both ordinary and 

super dislocation with the ½<110> Burgers vector type (9). As in fcc, the lowest energy slip plane is 

the {111} plane and the ordinary dislocation movement occurs in the three ½ <110> directions (25). 

However, due to the alternating layer of Ti and Al in the c-direction, the ordinary movement in the 

{111} plane requires more energy in that direction, leading to only two easily activated slip systems in 

that plane (23). The superdislocation, higher energy dislocations (8) , occur in the <011>=½<011> + 

½<011> direction and the superdislocation movement leaves the superlattice undisturbed. However, 

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

stacking fault and anti phase boundaries (9). This dislocation movement is equivalent to <101>, but 

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

planes not as close-packed as {111}, are only activated at higher temperatures (25). At ambient 

temperature ordinary dislocations and mechanical twinning are the most important deformation 

ǇŀǘƘǎΦ aŜŎƘŀƴƛŎŀƭ ǘǿƛƴƴƛƴƎ ƛǎ ŘƻƴŜ ōȅ ǘǿƛƴƴƛƴƎ ǎƘŜŀǊ ŀǊƻǳƴŘ ǘƘŜ ѽ ғммςҔ ŘƛǊŜŎǘƛƻƴΦ hǊŘŜǊŜŘ ʴ-

ǇƘŀǎŜ Ƙŀǎ ƻƴƭȅ ǘƘƛǎ ǘǿƛƴƴƛƴƎ ŘƛǊŜŎǘƛƻƴ ǘƘŀǘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ (2).The twinning is 

associated with a 180 degree rotation about the {111} plane. Apart from the true twinning a pseudo-

ǘǿƛƴƴƛƴƎ Ŏŀƴ ƻŎŎǳǊ ƛƴ ǘƘŜ ʴ-phase, around 1/6 <1ς1] or 1/6<ς11] on the {111} plane. This twinning is 

a rotation of 60° or 120° and it alters the structure, which introduces a misfit of 1-2%. This misfit 

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

superdislocations are not activated in the same grains, i.e. in grains with high density of 

superdislocations the density of twinning system is low and vice versa (23).     

It is the strong bond between Ti and Al that makes the deformation hard and the material brittle. 

However, at elevated temperatures the strong bond helps retaining the strength and creep 

resistance. In high temperatures the diffusion rate controls the resistance to creep and because of 

the strong bond the activation energy for diffusion is high. This high energy barrier gives the material 

a high stiffness over a wide temperature range (8).    

¢ƘŜ ʴ ǇƘŀǎŜ exists between 48 and 69.5 at.% Al (23) and when the composition is off-stoichometric 

the excess Ti or Al atoms are placed as anti-site atoms without creation of vacancies. There are two 

ŘƛŦŦŜǊŜƴǘ ƪƛƴŘǎ ƻŦ ǎǘǊǳŎǘǳǊŀƭ ʴ ŀƭƭƻȅǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ŘǳǊƛƴƎ ǘƘŜ ȅŜŀǊǎΤ ǎƛƴƎƭŜ-ǇƘŀǎŜ ʴ ƻǊ ǘǿƻ 

phasŜ ʴҌʰ2 (9). For engineering applications the material is always two-phase, containing a fraction of 

ǳǇ ǘƻ нл ҈ ʰ2, and the Al content is around 45-48 at.% (2). The alloys introduced also contain 

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

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

can be tailored to obtain desired mechanical properties. Especially the ductility and strength is 

dependent on the alloying composition and the thermo-mechanical processing conditions (9). 

The interest in TiAl springs from, as mentioned above, an interest to increase the thrust-to-weight 

ratio of high-performance aircraft engines. This must be done by decreasing the weight of the 

ŎƻƳǇƻƴŜƴǘΣ ōǳǘ ŀǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜ ƛƴŎǊŜŀǎŜ ǘƘŜ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ ǇǊƻǇŜǊǘƛŜǎΦ ¢ƘŜ ƛƴǘŜǊŜǎǘ ŦƻǊ ʴ-TiAl 

started around 1950, but it took some time before practical design problem was solved, like ambient 

temperature ductility (8)Φ !ƳƻƴƎ ʴ ŀƴŘ ʰ2 Ti alloys the interest has the past two decades strongly 

ōŜŜƴ ŦƻŎǳǎŜŘ ƻƴ ʴ-based alloys (2). Considerable efforts have been focused on research and 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ʴ ŀƭƭƻȅǎ ǳǎŜŀōƭŜ ŦƻǊ ŜƴƎƛƴŜŜǊƛƴƎ ǇǳǊǇƻǎŜǎΦ ¢ƘŜ Ƴƻǎǘ ǇǊƻƳƛǎƛƴƎ ŎƻƳǇƻǎƛǘƛƻƴ ƛǎ ¢ƛ-(34-

49)Al-(5-10)Nb-(2-5)Cr for high-temperature and long-term operation applications (3).  
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4.2 ɾ-Ti tanium Aluminide  Microstructure  
Lƴ ʴ- TiAl with an Al concentration of between 46-52 at.% the 

microstructure generally consists of either a single phase 

ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ƻŦ ǇǳǊŜ ʴ ǇƘŀǎŜ ƻǊ ŀ ǘǿƻ-phase system containing a 

ƳƛȄǘǳǊŜ ōŜǘǿŜŜƴ ʴ ǇƘŀǎŜ ŀƴŘ ʰ2 phase (21). These single and two 

phase systems combine to build up different characteristic 

microstructures available in the material. The different microstructures 

ǘƘŀǘ ŀǇǇŜŀǊ ƛƴ ʴ-TiAl are lamellar, near lamellar, duplex, pseudo-duplex 

and equiaxed (see Figure 5) (2), and is dependent of the heat 

treatments applied to the material and the cooling rate (2) (23).   

¢ƘŜ ŜǉǳƛŀȄŜŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ƻƴƭȅ Ŏƻƴǘŀƛƴǎ ǎƛƴƎƭŜ ǇƘŀǎŜ ʴ ¢ƛAl of equal 

amounts of Ti and Al. One controlling parameter of the obtained 

microstructure is the Al content. Large amount of Al (above 52 at.%) 

ǿƛƭƭ ƎƛǾŜ ǘƘŜ ŜǉǳƛŀȄŜŘ Ǉƭŀƛƴ ʴ ǎǘǊǳŎǘǳǊŜ ŀǎ ƛǘ ƛǎ ǘƘŜ ǎǘŀōƭŜ ǇƘŀǎŜ ƛƴ ǘƘŜ 

phase diagram as seen in Figure 2 (8). For materials with Al amount 

between 46 and 50 at.% combined microstructures can form 

depending on heat treatment. This is because of that the compound 

will be in the two-phase region of the phase diagram (8). For lower 

amount of Al plaiƴ ʰ2Σ ʰ ŀƴŘ ʲ Ƴŀȅ ōŜ ƻōǘŀƛƴŜŘ (2). In addition, 

alloying elements changing the phase equilibriums will have an effect 

on the microstructure. 

4.2.1 Eqiuaxed 

The equiaxed microstructure Ŏƻƴǎƛǎǘǎ ƻŦ ǎƛƴƎƭŜ ʴ phase and is seen as 

the top microstructure in Figure 5. The microstructure is built up of 

smaller equiaxed grains (8). Its mechanical advantages are ǘƘŀǘ ʴ-TiAl 

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

The disadvantages are its poor room-temperature properties such as fracture toughness and ductility 

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

4.2.2 Lamellar  

A lamellar microstructure is seen as the bottom microstructure of Figure 5. This microstructure 

Ŏƻƴǎƛǎǘǎ ƻŦ ŀƭǘŜǊƴŀǘƛƴƎ ʴ ŀƴŘ ʰ2 plates stacking up into lamellas and creating zebra-looking grains. The 

lamellar structure is believed to be more ductile than the equiaxed which arises from the spacing 

created between the lamella plates. In the interfaces of the lamellas twinning and dislocations are 

built up (2). The twinning and dislocations enhance the high temperature strength, fracture 

toughness and creep resistance. The lamellar structure suffers from poor ductility at low and 

ambient temperatures. However its low temperature properties are still superior compared to 

equiaxed TiAl (2). A lamellar microstructure with very small grains has been reported to give 

excellent mechanical properties. The grain size must be in the range of 10-ол ˃Ƴ ǘƻ ƎƛǾŜ ǘƘŜ 

sufficient ductility (26).  

Figure 5 The apparent microstructures 
in ɹ  Titanium Aluminide 
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4.2.3 Duplex  

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

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

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

The duplex structure is a mixture of ŜǉǳƛŀȄŜŘ ʴ ƎǊŀƛƴǎ ŀƴŘ ƭŀƳŜƭƭŀǊ ŎƻƭƻƴƛŜǎΣ ǘƘŜ above mentioned 

microstructures (8). A TiAl containing both equiaxed and lamellar microstructure is influenced by the 

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

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

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

The duplex microstructure is not formed directly from the as-cast material. Firstly, the right amount 

of Al must be present in the material as ŘǳǇƭŜȄ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ Ŏƻƴǘŀƛƴǎ ōƻǘƘ ʴ ŀƴŘ ʴҌʰ2 phases. 

These two phases only coexists in Al amounts of 45 ς 51 at.% in the phase diagram. Secondly, the 

material must be sufficiently heat treated.   

.ȅ ƛƴǘǊƻŘǳŎƛƴƎ ƭŀƳŜƭƭŀǊ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ƛƴ ōŜǘǿŜŜƴ ŦƛƴŜ ʴ Ǝrains the ductility of the microstructure 

will be increased (21). The ductility will be improved by the interfaces between the lamellar and 

equiaxed structure that is obtained in the duplex structure (8). As ductility is improved other 

properties such as creep resistance, fractures toughness and high temperature strength can be 

enhanced with addition of lamellar microstructure (2). To combine these properties an amount of 

about 30 vol.% of added lamellar structure to the equiaxed is believed to be most desirable (21).  

4.2.4 Pseudo Duplex 

Pseudo-duplex structure consists just like regular duplex oŦ ōƻǘƘ ʴ ƎǊŀƛƴǎ ŀƴŘ ʴҌʰ2 lamellas but with a 

ƭŀǊƎŜǊ ŀƳƻǳƴǘ ƻŦ ʴ ǇƘŀǎŜΦ ¢ƘŜ ǎǘǊǳŎǘǳǊŜ ƛǎ ŎƘŀǊŀŎǘerized by the diffuse interfaces between the 

lamellas and ɹ  ƎǊŀƛƴǎ (23). This arises ŀǎ ǘƘŜ ʴ ƎǊŀƛƴǎ ŀƴŘ ʴ ǇƘŀǎŜ ƛƴ ǘƘŜ ƭŀƳŜƭƭŀǎ ƘŀǾŜ ƛŘŜƴǘƛŎŀƭ 

crystallographic orientation (27). The pseudo diplex structure can be seen in Figure 6. 

 

Figure 6 Optical micrograph of the pseudo duplex microstructure (23) 
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5 Design of Microstructure  
The microstructure obtained in the as-produced materials is dependent on the manufacturing 

method (8). As the material cools down from liquid to room temperature it passes through different 

phases in the phase diagram. Depending on the manufacturing method the material will cool 

differently and thereby have a different path through the phase fields. The resulting microstructure 

will in the end therefore become different depending on manufacturing method and cooling rate 

(28).  

Often the quality or the type of microstructure achieved in the as-produced material will not be the 

one desired. To alter and change the microstructure of the material it can be subjected to different 

kinds of treatments. Hot Isostatic Preassuring (HIP), Heat Treatment and Hot working are some 

examples (28), (21), (8), (29).  

5.1 Hot Isostatic Pressing  
Hot Isostatic Pressing (HIP) is a processing or post processing method where both heat and high 

pressure is applied. Both loose powder and already manufactured parts are possible to HIP (21), (30). 

By HIP powder feedstock the objective is to produce a near net shape material of full density (31). 

Contrary, HIPing an already produced component the objective is to reduce the amount of porosity 

within the component (32), (30). Another objective is to produce a homogeneous microstructure and 

remove the anisotropy within the material (33).  During HIP processing the component is placed 

within a gas tight oven. If the component is to be produced from powder it is sealed into a container. 

This container is usually of glass, steel or Ti and should soften as temperature and pressure are 

applied (21).  Heat is then applied followed by an inert gas, for example argon or nitrogen. This gas is 

applied to raise the pressure and conduct the heat within the oven (21). A schematic of the HIP 

process and equipment is seen in Figure 7. The physical processes acting during HIP are plastic 

yielding, creep and diffusion (34), (30).  

 

Figure 7 Schematic of a HIP cycle. Picture based on (21) 

While HIPing already produced TiAl components the temperature needs to be raised into the two-

phase field for the diffusion of the voids to occur (35). As the voids are pressed and diffused out of 

the sample strain and plastic energy are built up around the former pores. These energies decrease 

with distance from a pore. However if the stresses are high enough they will cause recrystallization to 

relieve stresses (30). As a drawback, the recrystallization will make the microstructure in the HIPed 

material inhomogeneous. Other microstructure changes that occur during HIP are grain growth and 
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phase transformations (36), (37). Since the HIP cycles usually are carried out in temperatures in the 

two phase fields of the TiAl phase diagram, grain growth will occur similar to transformations 

occurring during heat treatment, which are described below (30), (34). Depending on the alloy, 

material and manufacturing principle the resulting microstructure after HIP will differ (38), (37). 

Multiple papers have reported that the ductility of the material will increase together with increasing 

HIP temperature, which is a good feature for the usually brittle TiAl material (39), (10). It has also 

been shown that closing of the pores are made if the temperature is above 1100°C, but in order to 

increase the ductility a HIP temperature over 1200°C is required (37).   

5.2 Heat treatment  
With different manufacturing technologies different as-produced microstructures will appear.  For 

example, cast materials will usually be slowly cooled, especially in the centre of the part. The as-cast 

material tends to become segregated as cooling occurs differently in the material and peritectic 

reactions take place (8). By instead using powder metallurgy manufacturing the microstructure will 

be less segregated as the size of the melt becomes smaller (8). It is believed that EBM gives less 

segregation as the melting occurs in small areas where cooling is sufficient (3). 

As TiAl, with the composition of 48 at.% Al, cools down from liquid it can be seen from the phase 

diagram that three primary solidification phases and two peritectic reactions are possible (8). The 

sequence during the whole cooling process is as follows (40): 

L  Ą ̡  Ҍ [ Ą ̡  Ҍ [ Ҍ ʰĄ [ Ҍ ʰ Ą h  Ą h  Ҍ ʴ Ą h 2 Ҍ ʴ 

For Ti-48Al-2Cr-нbō ǎƳŀƭƭ ŀƳƻǳƴǘǎ ƻŦ ʲ ǇƘŀǎŜ Ƴŀȅ ŦƻǊƳŜŘ ŘǳǊƛƴƎ ŎƻƻƭƛƴƎ ŀǎ ŜǎǇŜŎƛŀƭƭȅ /Ǌ ƘŜƭǇǎ 

ǎǘŀōƛƭƛȊƛƴƎ ŀƴŘ ŦƻǊƳƛƴƎ ǘƘŜ ʲ ǇƘŀǎŜ (40). From Figure 8 preliminary temperatures and obtained 

microstructures is shown (41). Depending on cooling rate, holding time and alloy these temperatures 

may vary.  

 

 

Figure 8 Temperature dependence to receive different microstructures during heat treatment. For micrographs, see (41) 
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5.2.1 Transformations from  ɻ phase field  

When material is heated above the h  transus temperature, which is at 1365°C for Ti-48Al-2Nb-2Cr 

(40), ǳǇ ƛƴǘƻ ǘƘŜ ǎƛƴƎƭŜ ʰ ǇƘŀǎŜ region the Al becomes completely soluted in the hexagonal-closed-

packed Ti. From here the microstructure is possible to be άresetέ (29).  

If the preexisting microstructure iǎ ʴ-phase ǎŜƎǊŜƎŀǘŜŘ ǿƛǘƘ ʰ, the dendritic segregation will dissolve 

and the microstructure will become completely homogenized (32).  However, heating in this area 

induŎŜ ƎǊŀƛƴ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ʰ grains ŎǊŜŀǘŜŘ ŀǎ ǘƘŜ ʴ ƎǊŀƛƴǎ ŘƛǎǎƻƭǾŜǎ (32). It is found that ǘƘŜ ʴ ƎǊŀƛƴǎ 

dissolve through diffusion-controlled dissolution (42). !ǎ ǘƘŜǎŜ ʴ ƎǊŀƛƴǎ dissolve the newly ŎǊŜŀǘŜŘ ʰ 

grains will start to grow according to diffusion-controlled growth, as can be seen in Equation 1 . 
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Equation 1 Diffusion-controlled grain growth (42) 

where Dh denotes grain size of the h grains as a function time, k* denotes the rate constant, Dʰ
L 

ŘŜƴƻǘŜǎ ǘƘŜ ʰ ƎǊŀƛƴ ǎƛȊŜ ƭƛƳƛǘ ŀƴŘ Ǉ ŘŜƴƻǘŜǎ ǘƘŜ ƎǊŀƛƴ ƎǊƻǿǘƘ ŜȄǇƻƴŜƴǘΦ If the pre-existing material 

consist mainly of lamellas homogenization will be more complicated (32), (43).  

Grain growth is an issue at this temperature (33) and should it occur recrystallization is needed. 

Recrystallization can be obtained by either hot working or re-nucleation. The re-nucleation is a 

ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ʰ2ҌĄɹʰ ǊŜŀŎǘƛƻƴ ŀǎ ǘƘŜ ʴ Řƛssolves and new grains might be nucleated (44). If 

lamellas are present and hot working applied, there will be new sites for nucleation where the 

lamellas are distorted (32).  

5.2.1.1 Massive Transformation  

If a high cooling rate is applied, i.e. water quenching, the ŜȄƛǎǘƛƴƎ ʰ ǇƘŀǎŜ will massively transform 

ƛƴǘƻ ʴ ǎǘǊǳŎǘǳǊŜ (2), (29), (45). The cooling rate for massive transformation has to be fast enough to 

hinder the formation of Widmanstätten and primary lamellar structure (46). The resulting 

microstructure is fine grained and feathery. For micrographs see e.g. (46)Φ  IŜǊŜ ǘƘŜ ʴ ƎǊŀƛƴǎ ǎǘŀǊǘ to 

transform ŦǊƻƳ ǘƘŜ ŜȄƛǎǘƛƴƎ ʰ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎ ŀƴŘ ǇǊƻǇŀƎŀǘŜ ƛƴǘƻ ǘƘŜ ʰ ƎǊŀƛƴΦ ¢ƘŜ ʰ Ą ɹ  transfer 

will be complete if the grain is small, otherwise some h  ǿƛƭƭ ōŜ ǊŜǘŀƛƴŜŘ (33). In the transformation no 

orientation relationship will exist between the transforming ɹ  ƎǊŀƛƴ ŀƴŘ ǘƘŜ ʰ ƎǊŀƛƴ ōŜƛƴƎ ŎƻƴǎǳƳŜŘ, 

although there will be orientation relationshƛǇǎ ōŜǘǿŜŜƴ ǘƘŜ ʴ ƎǊŀƛƴǎ ǘǊŀƴǎŦƻǊƳƛƴƎ alongside each 

other (33). ¢ƘŜ ƻǊŘŜǊƛƴƎ ƻŦ ʴ ŦǊƻƳ ʰ ǇƘŀǎŜ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ ŜƛǘƘŜǊ ŀǘƻƳ ǘǊŀƴǎŦŜǊΣ ŀǎ ǎƻƳŜ ŀǘƻƳǎ 

switch places in the lattice and end up in wrong positions, or by an intermediate fcc structure 

followed by ordering to L10 as the created anti-phase boundaries grow together (33). 

The structure ƛǎ ǘǊŀƴǎŦƻǊƳŜŘ ŦǊƻƳ ŘƛǎƻǊŘŜǊŜŘ ʰ ǇƘŀǎŜ ǘƻ ŀƴ ƻǊŘŜǊŜŘ ʴ ǇƘŀǎŜΦ Lǘ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ 

that the diffusion needed takes place before the actual transformation. The massive transformation 

nucleates ōŜƭƻǿ ǘƘŜ ʰ ǘǊŀƴǎǳǎ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ǘƘŜ ǘǿƻ ǇƘŀǎŜ ŦƛŜƭŘ (47). At this point the Gibbs free 

ŜƴŜǊƎȅ ƻŦ ōƻǘƘ ʰ ŀƴŘ ʴ ƛǎ ǘƘŜ ǎŀƳŜ (46), (29). As the massive transformation is nucleated it grows 

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

(29).This short time of complicated transformation induces dislocation and stacking faults in the 

{111} planes as well as numbers of anti phase domains into the microstructure (43), (46). The 

stacking fault hinders the normal massive transformation patƘΣ ǿƘŜǊŜ ŘƛǎƻǊŘŜǊŜŘ ʰ ƳŀǎǎƛǾŜƭȅ ŦƻǊƳs 
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ŘƛǎƻǊŘŜǊŜŘ ŦŎŎ ŦƻƭƭƻǿŜŘ ōȅ ƻǊŘŜǊƛƴƎ ƻŦ ǘƘŜ ŦŎŎ ǘƻ ʴ [м0. Instead a direct transformation from 

ŘƛǎƻǊŘŜǊŜŘ ʰ ǘƻ ƻǊŘŜǊŜŘ ʴ ƛǎ ƳƻǊŜ ƭƛƪŜƭȅ ǘƻ ƻŎŎǳǊ (46).  

5.2.1.2 Widmanstätten formation  

For heat ǘǊŜŀǘƳŜƴǘ ƛƴ ǘƘŜ ǎƛƴƎƭŜ ʰ ǇƘŀǎŜ ŦƛŜƭŘ ǿƛǘƘ an intermediate cooling applied to the material 

the cooling will be slow enough to avoid massive transformation (29). The diffusion rate and time at 

elevated temperature is however lower than the one needed to form fully lamellar structure and the 

resulting microstructure will consist of some lamellas with Widmanstätten colonies appearing. (43), 

(45). The typical microstructure of this cooling rate consists of a fine lamellar structure with 

Widmanstätten needles in random directions. Widmanstätten colonies are formed inside lamellar 

grains with small spacing. Depending on the amount of Al in the material the amount of formed 

Widmanstätten colonies will change (33). The formation of Widmanstätten colonies is not yet fully 

understood. It is believed that the Widmanstätten colonies are formed through twinning or 

recrystallization and forms from pǊŜǎŜƴǘ ʰ ƎǊŀƛƴǎ ǘƘŀǘ Ƙŀǎ ŘƛŦŦŜǊŜƴǘ ƻǊƛŜƴǘŀǘƛƻƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 

surrounding material. The driving force for the formation of Widmanstätten colonies is believed to 

be the supercooling occurring at the applied cooling rate. It is also believed that Widmanstätten is 

formed to relieve thermal stresses or to reduce the stresses caused by ǊŜǘŀƛƴŜŘ ʰ ǇƘŀǎŜ ŀǎ ŎƻƻƭƛƴƎ 

progress below the solvus line. Below the solvus line the h  ǇƘŀǎŜ ƛǎ ƴƻǘ ǎǘŀōƭŜ ŀƴŘ transformǎ ǘƻ ʴҌ2h 

lamellas (43). In Widmanstätten formation some long range diffusion can still take place, but it is not 

sufficient to create fully lamella structure (46).   

5.2.1.3 Lamellar formation  

If cooling rates lower than those discussed above (i.e. furnace cooling) are applied as the material is 

in ǘƘŜ ʰ ǇƘŀǎŜ lamellas is formed as the resulting microstructure seen in Figure 9.  

 

Figure 9 Optical micrograph of fully lamellar microstructure 

The lamellar formation is by the sequence (33):  

ʰ Ą h Ҍʴ Ą h 2Ҍ ɹ

When the formation of lamellas starts the first step is the formation of the tetragonal fŎŎ ʴ needles 

within the ƘŎǇ ʰ ƎǊŀƛƴǎΦ ¢Ƙƛǎ ƛǎ ŦƻƭƭƻǿŜŘ ōȅ ƴǳŎƭŜŀǘƛƻƴ ƻŦ ʴ ǇƘŀǎŜ through short range diffusion at, or 

ƴŜŀǊΣ ǘƘŜ ʰ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎ (48), (49). By long range diffusion tƘŜ ʴ ƴŜŜŘƭŜǎ continues to grow. 

Cƛƴŀƭƭȅ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ʰ ƛǎ ƻǊŘŜǊŜŘ ƛƴǘƻ ʰ2 (49).¢ƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʴ ƭŀƳŜƭƭŀǎ ŦǊƻƳ ʰ is believed to 

transform through movement of the Shockley partial dislocations (2). The movement of three 

Shockley partials is seen in Figure 10 as the <1010> partials dislocate and passes the (0001)hcp planes 

from hcp to fcc structure (33). 
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Figure 10 Movement of the Shockley parts transferring from hcp to fcc. Picture based on (33) 

The lamellas formed will have the Blackburn Orientation Relationship as follows (46):    

{111}ɹ//(0001)ʰн and <110]ɹ//<1120>h н 

This means that the close packed <110] ɹand <1120>hн directions will be parallel (46) causing fully 

coherent interfaces with low internal energy (28).  aŜŀƴǿƘƛƭŜ ǘƘŜ ϑмммϒʴ ǿƛƭƭ ƴƻǘ ōŜ ǇǊŜŎƛǎŜƭȅ ǇŀǊŀƭƭŜƭ 

with plane (0001)h2 causing incoherent phase boundaries with twinning and intervariant boundaries 

(46), (28), (29)Φ ¢ƘŜ ƴƻƴ ǇŀǊŀƭƭŜƭƛǎƳ ŎƻƳŜǎ ŦǊƻƳ ǘƘŜ ǘŜǘǊŀƎƻƴŀƭƛǘȅ ƛƴ ǘƘŜ ʴ ǎǘǊǳŎǘǳǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 

hexagonal h2.  As these ɹ κʴ ƛnterfaces occur they will cause intervariant boundaries using, twinning, 

pseudo-twin and 120°rotations between the different crystal orientations (29). This interaction 

comes from the slightly difference in the L10 c/a ratio, ǿƘƛŎƘ ŎŀǳǎŜ ǘƘŜ ʴκʴ ƛƴǘŜǊŀŎǘƛƻƴ ŘŜǎŎǊƛōŜŘ (2). 

Lǘ Ƙŀǎ ƘƻǿŜǾŜǊ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǘƘŀǘ ǘƘŜ Ŏ ŀȄƛǎ ƻŦ ǘƘŜ ǘŜǘǊŀƎƻƴŀƭ ʴ ƛǎ ǎƻƳŜǘƛƳŜǎ ǎƘƛŦǘŜŘ ōȅ фл ϲ ŀƴŘ 

aligned parallel to the a and b axis of the surrounding crystals to avoid increasing the interface free 

energy (48).  

The formation of lamellas is reported to be diffusion controlled (45), (43)Φ !ǎ ǎƻƻƴ ŀǎ ǘƘŜ ʴ ǎǘŀǊǘ ǘƻ 

nucleate it will grow through the diffusion mechanism (46), (43). From literature it is reported that at 

least 80°C of undercooling is needed to trigger the formation of lamellas (49). Due to diffusion 

cooling rate will be a determining factor for the formation of lamellas. As cooling rate increases the 

supercooling will increase and release more free energy available for diffusion (43). However with 

high cooling rate the diffusion becomes slower as the mobility of the atoms decreases (28), (43).  

When the diffusion becomes slow the growth of the lamellas will decline causing lamellas with fine 

spacing (43)Φ LŦΣ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǘƘŜ ŎƻƻƭƛƴƎ ǊŀǘŜ ƛǎ ǎƭƻǿ ǘƘŜ ʴ ƴǳŎƭŜŀǘƛƻƴ ǿƛƭƭ ōŜ sparser but due to 

the higher diffusion available the lamellas will have time to grow thicker (43). For micrographs of 

different lamellar microstructures resulting from different cooling rates see (43).  
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All of the different microstructures that can be created by using different cooling rates when cooling 

from the h  ǇƘŀǎŜ fields are summarized in Table 2, where the different appearing microstructures is 

ordered by their amount present. 

Table 2 {ǳƳƳŀǊȅ ƻŦ ǘƘŜ ǘǊŀƴǎŦƻǊƳŜŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜǎ ŦǊƻƳ ǘƘŜ ʰ  
single phase (33).  

Cooling rate Resulting Microstructure 

Ice Water Cooling mɹ + ɹ W + Lf  
Water Cooling Wɹ + ɹ m + Lf 
Air Cooling  ɹ W + Lf 
Furnace Cooling Leq+ DCL + CCL  

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

[ŀƳŜƭƭŀΣ ʴW Ґ ²ƛŘƳŀƴǎǘŅǘǘŜƴ ƳƻǊǇƘƻƭƻƎȅΣ ʴm Ґ aŀǎǎƛǾŜ ¢ǊŀƴǎŦƻǊƳŜŘ ʴ ƳƻǊǇƘƻƭƻƎȅ 

5.2.2 4ÒÁÎÓÆÏÒÍÁÔÉÏÎ ÏÆ ɾ 4ÉÔÁÎium Aluminide  

¢ƘŜ ʴ ƳŀǘŜǊƛŀƭ Ŏŀƴ ōŜ ƘŜŀǘ ǘǊŜŀǘŜŘ ƛƴ ǘƘŜ ʰҌʴ ǇƘase field of the phase diagram. As the material is 

quenched into ɹ  and subsequently heat treated the phase transformation reactions can be compared 

to the reactions during ordinary cooling (10): 

ʰ Ą h  Ҍ ʴ Ҧ  h 2 Ҍ ʴ 

become: 

ʴ Ą h  Ҍ ʴ Ҧ h 2 Ҍ ʴ 

Lƴ ǘƘŜ ŦƛǊǎǘ ƻŦ ǘƘŜǎŜ ǘǿƻ ǊŜŀŎǘƛƻƴǎ ǘƘŜ ʴ ǿƛƭƭ ǎǘŀǊǘ ǘƻ ǇǊŜŎƛǇƛǘŀǘŜ ŀǘ ǘƘŜ όлллмύ ǇƭŀƴŜǎ ƻŦ ǘƘŜ ʰ ƎǊŀƛƴǎ 

ŎǊŜŀǘŜŘ ŀǎ ǘƘŜ ƳŀǘŜǊƛŀƭ ƛǎ ŎƻƻƭŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ʰ Ҍ ʴ phase field. The lamellas created with the same 

reaction will have the size of the pre-ŜȄƛǎǘƛƴƎ ʰ ƎǊŀƛƴǎ ŎǊŜŀǘŜŘ ƛƴ ǘƘŜ ʰ ǊŜƎƛƻƴ (10).  

Lƴ ǘƘŜ ǎŜŎƻƴŘ ǊŜŀŎǘƛƻƴ ʴ ǇƘŀǎŜ ƛǎ ŀƭǊŜŀŘȅ ǇǊŜǎŜƴǘ ŀƴŘ ƛǘ ƛǎ ǘƘŜ ʰ ǇƘŀǎŜ ǘƘŀǘ ǎǘŀǊǘ ǘƻ ǇǊŜŎƛǇƛǘŀǘŜ ŘǳǊƛƴƎ 

ŎƻƻƭƛƴƎΦ ¢ƘŜ ʰ ƎǊŀƛƴǎ ǇǊŜŎƛǇƛǘŀǘŜ ŀǘ ǘƘŜ ϑмммϒ ǇƭŀƴŜ ƻŦ ǘƘŜ ǘŜǘǊŀƎƻƴal gamma structure. The 

nucleation mainly takes part at vacancies ŦƻǊƳŜŘ ōȅ ŘƛǎƭƻŎŀǘƛƻƴǎ ƛƴ ǘƘŜ ʴ ǎǘŀŎƪƛƴƎΦ ¢ƘŜ ǎƛȊŜ ƻŦ ǘƘŜ 

ƭŀƳŜƭƭŀǎ ŎǊŜŀǘŜŘ ōȅ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǇƭŀǘŜǎ ǘƘŜ ʰ ƛǎ ƴǳŎƭŜŀǘŜŘ ƻƴ ŀƴŘ ōȅ 

the amount of growth space that is available before a non parallel {111} ʴ ǎtacking is obstructing the 

growth (10).  

By heat treatment of ŀ ŦƛƴŜ ƎǊŀƛƴŜŘ ʴ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ƳŀǘŜǊƛŀƭ Ƨǳǎǘ ŀōƻǾŜ ǘƘŜ ŜǳǘŜŎǘƛŎ ƭƛƴŜ ƛƴ ǘƘŜ ʰҌʴ 

region of the phase diagram in Figure 8 a so called near gamma or equiaxed microstructure is 

achieved (2), (29). SƻƳŜ ʰ2 will be present in the triple points as the h  ǘǊŀƴǎŦŜǊǎ ƛƴǘƻ ʰ2 during cooling 

ŀƴŘ ƛƴ ǘƘŜ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎ ōŜǘǿŜŜƴ ǘƘŜ ʴ ƎǊŀƛƴǎ ŀǎ ǎƻƳŜ ʰ ǿƛƭƭ ōŜ ǊŜǘŀƛƴŜŘ ŘǳǊƛƴƎ ŎƻƻƭƛƴƎ ŀƴŘ 

ǘǊŀƴǎŦƻǊƳ ǘƻ ʰ2 (2), (48). The amount of each phase is determined by the lever rule (2). By raising the 

heat treatment temperature into ǘƘŜ ǳǇǇŜǊ ʰҌʴ ǊŜƎƛƻƴ ŀ ŘǳǇƭŜȄ microstructure will be obtained (2).  

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

cooling rate applied (29), (2)Φ {ƻƳŜ ʴ ƎǊŀƛƴǎ ǘǊŀƴǎŦƻǊƳ ƛƴǘƻ ʰ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƭŜǾŜǊ ǊǳƭŜ and the 

ŘǳǇƭŜȄ ƭŀƳŜƭƭŀǎ ǿƛƭƭ Ŧƻƭƭƻǿ ǘƘŜ ǎŀƳŜ ŦƻǊƳŀǘƛƻƴ ǊƻǳǘŜ ŀǎ ǘƘŜ ƭŀƳŜƭƭŀǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ǎƛƴƎƭŜ ʰ 

phase (33), (46)Φ !ǎ ǘƘŜ ƘŜŀǘƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ ǊŀƛǎŜŘ ƛƴ ǘƘŜ ʰҌʴ ǇƘŀǎŜ ŦƛŜƭŘ ǘƻǿŀǊŘǎ ǘƘŜ ʰ ǘransus 
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temperature the amount of lamellas in the duplex structure will increase (2)Φ Wǳǎǘ ŀǊƻǳƴŘ ǘƘŜ ʰ 

transus temperature the resulting in a near lamellar microstructure as the majority of the resulting 

structure is lamellar (2) and can be seen in Figure 11.  

 

Figure 11 Optical micrograph of a nearly lamellar microstructure  

5.2.3 Discontinuous Coarsening  

5ǳǊƛƴƎ ŀƴƴŜŀƭƛƴƎ ƛƴ ǘƘŜ ʰ2Ҍʴ ǇƘŀǎŜ ŦƛŜƭŘ ǘƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ǿƛƭƭ ǎǘŀǊǘ to coarsen through 

discontinuous coarsening ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ŀ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ŎƻƴǘŀƛƴƛƴƎ ōƻǘƘ ʴ ƎǊŀƛƴǎ ŀƴŘ ʴҌʰ2 lamellas. 

However, the coarsening progress is slow as diffusion in this phase field is slow due to the low 

temperature (33), (35). It has been reported that the coarsening is induced by nucleation and growth 

of macrodefects (33). LŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻƴƭȅ Ŏƻƴǘŀƛƴǎ ʴ ƎǊŀƛƴǎ ƛǘ ǿƛƭƭ ǎǘŀǊǘ ǘƻ ŦƻǊƳ ʴҌʰ2 lamellas 

according to the lever rule (33), (46). 
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6 -ÅÃÈÁÎÉÃÁÌ 0ÒÏÐÅÒÔÉÅÓ ÏÆ ɾ-TiAl alloys  
In general TiAl experience good mechanical properties and are especially appropriate for automotive 

and aerospace applications (6). Many of the properties are depending on the microstructure that is 

achieved in the different metallurgical processes. However, a microstructure that benefits one 

property could limit another, which imply that it is always a trade-off when designing and choosing 

microstructure for a specific application (8).        

6.1 Deformation  
As mentioned in section 4.1, intermetallics are very brittle due to their lack of mobile dislocation or 

low dislocation density. The same attribute can be applied to TiAl (2). In section 4.1.1 and 4.1.2 the 

different dislocation mechanisms of the TiAl intermetallic compounds are described.  

How mobile the dislocations are and how the material acts under mechanical load are important for 

ǘƘŜ ǎǘǊŜƴƎǘƘ ŀƴŘ ŦǊŀŎǘǳǊŜ ōŜƘŀǾƛƻǊ ƻŦ ʴ-TiAl (8). The brittleness of the material, which persists up to 

relatively high temperatures, severely affects some properties of the material. The multiplication and 

mobility of the dislocations are governed by micromechanisms and are often important to 

understand in order to predict the material properties (2). 

Most of the deformaǘƛƻƴ ƛƴ ǘǿƻ ǇƘŀǎŜ ʴ-TiAl ŀƭƭƻȅǎ ƛǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ ǘƘŜ ʴ ǇƘŀǎŜ ŀƴŘ Ƙŀǎ ŀ ŎƭƻǎŜ 

relationship with the slip planes in the L10 structure. The most important deformation modes in the ɹ  

phase are ordinary dislocations, ordered twinning and superdislocations. The difference between the 

dislocations is the amount of energy required to initiate them and the stress they cause (2). Research 

has also shown that the Al content together with a third alloying element, deformation temperature 

and purity of the material have a large impact on active deformation mode (21). The Al concentration 

ŀŦŦŜŎǘǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ʰ2 present in the structure and this in turn affects the ductility.  

The difference in ductility is based on differences in deformation mode. The two phase alloy have 

high propensity to deform by the low energy ordered twinning of the {111}<112]-type and ½<110] 

unit dislocations. Contrary, the single phase alloy, with a higher Al concentration, has a high density 

of sessile superdislocations and is not likely to deform through twinning (29).  

¢ǿƛƴƴƛƴƎ ŘŜŦƻǊƳŀǘƛƻƴ ƛǎ ƴǳŎƭŜŀǘŜŘ ƻƴ ǘƘŜ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎΣ ōƻǘƘ ʴκʴ ŀƴŘ ʴκʰ2 interfaces. Twins 

ƴǳŎƭŜŀǘŜŘ ŀǘ ǘƘŜ ʴκʴ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎ ŀǊŜ parallel to the lamellae and are formed on the (111) plane 

ƻŦ ʴΦ ¢ǿƛƴǎ ƴǳŎƭŜŀǘŜŘ ŀǘ ǘƘŜ ʴκʰ2 interface are created at an angle of about 70° to the lamellas on the 

(ρ11)ɹ  plane. The second twinning dislocation requires high stresses and can even fracture the 2h 

lamellas (23).  

Two-phase alloys exhibit plastic anisotropy and the anisotropy originates from 2h-lamellas being 

extremely difficult to deform (29), especially when the c-axis is parallel to the tensile axis. 

Additionally, motion of superdislocations in the ɹ -phase ŀŦŦŜŎǘǎ ǘƘŜ ʴκʴ lamella interfaces and 

introduces coherency stresses and dense networks of interface dislocations in the boundaries, which 

also creates anisotropy (2). The anisotropy between the two lamella interphases (ʴκʴ ŀƴŘ ʴκʰ2) 

lowers the deformation ability of the alloy and severely limits the room temperature ductility. The 

ductility is better in polycrystalline two-phase alloys due to that constraint stresses, created by the 

anisotropy, create anti-twinning operations that enhance the deformation. This reduces the 

anisotropy of the material and improves the ductility (2).  
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The deformation behavior of TiAl is also dependent on the temperature. With increasing 

temperature more slip planes become activated and dislocations with higher energy can also move. 

Investigation made on Polysynthetically Twinned (PST) crystals , a single-crystal-like specimen 

composed of the lamellar structure, shows that the material exhibit a slip-mode transition between 

600°C and 800°C, a so called brittle-to-ductile transformation (BDT) (25). By one definition, the BDT 

temperature is where the ductility reaches 7.5% (50). The transformation occurs earlier for the single 

ǇƘŀǎŜ ʴ-grains than for the lamellar grains, leading to the large temperature range (25). The 

transition temperature is also affected by the strain rate, increasing strain rate gives increasing 

transition temperature (2).The dislocations that were active at ambient temperature are still active 

at higher temperatures, but the propensity for ordered twinning decreases at even higher 

temperatures. At the same time, superdislocations are activated at temperatures over 800°C (29). In 

general, below this temperature the twinning density increases with increasing temperature (2), 

leading to an increase in ductility over the temperature range (25). As the temperature increases and 

more dislocations are activated they are becoming curly and entangled, which leads to strain 

hardening of the material. This applies for single crystals up to 600°C and up to 800°C for polycrystals 

(21). This increase in yield strength with increasing temperature is seen in other intermetallics as well 

and depends on thermally activated jogs and kinks, which inhibits the motion of low energy ½[110] 

dislocations. At elevated temperatures the deformation behavior becomes more dependent of the 

rate the material is deformed. This is an important feature that severely limits the creep resistance of 

TiAl and is a major design issue when it comes to replacing nickel-based superalloys with TiAl (2).   

Different deformation mechanisms are active in different deformation processes, not only due to 

temperature, but also due to load orientation. Experiments on PST crystals show that when the 

orientation of the lamellae is perpendicular to the load axis the yield strength increases. However, 

the elongation of the specimen is strongly decreased comparing to when the load axis is parallel to 

the lamellae, see Figure 12 and Figure 13 (51). Angles in between shows a decrease of yield strength 

but an increase in elongation compared to the perpendicular orientation (25). This orientation 

dependency is due to the shear deformations active in different orientations. When the lamellas are 

parallel or perpendicular to the load axis a hard type of deformation occur, a shear deformation 

process on the {111} plane (shear deformation across the lamellar boundaries (51)). The deformation 

intersects the lamellar boundaries, which makes them hard. A more easy type of shear deformation 

ƻŎŎǳǊǎ ƛƴ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ƻǊƛŜƴǘŀǘƛƻƴΣ ŀ ǎƘŜŀǊ ŘŜŦƻǊƳŀǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ʴ-lamellae boundaries (shear 

deformation parallel to the boundaries (51)ύΦ ¢ƘŜ ʰ2 and the lamella boundaries are no obstacles to 

the deformation, implying that it is easier.  This shear deformation can also occur in the parallel 

orientation, leading to a large elongation as well (25), (29).  
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Figure 12 ̧ ƛŜƭŘ ǎǘǊŜǎǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ƻǊƛŜƴǘŀǘƛƻƴΣ ǘƘŜ ŀƴƎƭŜ ʊ ōŜǘǿŜŜƴ ǘƘŜ ƭŀƳŜƭƭŀǊ ōƻǳƴŘŀǊƛŜǎ ŀƴŘ ǘƘŜ ƭƻŀŘƛƴƎ ŀȄƛǎΣ ŦƻǊ t{¢ 
-ɹTiAl. Figure based on (51) 

 

Figure 13 Elongation as a ŦǳƴŎǘƛƻƴ ƻŦ ƻǊƛŜƴǘŀǘƛƻƴΣ ǘƘŜ ŀƴƎƭŜ ʊ ōŜǘǿŜŜƴ ǘƘŜ ƭŀƳŜƭƭŀǊ ōƻǳƴŘŀǊƛŜǎ ŀƴŘ ǘƘŜ ƭƻŀŘƛƴƎ ŀȄƛǎΣ ŦƻǊ t{¢ 
-ɹTiAl. Figure based on (51) 

The low room temperature ductility depends, as shown above, on the low number of available slip 

systems (25) and the low room temperature ductility diminishes the suitability for the material to be 

used as a structural material (16).  
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6.1.1 Fracture mode  

As stated above, TiAl suffers from lack of ductility at ambient temperatures, due to the lack of mobile 

dislocations or their low dislocation density. However, the low ductility is also based on the high 

likeliness for the material to fracture trough cleavage fracture. As for other properties, the fracture 

mode is dependent on the microstructure (2). The deformation transition from one grain to another 

ƛǎ ŘƛŦŦƛŎǳƭǘ ŀƴŘ ǘƘŀǘ ŜƴƘŀƴŎŜǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ŦƻǊ ǘƘŜ ʴ-grains to fracture through transgranular 

cleavage fracture or through intergranular fracture (25). The brittle fracture behavior of the material 

is not affected by differences in deformation orientation (29).    

Microcracks form at the boundaries of the lamellas, along grain boundaries or at equiaxed gamma 

grains due to the hard transition of dislocations, which enhances the intergranular cleavage fracture. 

Two phase alloys fractures through transgranular cleavage fracture or grain boundary cracks (29). 

¢ƘŜ ʰ2 grains in two phase alloys act as reinforcement making the boundaries brittle, since the 

dislocation activity is low. As the slip transformation is hard between the grains the dislocations are 

piled-up and causes brittle fracture on the grain boundaries (25). Research has shown that planar 

cleavage fracture occur at room temperature, whereas when the temperature increases the grain 

boundary fracture are more likely to occur (50). Especially duplex structures fracture in transgranular 

mode at ambient temperatures and intergranular mode at elevated temperatures. Lamella 

structures fracture through transgranular fracture, however decreasing grain size favor intergranular 

fracture (21). 

Orientation also affects how the samples fracture. Load orientation parallel to the lamella boundaries 

makes the sample fracture through a macroscopic crack that is initiated and propagates zigzag across 

the lamella boundaries. Orientation perpendicular or inclined results in fracture through a cleavage 

ŦǊŀŎǘǳǊŜ ƳƻŘŜ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ƭŀƳŜƭƭŀǎ ŀƴŘ Ƴƻǎǘ ƻŦǘŜƴ ǘƘǊƻǳƎƘ ʴκʴ ƛƴǘŜǊŦŀŎŜǎ (51).    

Even though the slip and twinning formation becomes easier with increased temperature, the 

deformation transition across grain boundaries remains difficult and the amount of grain boundary 

decohesion and brittle intergranular failure increases up to the brittle-to-ductile-transition 

temperature (BDTT) (25). However, since the amount of twinning increases the grains are more 

easily deformed and the propensity for microcracks to form decreases, which leads to a decreased 

amount of transgranular cleavage fracture (25). Above BDTT the brittleness decreases and the 

fracture mode are changed from inter- or transgranular fracture to a ductile dimple-like fracture 

mode (2).  

6.2 Thermal properties  
-ɹTiAl alloys has some appropriate and suitable thermal properties for aerospace applications and 

especially jet engines. The properties are a combination of low thermal expansion and high thermal 

conductivity (25).  

The thermal expansion of TiAl is lower than for Ni-based superalloys and that gives TiAl some 

advantages compared to traditionally used superalloys for applications as turbine blades. The lower 

thermal expansion makes the control of the expansion of the blade easier and the clearance between 

the blade tip and the shroud is not as critical (25). The low thermal expansion coefficient is due to 

high bonding strength between the atoms and long-range order (52), which for TiAl is sustained also 
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high temperatures (8). A nickel-based super alloy has a thermal expansion coefficient at 538°C of 

around 14.2*10-6 /K (53) ŀƴŘ ŀ ʴ-based TiAl alloy has a coefficient at 538°C of around 11.8*10-6 /K (2). 

Even though the thermal expansion is small in TiAl still some anisotropy occurs. The anisotropy 

causes internal stresses at ǘƘŜ ƛƴǘŜǊŦŀŎŜǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ƻǊƛŜƴǘŀǘŜŘ ʴ-lamellas. These internal stresses 

can, under mechanical load, affect deformation mechanisms and fracture behavior of the alloy. 

Misfit dislocations are introduced, which causes stress-induced structural changes that in turn affect 

the deformation process (2). 

Another important material constant for materials used for high-temperature applications is the 

thermal conductivity, a value of the heat transport properties (16). The thermal conductivity varies 

significantly for different TiAl alloys. The most important source for the variation is the stoichiometric 

composition. Alloys with a long-ǊŀƴƎŜ ƻǊŘŜǊ ŀƴŘ ŀ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŎƻƳǇƻǎƛǘƛƻƴΣ ŀǎ ʴ-¢ƛ!ƭ ŀƴŘ ʰ2-Ti3Al, 

can have up to five times higher thermal conductivity than off-stoichiometric alloys (23). At the same 

ǘƛƳŜΣ ʴ-alloys hŀǾŜ ŀōƻǳǘ ǘƘǊŜŜ ǘƛƳŜǎ ƘƛƎƘŜǊ ŎƻƴŘǳŎǘƛǾƛǘȅ ǘƘŀƴ ʰ2 alloys. This is one explanation for 

thermal conductivity variation among alloys of different composition. However, the most important 

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

or lamellar, the volume fraction of single-ǇƘŀǎŜ ʴ-grains and also the orientation of the grains.  As 

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

microstructures. The reported values are somewhat higher than for superalloys (23).  As an example, 

nickel-based superalloys has values around 11.4 W/m*K at room temperature (53).  

The anisotropy of the material can be observed for thermal conductivity as well, varying in 

longitudinal and radial direction. The anisotropy is due to the difference in thermal conductivity for 

the different phases present in TiAl ŀƭƭƻȅǎΤ ˂Ґɹт ²κόƳYύ ŀƴŘ ˂ʰн=22 W/(mK) (17). The amount of 

variation is dependent on the microstructure, being the fraction of the different phases, of the tested 

samples and has been shown, for the specific investigated microstructures, to vary between 13-16%. 

The microstructure throughout the sample determines if the radial or the longitudinal thermal 

conductivity is the largest. As observed for the investigated samples, material with duplex 

microstructure had a larger radial conductivity, contrary to the nearly lamellar samples (17). The 

thermal conductivity increases with as much as 50-60% as the temperature increase, and the 

increase is roughly linear (23).  

6.3 Tensile and ductility properties  
!ǎ ōŜŜƴ ƳŜƴǘƛƻƴŜŘΣ ʴ-TiAl ǿƛǘƘ ǎƻƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ʰ2 has the most promising ductile properties (9). 

Therefore most of the research is made on these types of alloys and during the last decades progress 

has been made in understanding and development of alloys of engineering importance (7). It has also 

been shown that many other features influence the tensile and ductility properties, some of them 

being; production methods, heat treatment, microstructure and grain size (25). Both tensile strength 

and ductility are also dependent on the composition of the alloy, especially the Al content (7) and 

third alloying elements (21). Research has also shown that the orientation of the lamellas is of great 

importance for the ductility and strength (51), as mentioned in 6.1.1.   
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6.3.1 Effect of microstructure and grain size  

Alloys with Al content between 45-50 at.% ŀƴŘ ŀ ǘǿƻ ǇƘŀǎŜ όʴҌʰ2) structure have better ductility 

than single-phase alloys (8). Duplex microstructure has also been shown to exhibit a larger room 

temperature tensile elongation and strength than fully lamellar structures (25). However, lamellar 

structure is better when high-temperature properties, such as creep resistance, and toughness are 

considered (8). The ductility and strength of the lamellar structure can also be tailored by control of 

the lamellae structures (25). Parameters that affect these properties are the lamella spacing, the 

ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ʰ2 phase and the lamellar colony size (7).  

A polycrystalline alloy with the composition of Ti-47Al-2Cr-2Nb has been investigated thoroughly by 

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

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

treated fully-lamellar material, with a colonȅ ǎƛȊŜ ƻŦ нн˃ƳΦ ! ŎƻŀǊǎŜǊ Ŏƻƭƻƴȅ ǎǘǊǳŎǘǳǊŜΣ ǿƛǘƘ Ŏƻƭƻƴȅ 

ǎƛȊŜ ƻŦ нру˃ƳΣ ǊŜŘǳŎŜŘ ǘƘŜ ŜƭƻƴƎŀǘƛƻƴ Řƻǿƴ ǘƻ мΦф҈ (54). 

The tensile strength is, in contrast to the ductility, not as dependent on the grain size. It has been 

shown to be dependent of the interlamellar spacing instead. As the interlamellar spacing decreases, 

the strength increases (54). It has further been shown by Umeda et al. that reduction of the lamellar 

spacing decreases the ductility as the yield stress increases (7). Figure 14 ǎƘƻǿǎ Ƙƻǿ ǘƘŜ ʴ-lamella 

thickness influences the stress and the strain. 

 

Figure 14 Influence of the ɹ-lamellae thickness on the stress-strain curve. Figure based on (7) 

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

concluded that the tensile strength is influenced by the fraction of lamellas in the samples. The yield 

strength reaches highest levels when the fraction is below 10% of lamellas. Between 20% to 80% the 

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

strength stars to increase again. Further Tönnes et al. (55) concluded that the optimal lamella 

content for high ductility is between 30-50%, where the highest elongation value is achieved for 30% 

of lamellas. The ductility of TiAl is also determined ōȅ ǘƘŜ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ʰ2 phase, being 

shown to be optimal at a fraction of approximately 10%. When the fraction exceeds 20% the ductility 
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can be decreased (21)Φ ¢ƘŜ ʰ2 spacing, thickness and distribution in the microstructure also influence 

the ductility and strength of the material (25).   

The yield strength can be related to grain size of the microstructure and can be estimated through 

the Hall-Patch equation, Equation 2 (2). The above described increase in strength with decrease in 

lamella spacing could also be related and estimated with the Hall-Patch equation (54). The Hall-Patch 

equation (Equation 2) estimates the required stress to transmit dislocations through the boundaries;  

 

Ɑ Ɑ ▓◐╓
Ⱦ     

Equation 2 The Hall-Patch Equation (2) 

Where ky ƛǎ ŀ ƳŀǘŜǊƛŀƭ ŎƻƴǎǘŀƴǘΣ 5 ƛǎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ƭŜƴƎǘƘ ǇŀǊŀƳŜǘŜǊ ƻŦ ǘƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ŀƴŘ ˋ0 is a 

constant stress contribution. Since the calculated stress is not ŀŦŦŜŎǘŜŘ ōȅ ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜ ˋ0 

constants can for example take thermal activated stresses into account (2), as a friction stress 

parameter (25). The equation has been applied to different classes of two-phase alloys. The 

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

strength can be described with ky Ϥ рatŀҞƳΣ Ŏƻƭƻƴȅ ǎƛȊŜ ƻŦ нфл-нслл˃Ƴ (25). The duplex structure is 

more complex, as more than one length parameter is active (2), the ky constant varies between 

лΦуatŀҞƳ ŀƴŘ о atŀҞƳ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ŀƴŘ Ǌŀǘƛƻ ōŜǘǿŜŜƴ ƭŀƳŜƭƭŀǊ ŎƻƭƻƴƛŜǎ ŀƴŘ 

ǎƛƴƎƭŜ ǇƘŀǎŜ ʴ-grains (25). 

6.3.2 Effect of increasin g temperature  

The anomalous increased yield stress at increasing temperature, see section 6.1 is not observed in all 

-ɹTiAl alloys. Usually it is ƻōǎŜǊǾŜŘ ƻƴƭȅ ƛƴ ǘƘŜ ǎƛƴƎƭŜ ʴ-phase alloys. Two phase alloys instead exhibit a 

broad plateau of the flow stress (23), usually consistent up to between 600° and 800°C (29). Grain 

boundary hardening (Hall-Petch) often occurs in two-phase alloys, which limits the increase in 

strength with increasing temperature (23).     

Figure 15 shows two alloys with different Al content and thereby different microstructure; Ti-48Al 

has a duplex microstructure and Ti-54 has a single-phase gamma microstructure (29).   

 

Figure 15 Microstructural effects on the yield stress vs temperature graph. Figure based on (29) 
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The ductility increases with temperature when the strength rapidly decreases, in the temperature 

range of between 600°C and 800°C. Duplex structures exhibit good ductility over 600°-700°C and for 

lamellar structures the increase in ductility occurs at temperatures higher than 800°C (29).   

The reduction in strength and increase in ductility is related to the brittle to ductile transition 

temperature, that occurs between 600° and 800°C (25) and is described in Section 6.1.   

6.3.3 Effect of strain rate  

It has been shown that the strain rate affects the tensile properties and with increasing strain rate 

both yield stress and ultimate tensile strength (UTS) increases. The yield stress and UTS increases 

with increasing strain rate up to a level of 10/s, then with further increase the yield stress and UTS 

remain on a constant level. The relationship can be estimated with the equation (Equation 3); 

„ ὅɇ‐  

Equation 3 Relationship between stress and strain rate (25) 

²ƘŜǊŜ ˋ ōŜƛƴƎ ǘƘŜ ǎǘǊŜǎǎΣ ‐ being the strain rate, C a constant and m the strain rate sensitivity 

exponent. Reported values for the exponent is between 0.015 and 0.027, applicable for both yield 

stress and ultimate tensile strength and for a strain rate up to 10/s. The exponent is insensitive to 

temperature up to the brittle to ductile transition (25).  

How the strain rate affect the ductility have not been clearly investigated yet, diverse result of the 

relationship has been seen and therefore no confirmed explanation can be drawn (25). However, 

research has showing that also the tensile elongation increases with increasing strain rate (50) (56).  

The strain rate affects the beginning of the deformation, the transition from elastic to plastic 

deformation which thereby affects both the yield stress and ultimate tensile strength. The increase in 

flow stress with strain rate is dependent on the dislocation movement. The early plastic deformation 

occurs by dislocation movement that depends on thermal activation and thereby is more easily 

activated by increased strain rate. As the plastic deformation increases the deformation mode 

changes to twinning, which is not affected by strain rate. At strain rate over 10/s the dislocation 

moves entirely by twinning formation and therefore strain rates over 10/s does not affect the yield 

stress and UTS (25). 

6.3.4 Effect of composition  

 The composition of the microstructure is also of importance for the mechanical properties, as it 

decides the achievable microstructure to some extent. There is a reverse relationship between the 

ductility and yield strength regarding the Al content. It has been shown that the yield strength 

increases with decreasing Al content (37). However the ductility increases with increasing Al content 

up to around 48 at.% Al, which can be seen in Figure 16. As the ductility is a main concern for 

structural applications, alloys that have a Al content of between 45-50 at.% is the most common to 

use as a base for further alloying (8).  
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Figure 16 Aluminum content vs Plastic Fracture strain. Figure based on (8) 

On the other hand, Umeda et al. (7) have done research on PST crystals and shows that the ductility 

increases for decreasing Al content when the loading orientation is parallel to the lamellas. The 

elongation is not affected by the Al content (content between 46-49.3 at.% Al) in perpendicular or 

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

ǘƻ ōŜ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ʰ2 phase. When the Al ŎƻƴǘŜƴǘ ƛǎ пт ŀǘΦ҈ ƻǊ ƭŜǎǎΣ ǘƘŜ ʰ2 

lamellas acts as barriers and hinders the propagating microcracks. However, when the Al content is 

above 47 at.% the microcrack is not hindering the propagation, leading to lower ductility. Research 

on PST crystals shows that the yield strength increases with decreasing Al content for all directions 

(7).   

 As stated above the yield stress increases as the Al content decreases and that is due to the effect Al 

Ƙŀǎ ƻƴ ǘƘŜ ƭŀƳŜƭƭŀ ǘƘƛŎƪƴŜǎǎΦ !ǎ ǘƘŜ ŎƻƴǘŜƴǘ ŘŜŎǊŜŀǎŜǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǘƘƛŎƪ ʰ2 lamellas decreases, but 

the average ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ƭŀƳŜƭƭŀǎ ƛǎ ŦŀƛǊƭȅ ŎƻƴǎǘŀƴǘΦ /ƻƴǘǊŀǊȅ ǘƘŜ ŀǾŜǊŀƎŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ʴ-

lamellas decreases, leading to a finer lamella microstructure (7). As stated above, a fine lamellar 

structure increases the yield strength (54).   

The tensile properties of TiAl can be improved by other alloying elements. Some small amounts, 

between 1-3%, of Cr, V or Mn can increase the ductility and addition of Nb or Ta can improve the 

strength (21). The amounts are kept at a low level to avoid formation of precipitates, which lowers 

the ductility (23). Even with these alloying elements the microstructure and the Al content is of great 

importance. For achieving ductilization with these elements the Al content must be between 45-50 

at.% and the results are obtained for duplex microstructures (8).   

Oxygen can severely limit the ductility of the material. Research has shown that oxygen level 

exceeding 1050 ppm is associated with a drop in ductility from around 2.1% to 0.5% in duplex 

structures. A decrease in ductility is seen in lamellar structures as well, but not as steep. The tensile 

strength is only slightly affected by the oxygen level (55).   

6.4 Fracture toughness  
As for tensile properties, the fracture toughness depends on the microstructure. The same alloy, heat 

treated differently can have KIC values altering between 10-35 MPa m½ (25). Duplex microstructure 

has a low toughness of between 12-20 MPa m½ (8) whereas lamellar structures have a much higher 

value of around 20-35 MPa m½ (25). The fracture toughness of duplex structure is mainly determined 
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ōȅ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ʴ-ƎǊŀƛƴǎΣ ŀǎ ǎƛƴƎƭŜ ʴ-phase structures have a low KIC of ~ 10 MPa m½ (29). All the 

fracture toughness values are fairly independent of temperature up to the BDTT (25).  

The higher fracture toughness value of the lamellar structure, up to 35 MPa m½ (25), is believed to be 

ŘǳŜ ǘƻ ǘƘŜ ʰ2 lamellas (23), which acts as a composite reinforcement and hinder crack front growth. 

¢ƘŜ ƳŜŎƘŀƴƛǎƳ ƛǎ Ƴƻǎǘ ŜŦŦŜŎǘƛǾŜ ǿƘŜƴ ǘƘŜ ŎǊŀŎƪ ŦǊƻƴǘ ƛǎ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ʰ2Ҍʴ ƭŀƳŜƭƭŀǎ (8), 

which implies an anisotropic behavior of the material depending on the lamellae orientation. The 

ǊŜƛƴŦƻǊŎŜƳŜƴǘ ƻŦ ǘƘŜ ʰ2 lamellas is made through crack-tip blunting, if the lamellas are perpendicular 

to the crack front, through interphase cracking if the lamellas are parallel and through crack 

deflection if the lamellas are oriented at some angle to the crack front. The different mechanisms 

consumes different amount of energy from the crack growth, implying different fracture toughness 

values (25)Φ ¢ƘŜ ƛƴǘŜǊǇƘŀǎŜ ŎǊŀŎƪƛƴƎΣ ƻǊ ŘŜƭŀƳƛƴŀǘƛƻƴΣ ƻŎŎǳǊ Ƴƻǎǘƭȅ ƛƴ ǘƘŜ ʴκʴ interface at ambient 

ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ōŜǘǿŜŜƴ ʴκʰ2 interfaces at elevated temperatures. The crack deflection results in 

large plastic energy dissipation by fracture of the lamella ligaments and shear ligaments. The shear 

ligaments are strong as they induce mismatched crack planes (29). 

In contrast to most metallic materials, TiAl exhibit an inverse relationship between ductility and 

toughness, see Figure 17 (25). This implies also that there is an inverse relationship between grain 

size of the two different properties as well (8), due to the relationship between grain size and critical 

microcrack size (25).   

 

Figure 17 Reverse relationship between Ductility and Fracture Toughness. Figure based on (25) 

6.5 Fatigue properties  
Lamellar structures exhibit the best crack growth resistance compared to duplex and equiaxed. 

[ŀƳŜƭƭŀǊ Ŏƻƭƻƴȅ ǎƛȊŜΣ ƭŀƳŜƭƭŀǊ ǎǇŀŎƛƴƎ ŀƴŘ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ŜǉǳƛŀȄŜŘ ʴ-grains are microstructural 

factors that influence the fatigue growth rate. As for fracture toughness, there is an inverse 

relationship between strength, ductility and fatigue properties. By refining the lamellar colony size 
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ŀƴŘ ʰ2 spacing, higher ductility and strength can be obtained. However, for best fatigue growth rate 

a coarser structure is the best (25).  

TiAl exhibit a high ratio of fatigue strength to ultimate tensile strength, between 70-80% at 107 cycles 

(2). The high ratio can be explained by low tensile ductility, high cyclic work hardening rate and 

difficulty in the formation of strain localization (29).  

The crack growth rate for both duplex and lamellar structures are dependent on the temperature, 

with lower growth rate at ambient temperature than at intermediate temperatures of 540-600°C. 

Just below the brittle to ductile transition temperature the crack growth rate decreases again and 

becomes slightly lower than for ambient temperatures. Above this temperature the fatigue life of 

TiAl seems to be limited by oxidation (2). 

TiAl exhibit some differences in performance between high cycle fatigue and low cycle fatigue. Both 

duplex and lamellar structures show good high cycle fatigue properties and they are maintained to 

rather high temperatures. At 700°C the properties are exceeding the ones for Ni-based superalloy, 

even before the reduction in density is considered. For both lamellar and duplex structures, no 

fatigue limit below 108 cycles has been identified (25). At temperatures lower than BDTT the duplex 

structure exhibit better fatigue life because of the finer grain size than lamellar structures. At 

temperatures above BDTT the material loses some of its strength, but the lamellar retains its 

strength better, leading to better fatigue properties than duplex in temperatures above BDTT (25). 

In low cycle fatigue the strains are high and the fatigue life of the material can be related to the yield 

strength and ductility of the material. Therefore duplex materials often exhibit longer low cycle 

fatigue life in comparison to lamellar structures. As the strength and ductility is fairly constant up to 

the BDTT the low cycle fatigue properties are not dependent on the temperature up to the transition 

temperature (25).   

6.6 Creep properties  
Creep properties are not the most favorable for TiAl, however they are important as many of the 

applications involve excessive temperature stresses (25). In many ways the creep resistance is much 

inferior to the nickel-based superalloys (2). As for other properties, the microstructure is important, 

but also the morphology of each phase is important (23). The lamellar structure has enhanced creep 

properties compared to duplex structures, especially if the lamella boundaries are serrated or 

interlocked (29). The time to 0.2% creep strain are increased two orders for lamellar compared to 

duplex structures (8). It has been shown that TiAl-alloys with fully lamellar structure have creep 

properties comparable to those of nickel-based superalloys, whereas duplex structures only have 

70% of the specific creep strength (55).  

The creep resistance in lamellar structures can be improved even more by reducing the lamellar 

spacing, either by heat treatment or by controlling the Al content (23). Large interface areas impedes 

dislocation glide and climb of dislocation segments can be trapped in boundaries and restrict 

dislocation movements, which improves the creep properties with decreasing lamellar spacing (25).   

The difference in creep resistance between lamellar and duplex structures decreases when the stress 

is lower. The lamellar structure exhibits better creep resistance at higher stress due to stronger 
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hardening at initial loading. However, this is not a true hardening but a result of significant 

weakening of the single-phase material in the duplex structure (25).    

6.7 Oxidation resistance  
The oxidation resistance of TiAl is considered sufficient up to a temperature of about 800°C (25). 

However, at elevated temperature the oxidation resistance is decreased, due to the fact that non-

protective TiO2 is more prone to form than protective Al2O3 (9). Even at temperature below 800°C 

the less protective TiO2 is formed, but the protective Al2O3 is formed in higher density. Below 800°C 

four different layer of oxide can be identified; first the outer layer of TiO2 that grows outwards, then 

a mixture of TiO2 ŀƴŘ ʰ- Al2O3, next a rich Al2O3 layer and adjacent to the matrix a thin layer of Ti3Al 

can be observed (25).     
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7 Ti -48Al -2Cr-2Nb 
As earlier stated ɹ  TiAl have been found to offer great potential to replace existing materials used 

today for high temperature applications. The Ti-48Al-2Cr-2Nb (48-2-2) alloy has had a lot of attention 

in research throughout the years. This alloy consists of a Ti base alloyed with 48 at.% Al, 2 at.% Cr and 

2 at.% Nb (57). The alloy was developed by General Electric Corporate Research Center in the late 

мфулΩǎ (19). Since the discovery of the desirable properties of the alloy it has been patented and 

licensed to other manufacturer by GE (19). What the 48-2-2 alloy offers compared to other gamma 

TiAl is increased toughness and ductility at lower temperatures together with the desired creep 

properties (57). These properties make the 48-2-2 easier to process at ambient temperatures (25).  

Addition of chromium (Cr) and niobium (Nb) into the alloy changes the properties of the material 

(57). The addition of Cr is reported to increase the ductility and thereby increase the workability of 

the material (58). At higher concentration than added into 48-2-2 Cr has been reported to improve 

the oxidation resistance (58). The major reason for addition of Nb is to enhance the oxidation 

resistance (58). Nb has also been reported to enhance the creep resistance in the material. This is 

primary due to the fact that Nb slows down diffusion in TiAl alloys (59), (8). The addition of these two 

elements has also been reported to decrease the number of stacking faults in the resulting 

microstructure (23). By the addition of these elements the binary phase diagram will be changed 

compared to pure Ti-Al phase diagram. Suggested changes in the phase diagram are marked by 

dotted lines in Figure 18for the example of Nb. 

 

Figure 18 Ti-Al binary phase diagram with the dotted lines showing the phase lines changes if Nb is added. Picture based on 
(45) 
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¢ƘŜ ǘȅǇƛŎŀƭ ƎǊŀƛƴǎ ǎƛȊŜ ŦƻǊ Ŏŀǎǘ ŀƴŘ ǿǊƻǳƎƘǘ ¢ƛ!ƭ ƛǎ мнлл ˃Ƴ ҕ спр ˃Ƴ (44) ŀƴŘ нрл ˃Ƴ ǊŜǎǇŜŎǘƛǾŜƭȅ 

(8). Some physical properties have been measured for components of 48-2-2 manufactured through 

wrought processing or by casting. These properties are summarized in Table 3 and Table 4 

respectively. 

Table 3 Mechanical Properties of Wrought Ti-48Al-2Cr-2Nb (8) 

Mechanical 
properties  

Test temperature  Duplex Structure  Fully Lamellar 
Structure  

Ductility (%)  Room temp. 
760°C 

3.1 
50 

0.4 
2.8 

Yield Strength 
(MPa) 

Room temp. 
760°C 

480 
406 

455 
403 

 

Table 4 Mechanical Properties of Cast Ti-48Al-2Cr-2Nb (19), (60) 

Mechanical Properties  Test Temperature  Duplex Structure  

Ductility (%)  Room temp. 
760°C 

1-3 
9 

Yield Strength (MPa)  Room temp. 
760°C 

275-380 
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8 Manufacturing  
Different manufacturing methods are investigated and applied to TiAl in order to make it 

ŎƻƳƳŜǊŎƛŀƭΦ 5ǳŜ ǘƻ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƭƻǿ ŘǳŎǘƛƭƛǘȅ ŀƴŘ ŦǊŀŎǘǳǊŜ ǘƻǳƎƘƴŜǎǎ ǇǊƻŎŜǎǎƛƴƎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ ƛǎ 

hard and conventional manufacturing methods are difficult to apply (6). Conventional manufacturing 

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

with difficulties that must be overcome. The difficulties in producing the material are said to be one 

reason for the limited use of TiAl today. Especially the automotive industry is sensitive to the end 

cost of the material and for TiAl, being so hard to process; the main cost of the product is the 

manufacturing cost (10).  

Industrial scale processing routes that have been tried include ingot casting, powder processing and 

ingot forging, sheet production by hot-rolling, powder metallurgy processing (3) and investment and 

permanent mould casting (25). Conventional methods for alloying and creation of ingot include 

induction scull melting, vacuum arc remelting and plasma melting (25). One type of manufacturing 

method that has drawn attention recently is near net shape technologies. Different laser methods 

(6), together with Electron Beam Melting (EBM) have been investigated (61). Novel research shows 

that dense TiAl parts can be produced by EBM technology (3), (61), (12) with tensile properties that 

are comparable to literature data on cast alloys over a large temperature range (11)   

As stated, conventional manufacturing methods can be challenging to use and some of the features 

in TiAl that has to be considered includes: 

¶ Careful control of resulting the microstructure, regarding for example duplex or lamellas, 

grain size and interlamellar spacing, as it affects the ductility and the propensity for cleavage 

fracture 

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

temperatures 

¶ Significant plastic anisotropy  

¶ Low recoverability due to low dislocation mobility 

¶ Relatively low diffusivity 

¶ Slow recrystallization due to low grain boundary mobility  

The industrial-scale processing routes used today are in most aspect the same as those applied to 

nickel-based and conventional Ti alloys (2).  

Different problems must be handled when casting TiAl, the firsts being the reactivity of the molten 

material. TiAl reacts with all ceramics and is therefore extremely hard to contain. The problem is 

solved by using a cold-wall furnace; however that creates problem when the mold is being filled. 

With cold-wall furnace the superheating of TiAl can only be 600°C, which makes it hard to fill the 

mold properly. Further problem is that Al is easily vaporized from the melt when molten in vacuum. 

To solve that problem the melting is done in argon, which can in turn be trapped in the melt due to 

the low superheating and thereby the fast mold filling. The high reactivity of TiAl also causes trouble 

finding a good and cost efficient material for the mold. Another problem involves the microstructure 

that can be rough, with large grains and coarse lamellar structure. This problem can be inhibited by 
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the use of grain refinement alloying (10). Segregation of Al and other alloying elements and creation 

of non-equilibrium and non-homogenized structures are also problems with casting (8).   

Despite all the problems stated above, TiAl parts such as turbine airfoils and helicopter engines, have 

been successfully manufactured by investment casting. However, one problem with investment 

casting is that it is too expensive to use for parts used in the automotive industry. To lower the costs 

permanent mold casting has been investigated. Permanent molds have been seen to increase the 

cooling speed, which leads to fine grained near-ʴ ƻǊ ŘǳǇƭŜȄ ǎǘǊǳŎǘǳǊŜǎ (25)Φ /ŀǎǘ ʴ-based materials 

are generally found weaker and less ductile than wrought materials. This is due to the coarse 

structure usually obtained in cast alloys, which is often left even after heat treatment (8).  

The advantages with wrought methods are that the structure from the ingot is broken and 

recrystallization takes place. The workability of the material is strongly dependent on the Al content 

and it is increased with increasing Al content. This is due to the fact that increasing Al content 

ŘŜŎǊŜŀǎŜǎ ǘƘŜ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ʰ2-ƭŀƳŜƭƭŀǎ ŀƴŘ ʰ2-lamellas tents to resists deformation, which 

causes cracks in the material (8). With other alloying elements, as for example Cr, the workability can 

be increased even more (25). It could be demanding in wrought processing to form fine lamellar 

structures, which exhibit good properties (8). 

The coarse microstructure and segregation obtained in casting could be avoided by using powder 

metallurgy with rapid solidification. The solidification microstructure can be refined and homogenous 

and comparable to wrought material (8)Φ LƴǾŜǎǘƛƎŀǘƛƻƴ ƳŀŘŜ ƻƴ ʴ-TiAl produced by Electron Beam 

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

are expected since the melt pool is small and the cooling rate is high. By appropriate subsequent HIP 

and heat treatment a fine-grained duplex microstructure can be obtained (11). The manufacturing 

technique is built on additive manufacturing, adding layer by layer of material; despite that complete 

interlayer fusion is achieved (12).  
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9   Experi mental Procedure  
The experimental methods used in the study are chosen in order to perform an investigation to 

realize the aim of the study. The manufacturing of specimens are performed at Arcam AB and 

analyzed at either Oak Ridge National Laboratory or by companies contracted by Arcam.   

9.1 Manufacturing of specimen   
The samples used in the study are produced by an additive manufacturing process, Electron Beam 

Melting (EBM). The process builds up the material layer by layer out of powder to create a fully 

dense density near net shape component (62). The EBM system used is a laboratory modified Arcam 

A1 machine produced by the Swedish company Arcam AB. A schematic sketch of the machine can be 

seen in Figure 19. The powder are melted by an electron beam [3, in Figure 19], using an accelerating 

potential of 60 kV (3). The electrons are emitted from a tungsten filament [1] and the current can be 

varied between 1-50 mA. The beam is being directed and focused by two magnetic coils [2]. The 

diameter of the beam is regulated by the first magnetic coil and can be as small as ~0.1 mm. The 

second magnetic coil deflects the beam to the desired point of the powder bed (11). 

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

The beam melts the powder according to a predetermined shape, controlled according to a 3D model 

designed by computer aided system (3). When a layer is finished the build table is lowered and a new 

layer of powder is raked out, which is melted and the process is repeated. A typical layer thickness is 

0.1 mm and the build speed is typical around 3-6 mm build height per hour, depending on the 

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

is conducted in a vacuum chamber [5] (11). 

After a complete build the part cools down inside the machine, in a helium atmosphere in order to 

increase the cooling rate. All the powder that surrounds the molten material can be reused, leading 

to a minimum material waste (11).     

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

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

circular patterns from the outside towards the center. The thickƴŜǎǎ ƻŦ ŜŀŎƘ ƭŀȅŜǊ ǿŀǎ нлл ˃Ƴ ŀƴŘ 

the process temperature was 1050°C. For this project a powder material of the Ti-48Al-2Cr-2Nb alloy 

was used. The powder was produced by gas-atomization from a pre-alloyed melt, with a particle size 

of 45-мрл ˃ƳΦ ¢Ƙe powder was melted in the EBM machine to cylindrical bars with the diameter of 

15 mm and a length of 100 mm.   
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Figure 19 Left: Schematic picture of the EBM system (numbers discussed in the text) (3) Right: The Arcam A1 Machine (63)  

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

9.2.1 HIP 

To remove spherical and non-spherical pores within the as machined specimens the specimens were 

run through a HIP cycle. To evaluate the elimination behavior of pores, without excessive grain 

growth or microstructural changes, two different HIP cycles were executed.   

The samples were sent to Bodycote in Belgium where they were run in two sheared cycles; one 

operating at 1155°C, 100MPa for 3 hours and the other at 1200°C, 100MPa for 4 hours.  

After investigation of the two HIP cycles it was found that 1200°C, 100MPa for 4 hours gave the best 

result in pore reduction. Therefore all heat treated samples were pre-HIPed using this cycle. 

9.2.2 Heat treatment  

After HIP the samples were heat treated at Oak Ridge National Laboratory by the Materials 

Processing Group (ORNL) at different temperatures to alter the as-built microstructure. The different 

heat treatments were the following (see Table 5), in total 13 different cycles. 

  

1 

2 

3 

4 

5 

6 
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Table 5 Heat treatment cycles 

Number  1st Heat 
treatment  
Temperature 
[°C] 

Holding 
time 
[hour]  

Cooling 
rate  

2nd Heat 
treatment  
Temperature 
[°C] 

Holding 
time 
[hour]  

Cooling 
rate  

1 1150 5 AC    

2 1250 1 AC    

3 1300 1 AC    

4 1380 1 FC     

5 1380 1 AC    

6 1380 1 WQ    

7 1380 2 WQ    

8 1380 1 AC 1250 0.5 AC 

9 1380 1 AC 1250 1 AC 

10 1380 1 AC 1250 1.5 AC 

11 1380 1 WQ 1250 0.5 AC 

12 1380 1 WQ 1250 1 AC 

13 1380 1 WQ 1250 1.5 AC 

AC= Air cooling, FC= Furnace cooling, WQ=Water quenching 

9.3 Chemical analysis  
In order to investigate the full content of the starting powder and to see if the EBM process and the 

HIP affect the chemical content of the produced material a chemical analysis was performed. 

Powder, as-built and HIPed material was investigated. The chemical content of the material has a 

great influence of the achievable microstructure in TiAl and were therefore considered important to 

investigate. 

The chemical analysis performed by Exova, United Kingdom, was made through the ICP-OES method, 

with combustion of carbon and sulfur, fusion of nitrogen and oxygen and fusion of hydrogen. 

9.4 Sample preparation  
All samples were cut transverse using an abrasive cutting saw with water as cooling lubricant at 

ORNL. Due to the brittleness of the material some cuts chipped off creating a spall on the ending 

edge of the cut surface. These spalls were carefully grinded away. As a flat cut surface was created 

the samples were cold mounted into Struers ClaroCit quick cure. All samples were flat ground after 

mounting using a Struers RotoPol-22 fitted with RotoForce-4 machine and 320 grit SiC paper, 25 N, 

300rpm and water cooling. After flat grinding the samples were polished using Wendt Dunnungton 9 

˃Ƴ ŘƛŀƳƻƴŘ ǎƻƭǳǘƛƻn that was sprayed on the Struers MD Largo wheel revving at 150 rpm, 30 N, 

without water. In the final polishing step the samples were polished using a Struers UP-U solution 

together with a MD Chem disc, 35 N, 150 rpm counter rotating plates. After chemical polishing the 

samples were rinsed using alcohol and cotton balls, carefully swabbing the chemical solution away.  

¢ƘŜ ǎŀƳǇƭŜǎ ŦƻǊ ƳƛŎǊƻǎǘǊǳŎǘǳǊŀƭ ŜǾŀƭǳŀǘƛƻƴ ǿŜǊŜ ŜǘŎƘŜŘ ƛƴ ŀ ƳƻŘƛŦƛŜŘ YǊƻƭƭΩǎ ŀƎŜƴǘΦ ¢ƘŜ ŜǘŎƘ ǿŀǎ ƻŦ о 

vol.% HF, 12 vol.% HNO3 and 85 vol.% H2O. As some samples were hard to etch a stronger solution, 

containing 10 vol.% HF, was used. During the etching the etchant was swabbed onto the surface 
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using a cotton tip. The etchant was held for 2-10 seconds before dropping the sample in water and 

finally rinsed with alcohol. 

9.5 Microscopy  
The microstructure obtained from as-built, as-HIPed and heat treated samples were investigated and 

characterized using both optical and SEM microscopes. 

9.5.1 Light Optical microscopy  

A light optical microscope is built up of a series of lenses together with a light source. As the light 

illuminates the sample the light will deflect differently depending on the surface. The reflected light 

is collected through the lenses and altered for good imaging. The disadvantage with optical 

microscope is its low depth of field. Therefore the samples have to be ground and polished for best 

view. To be able to see the morphology the samples can be etched. 

The optical microscope used in this study was Nikon Epiphot Type 108, together with ScopePhoto 3.0 

software to take pictures. 

9.5.1.1 Grain size measurement 

Grain size measurements were made on as-built, HIPed and the four most promising heat treatment 

conditions; being 1250°C, 1300°C, 1380°C AC and 1380°C AC + 1250°C. 

Through optical microscopy the grain size was reorganized not to be a log-normal distribution and 

ASTM standard E 1181-02, standard test methods for characterizing duplex grain size, was first used 

to characterize the sample. The classification was determined by optical microscopy on a low 

magnification and comparison with characteristic pictures presented in the standard. The area 

fraction of each homogeneously distributed grain size was determined by point counting procedures 

or measuring of the area depending on the identified class.  

The grain size of the individual grains in each determined class was measured according to ASTM 

standard E 112-96 by planimetric procedure. The grains inside a determined area was calculated and 

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

grains inside the box was calculated as one and the intercepted ones as a half, Equation 4 where NA is 

the number of grains per mm2Φ ¢ƻ ŜƴŎƻǳƴǘŜǊ ŦƻǊ ǘƘŜ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ǘƘŜ WŜŦŦŜǊƛŜǎΩ ŦŀŎǘƻǊΣ ŦΣ ƛǎ ǳǎŜŘΦ   

ὔ Ὢὔ
ὔ

ς
 

Equation 4 Calculation of grains per square millimeter 

 

The ASTM grain size, G, was calculated from Equation 5,  ὔ  being the average grain per mm2.  

Ὃ σȢσςρωςψ ὰέὫὔ ςȢωυτ 

Equation 5 Calculation of ASTM grain size 
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The average grain size diameter is calculated with the approximation that the grain is equiaxed in the 

two dimensional plane, using:  

ὨӶ

ρ
ὔ

τz

“
 

Equation 6 The average grain size diameter 

9.5.2 Scanning Electron Microscopy  

During analysis in Scanning Electron Microscope (SEM) the sample is scanned by an electron beam. 

The beam is generated from a field emission tip and normally has an energy intensity of between 0.5 

and 40 keV. The beam is focused on the sample via a series of condenser lenses. As the electron 

reaches the sample it interacts with the atoms in the sample and signals such as secondary electrons, 

backscattered electrons and X-rays are generated. Back scattered electrons (BSE) are electrons from 

the original beam that are reflected from the sample surface and is thereby related to the atomic 

number of the atoms in the sample. Due to the atomic number the micrographs created with BSE will 

show the phase with highest atomic number as the brightest in the micrographs. As the electron 

beam excites an inner shell electron of the sample, X-rays are emitted when the electron releases the 

energy to return to its unexcited position. Secondary electrons are emitted from the outer orbital of 

the atom. 

The investigations were made on a Hitachi, S-3400N scanning electron microscope. The microscope 

has secondary electron and backscattered electron collector and an X-ray detector. The BSE was 

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

15.0 kV for the pictures and was lowered to 10.0 kV for the mapping.  The max resolution of the used 

SEM is 50-60 Å.  

9.5.2.1 EDX analysis 

The X-rays emitted from the atoms in the sample is analyzed by Energy Dispersive X-rays 

spectroscopy (EDX). The X-rays emitted from the sample are dependent on the atomic electron 

configuration and will be different for different atomic elements. Therefore chemical composition 

measurements can be obtained by this method.  

The EDX analysis was made through the same SEM used above, with EDAX Genesis as the analyzing 

software. The EDX was made through spectrum measurements. A mapping was made through 

measuring a spectrum of elements in each pixel of the pictures. In the mapping the brightest areas 

are the ones with highest concentration. 

9.6 FIB-SEM 
A Focused Ion Beam ς Scanning Electron Microscope (FIB-SEM) is a combined instrument that uses a 

focused ion beam (FIB) as well as a SEM to analyze materials. A FIB uses ions instead of electron to 

analyze the sample. Normally a Ga source is used to create Ga+ ions which are projected onto the 

sample. The projected atoms will scatter atoms of the sample away from the sample surface. The 
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back scattered ions can be analyzed using the same principal as BSE in SEM. The FIB technique can 

also be used to remove material from the sample to polish or etch the sample. 

The FIB-SEM equipment used at Oak Ridge National Laboratory within the SHaRe program has a 

setup as seen in Figure 20. The FIB column is directed right on the sample with the SEM at an angle of 

58° vertically and 32° horizontally.  

      
Figure 20 FIB-SEM setup at Oak Ridge National Laboratory 

 

 

 
Figure 21 Cut out of TiAl using FIB 

For testing of TiAl pre-cuts ǿŜǊŜ ƳŀŘŜ ōȅ ǘƘŜ CL.Φ !ƴ ŀǊŜŀ ƻŦ ŀōƻǳǘ рл ˃Ƴ ǿŀǎ ƭŀƛŘ ōŀǊŜ ŀƴŘ ǇƻƭƛǎƘŜŘ 

for analysis, which can be seen in Figure 21. The area was analyzed using ESBD and EDS imaging. 

Phase ID (PI), image quality (IQ), confidence index (CI) and inverse pole figures (IPF) were used to 

analyze the sample using OIM Analysis 5.31 software.  

9.7 Micro hardness  
To evaluate how the hardness of the microstructure changes according to differences in treatments 

micro hardness was measured. The measurement was made in a Buehler Micromet 2100 Series 

Micro hardness Tester. 20 indents across the sample were taken, in a total of 12 mm, with 500 g of 

load.   

The analysis of the indents was made by the software Omnimet MHT and the results were presented 

graphically.  

9.8 Tensile testing  
Tensile testing is a fairly inexpensive and fully standardized test method used on every kind of 

materials. The test provides a good knowledge of how the material behaves under mechanical 

tension load.    

The tensile testing made in this study was performed by the Metals and Ceramics Division, 

Mechanical properties group at Oak Ridge National Laboratory. The testing was made in an Instron 

4507 machine and the force was applied until the specimen broke. The strain rate used was 0.001/s.  

 The geometry of the specimen was cylindrical with a diameter of 6.35 mm, specimen gage length of 

31.974 mm and the gage length between the extensometer was 25.273 mm.  
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In total 19 tensile tests were performed. Three different heat treatment conditions were tested; 

1250°C, 1300°C, 1380°C Air cooled + 1250°C, together with as-built and as-HIPed material. The three 

specific heat treatments were chosen due to their unique microstructure. All different conditions 

were tested in room temperature, two bars of each. In addition two bars of the HIPed condition was 

tested in 500°C, 600°C, 760°C and 850°C.   

9.9 Relevance  
In the different analyzing methods used some sources of error or faults may be present. These 

sources are important to consider since the result may be misleading if completely trusted.  

Since some of the elements chemically analyzed are present in very small amounts the method for 

chemical analysis of the material may not give reliable results. The chemical analysis can be a source 

for error since the result from the chemical analysis shows a higher amount of Al in the as-HIPed 

material compared to the as-built. Since the HIP do not add any material the increase of Al during HIP 

is unlikely. 

To be able to analyze the material in optical microscope and SEM the sample has to be etched. It has 

been reported from several studies that TiAl is complicated to etch. The recipe used to etch the 

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

ǎŀƳǇƭŜǎ ŀǊŜ ƻǾŜǊ ŜǘŎƘŜŘ ŀƴŘ ƭŀƳŜƭƭŀǎ ŀǊŜ ŜǘŎƘŜŘ ƛƴǘƻ ǘƘŜ ʴ-phase. 

The ASTM standards used to measure the grain size are a subjective method since the grains are 

measured manually. For the samples in this study the grain boundaries was sometimes hard to 

determine due to issues while etched which is a source of error. 

Analysis of the samples in microscope gives a good look at the microstructure. However by using for 

example SEM only a small fraction of the sample will be analyzed. The microstructure in the analyzed 

fraction may not be representative for the entire sample and multiple fractions should be analyzed. 

Due to lack of time and resources the samples in this study is only evaluated in one fraction, which 

must be considered.  

The planimetric method was used in the ASTM E112-96 standard. This method presumes that 

equiaxed grains are obtained throughout the entire sample. As the TiAl samples does not have a 

completely equiaxed structure this may be a source of error. The sample was only measured in two 

dimensions which also may be a source of error since the microstructure may vary in all dimensions. 

Due to lack of time and geometry of specimen other measuring methods was not applied to measure 

the grains size. 

The FIB-SEM used at ORNL is a prototype unit where all parameters are not yet fully established 

which does not make it an optimal method. In the software used to analyze the ESBD data Ti3Al 

structure is not yet implied which will cause the analysis of data invalid for the Ti3Al parts of the 

specimen. Despite these disadvantages the FIB/EBSD method is still a unique method to analyze the 

microstructure in a 3D perspective. 

The micro hardness test is only run one time on each sample as it was used as a comparative 

method. As the standard deviation is large for the samples the actual values from the test is not to be 
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trusted. For internal comparison the test result may be used as the test is conducted similar in all 

samples. From literature it has been reported that the hardness is dependent of what kind of 

microstructure is present. As the duplex structure, which is present in this study, contains both 

equiaxed and lamellar grains it can be a source of error for the standard deviation. 
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10 Results 
The results from the experimentally performed investigations are presented to give a context for the 

upcoming analysis. The results are based on theory and experimental methods chosen to realize the 

aim. To give comprehensive picture of how the post manufacturing treatments affects the material 

the results for the as-built material are first shown followed by the results for as-HIPed and heat 

treated materials. 

10.1 The EBM as-built material  
The full content of the powder before built can be seen in Table 6, together with the chemical 

content of as-built and as-HIPed solid material. For comparison the chemical specification for the 

alloy is also provided in the table.  

Table 6 The chemical content of the material; as powder, as-built and as-HIPed together with the alloy specification 

Element  
[weight]  

Ti 
[%]  

Al [%]  Cr [%]  Nb [%]  C [%] Fe [%]  N [%]  O [%]  

Alloy 
Spec. 

Base 33.0-34.0 2.2-2.6 4.5-5.1 Max 0.015 Max 0.04 Max 0.02 Max 
0.08 

Powder  Base 33.1 2.43 4.64 0.011 <0.01 0.005 0.10 

As-Built  Base 32.6 2.40 4.70 0.015 <0.01 0.011 0.16 

As-HIP base 33.5 2.40 4.75 0.017 0.04 0.019 0.15 

 

In Figure 22 and Figure 23 optical micrographs of the center of the EBM-produced bars can be seen. 

Some areas with enlarged grain structure can be seen, however the microstructure is fairly 

homogeneous in the center of the bar. The microstructure consists of fine lamellas distributed in 

ŀƭǘŜǊƴŀǘƛƴƎ ŘƛǊŜŎǘƛƻƴǎ ŀƴŘ ŀ ƭƻǿ ŀƳƻǳƴǘ ƻŦ ŜǉǳƛŀȄŜŘ ʴ-grains distributed in between.  

 

 
Figure 22 The center of the as-built material, optical 
micrograph 

 
Figure 23 The center of the as-built material, with some 
areas with enlarged grains, optical micrograph 

 

Investigation shows changes in microstructure towards the edges of the samples. The as-built 

microstructure at the edges can be seen in Figure 24. A lower amount of lamellas are seen at the 

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

ǘƘŜ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎ ŀƴŘ ǘǊƛǇƭŜ Ǉƻƛƴǘǎ ƻŦ ǘƘŜ ʴ-grains.    
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Figure 24 The edges of the as-built material, optical micrograph 

SEM micrograph, Figure 25, of the as-built material reveals a heterogeneous structure of the sample 

as a large fraction of the sample is analyzed.  

 

Figure 25 Backscattered electron micrograph of the as-built sample. The marked area is further studied 

As the magnification is raised in the marked area of Figure 25 it reveals an area of duplex structure 

neighboring an area of single phase structure, seen in Figure 26. 
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Figure 26 Backscattered electron micrograph of the as-built sample, 400X 

 The area shown in Figure 26 is analyzed through EDX mapping with background scatter removed. A 

higher concentration of the analyzed elements is revealed with lighter print. The pictures from the 

mapping are seen in Figure 27. 

 
a 

 
b 

 
c 

 
d 

Figure 27 EDX mapping of a) Ti, b) Al, c) Nb, d) Cr 

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

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

section. It is clearly seen that the Cr is concentrated intƻ ƭƻŎŀƭ ǎǇƻǘǎΣ ǊŜŎƻƎƴƛȊŜŘ ŀǎ ʲ ǇƘŀǎŜΦ ¢ƘŜǎŜ 

spots are observed to be lean in Al concentration.  
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10.2 The EBM as-HIP material  
Resulting microstructure from both 155°C, 100 MPa, 3 hours and 1200°C, 100 MPa, 4 hours HIP 

cycles was evaluated to find a suitable HIP treatment.  

            

 

To the left, Figure 29, a micrograph from the 1155°C cycle is shown. In this micrograph some pores 

Ŏŀƴ ōŜ ǎŜŜƴ ŀǎ ōƭŀŎƪ ŀǊŜŀǎΦ {ƻƳŜ ƻŦ ǘƘŜ ǇƻǊŜǎ ƘŀǾŜ ŀ ŘƛŀƳŜǘŜǊ ƻŦ ƳƻǊŜ ǘƘŀƴ мл ˃ƳΦ Lƴ ǘƘŜ 

micrograph on the right in Figure 28, which is the cycle run at 1200°C, pores are not observed. Some 

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

The resulting SEM micrographs for material HIPed at 1200°C, 100 MPa, 4 hours are seen in Figure 30 

and Figure 31. 

 

Figure 30 Backscattered electron micrograph of as-HIPed material in 400X 

Figure 28 Micrograph from HIP cycle at 1250°C, 100 
MPa, 4 hours 

Figure 29 Micrograph from HIP cycle at 1155°C, 100 
MPa, 3 hours 
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Figure 31 Backscattered electron micrograph of as-HIPed material in 1,000X 

The as-HIPed material shows a homogenous duplex microstructure with fine grains. The fraction of 

ƭŀƳŜƭƭŀǎ ƛǎ ƻōǎŜǊǾŜŘ ǘƻ ōŜ ƘƛƎƘ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŜǉǳƛŀȄŜŘ ʴ ƎǊŀƛƴǎ ŀƴŘ ǎƻƳŜ ǊŜǘŀƛƴŜŘ ʲ ǇƘŀǎŜΦ CǊƻƳ 

EDX, Table 7Σ ŀƴŀƭȅǎƛǎ ƛǘ ƛǎ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǘƘŜ ǿƘƛǘŜ ǇƘŀǎŜ ƛǎ ʲ ǎƛƴŎŜ ƛǘ ƛǎ ǊƛŎƘ ƛƴ /Ǌ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ƘƛƎƘ 

ŀƳƻǳƴǘǎ ƻŦ ¢ƛΦ ¢ƘŜ ƭŀǊƎŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ƎǊŀȅ ǇƘŀǎŜ ƛǎ ǊŜǾŜŀƭŜŘ ǘƻ ōŜ ʰ2 phase and the dark phase is 

ōŜƭƛŜǾŜŘ ǘƻ ōŜ ʴ ǇƘŀǎŜΦ  

Table 7 EDX analysis of as-HIPed material 

Element/Phase  Ti  Al Nb Cr 

White phase  53.5 35.7 2.9 7.9 

Intermediate gray  56.1 38.7 2.5 2.7 

Dark gray  48.5 47.6 2.4 1.5 
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10.2.1 FIB-SEM and EBSD analysis  

The bare laid and polished area was scanned by SEM and EBSD detectors and analyzed for image 

quality in the OIM software. From this analysis a god view of the grain boundaries is obtained, Figure 

32, with comparison to the BSE image in Figure 33.  

 
Figure 32 Image Quality map showing grain boundaries 

 
Figure 33 BSE image of the FIB polished HIPed TiAl sample 

 

 
Figure 34 Phase ID figure where FCT/BCC systems are 
indexed red and HCP indexed in blue 

 
Figure 35 Confidence Index of the Phase ID mapping 

 
 

 
Figure 36 IPF map showing the orientation of the BCT/BCC 
phases 

 
Figure 37 IPFmap showing the orientation of the HCP 
phases 
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It is observed form Figure 32 ǘƘŀǘ ǘƘŜ ƎǊŀƛƴ ǎƛȊŜ ƛǎ ŘƛŦŦŜǊƛƴƎ ōŜǘǿŜŜƴ ǎƳŀƭƭ ƎǊŀƛƴǎ ƻŦ ƭŜǎǎ ǘƘŀƴ н ˃Ƴ ǳǇ 

ǘƻ ƭŀǊƎŜǊ ƎǊŀƛƴǎ ƭŀǊƎŜǊ ǘƘŀƴ п ˃ƳΦ  

The same area was also evaluated with the OIM software to find the different phases for the 

ŘƛŦŦŜǊŜƴǘ ƎǊŀƛƴǎΦ Lƴ ǘƘŜ hLa ǎƻŦǘǿŀǊŜ ǘƘŜ ʴ-TiAl is analyzed as a FCT system as the c/a ratio is almost 1 

ŀƴŘ ǘƘŜ ǎƻŦǘǿŀǊŜ Ŏŀƴƴƻǘ ǘŜƭƭ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ŦǊƻƳ .//Φ Lƴ ǘƘŜ hLa ǎƻŦǘǿŀǊŜ ǘƘŜ ʲ ǇƘŀǎŜ ƛǎ ŀƴŀƭȅȊŜŘ ŀǎ 

a BCC phase and difference is not seeƴ ōŜǘǿŜŜƴ ʲ ŀƴŘ ʴΦ ¢ƘŜ ʰ-ǇƘŀǎŜ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ʰ2 is indexed as 

HCP phase due to software limitations. 

In Figure 34 ǘƘŜ ʴ ŀƴŘ ʲ ǇƘŀǎŜǎ ŀǊŜ ƛƴŘŜȄŜŘ ƛƴ ǊŜŘ ŀƴŘ ǘƘŜ ʰ ŀƴŘ ʰ2 phases are indexed in blue. As 

Ŏŀƴ ōŜ ǎŜŜƴ ŦǊƻƳ ǘƘŜ ŦƛƎǳǊŜ ǘƘŜ ʰ ŀƴŘ ʰ2 phases are mostly oriented in the grain boundaries, 

compared to Figure 32. If compared to Figure 33 no clearly lamellas can be seen in the phase ID 

figure. The confidence index for the phase ID mapping is seen in Figure 35. 

To further analyze the polished area an inverse pole figure was analyzed to find the orientation of 

the different grains and phases.  In Figure 36 and Figure 37 IPF maps are seen where the (001) is 

projected outwards from the paper.  

The different grains in the FCT/BCC systems are seen to order themselves randomly. The grains 

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

homogenously colored.  It can be observed that the hexagonal ʰ ǇƘŀǎŜǎ ŀǊŜ ŘƛǎǘǊƛōǳǘŜŘ ƛƴ ǘƘŜ ƎǊŀƛƴ 

boundaǊƛŜǎΦ IƻǿŜǾŜǊΣ ǎƻƳŜ ƛƴŘƛǾƛŘǳŀƭ ʰ ƎǊŀƛƴǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜΦ Lƴ ǘƘŜ ƭŀǊƎŜǊ ƎǊŀƛƴ 

in the lower left that has the dotted structure in both Figure 36 and Figure 37 is believed to be of a 

lamellar structure with the lamellas pointing out from the picture.  

10.3 Microstructural characterization of Heat Trea ted Materials   
Different heat treatment procedures were performed in order to investigate the heat treatment 

temperature and the cooling rate dependency of the material. All the investigated samples reveal a 

different resulting microstructure in the center compared to the edge. The difference in 

microstructure is expected since the starting microstructure of the as-HIPed material is 

heterogeneous.      
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10.3.1 4ÅÍÐÅÒÁÔÕÒÅ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÈÅÁÔ ÔÒÅÁÔÍÅÎÔ ÉÎ ÔÈÅ ɻϹɾ ÐÈÁÓÅ ÆÉÅÌÄ 

Figure 38 and Figure 39 shows optical micrographs from sample heat treated for five hours at 

1150°C. 

 
Figure 38 The center of the bar, optical micrograph 

 
Figure 39 The edge of the bar, optical micrograph 

 

Figure 40 and Figure 41 shows optical micrographs from sample heat treated for one hour at 1250°C,  

 
Figure 40 The center of the bar, optical micrograph 
 

 
Figure 41 The edge of the bar, optical micrograph 

Figure 42 and  Figure 43 shows optical micrographs from sample heat treated for one hour at 1300°C. 

 
Figure 42 The center of the bar, optical micrograph 
 

 
  Figure 43 The edge of the bar, optical micrograph 
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The center and the edge of the sample heat treated at 1150°C have no significant difference in 

ƳƛŎǊƻǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ƛƴ ōƻǘƘ ǇƛŎǘǳǊŜǎ ōƻǘƘ Ŏƻƴǘŀƛƴǎ ʴ ƎǊŀƛƴǎΣ ǎŜŜƴ ŀǎ ǘƘŜ ŘŀǊƪŜǊ ŀǊŜŀǎΣ 

as well as lamellas, seen as zebra shaped colonies.  

From the picture showing the edge of the sample heat treated at 1250°C a similar microstructure as 

the one for 1150°C is observed. For the microstructure of the center of the material a coarser 

microstructure is revealed. It is also observed that the microstructure obtained from 1250°C contains 

larger amount of lamellas in the center. 

In the center of the sample heat treated in 1300°C distinct lamellas are observed.  It is also observed 

that the grain size of these lamellas has grown compared to the as-built material. Around the edge a 

ǊƛƳ ƻŦ ŦƛƴŜ ƎǊŀƛƴŜŘ ƭŀƳŜƭƭŀǎ ǿƛǘƘ ŦƛƴŜ ŜǉǳƛŀȄŜŘ ʴ ƎǊŀƛƴǎ ŀǊŜ ƻōǎŜǊǾŜŘΦ ¢ƘŜ ŀƳƻǳƴǘ ƻŦ ʴ ƎǊŀƛƴǎ ƛǎ 

observed to be low, as only small fractions of equiaxed areas are found.  

Figure 44 and Figure 45 shows backscattered electron micrographs from the center of the bar heat 

treated at 1150°C and 1250°C respectively. 

 

Figure 44 Backscattered electron micrograph 1150°C, 5 hours, air cooling 

In the backscattered electron micrograph, Figure 44, it is clearly seen that the sample heat treated at 

1150°C have a larger amount of lamellas compared to the amount of lamellas observed in the optical 

ƳƛŎǊƻƎǊŀǇƘΦ !ƭǘƘƻǳƎƘ ǎƻƳŜ ʲ ŀƴŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŀƳƻǳƴǘ ƻŦ ʴ ƛǎ ŀƭǎƻ ƻōǎŜǊǾŜŘΦ CǊƻƳ 95· ŀƴŀƭȅǎƛǎΣ 

Table 8, it is determined that the white phase is ̡  ǇƘŀǎŜ ŘǳŜ ǘƻ ƘƛƎƘ ŀƳƻǳƴǘ ƻŦ /Ǌ ŀƴŘ ƭƻǿ ŀƳƻǳƴǘ ƻŦ 
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Al. The darkest phase is determined ǘƻ ōŜ ʴ ŀǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ¢ƛ ŀƴŘ !ƭ ƛǎ ŜǉǳŀƭΦ ¢ƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ 

ǇƘŀǎŜ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ ʰ2.  

Table 8 EDX analysis of material heat treated at 1150°C 

Element/Phase  Ti  Al Nb Cr 

White phase  56.0 35.6 2.9 5.4 

Intermediate gray  55.2 40.2 2.3 2.2 

Dark gray  49.0 47.4 2.3 1.2 

 

         

Figure 45 Backscattered electron micrograph 1250°C, 5 hours, air cooling 

From the SEM micrograph, Figure 45, it is clearly seen that the 1250°C material is not homogenous as 

ǎƻƳŜ ƭŀǊƎŜ ƭŀƳŜƭƭŀǎ ŀǊŜ ƻōǎŜǊǾŜŘ ǿƛǘƘƛƴ ǘƘŜ ǎƳŀƭƭ ƎǊŀƛƴŜŘ ŘǳǇƭŜȄΦ Lƴ ǘƘƛǎ ǇƛŎǘǳǊŜ ƴƻ ǿƘƛǘŜ ʲ ǇƘŀǎŜ ƛǎ 

observed. The different phases are analyzed via EDX, Table 9.  

Table 9 EDX analysis of material heat treated at 1250°C 

Element/Phase  Ti  Al Nb Cr 

Intermediate gray  51.9 43.6 2.4 2.1 

Dark gray  46.9 49.5 2.4 1.2 

 

10.3.2 #ÏÏÌÉÎÇ ÒÁÔÅ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÈÅÁÔ ÔÒÅÁÔÍÅÎÔ ÉÎ ÓÉÎÇÌÅ ɻ ÐÈÁÓÅ ÆÉÅld 

Figure 46 and Figure 47 shows optical micrographs from sample heat treated at 1380°C with 

subsequent furnace cooling. 
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Figure 46 Center of the furnace cooled bar, optical 

micrograph 

 
Figure 47 Edge of the furnace cooled bar, optical 

micrograph 

Figure 48 and Figure 49 shows optical micrographs from sample heat treated at 1380°C with 

subsequent air cooling. 

 
Figure 48 Center of the air cooled bar, optical micrograph 

 

 
Figure 49 Edge of the air cooled bar, optical micrograph 

Figure 50 and Figure 51 shows optical micrographs from sample heat treated at 1380°C, with 

subsequent water quenching. 

 
Figure 50 Center of the water quenched bar, optical 

micrograph 
 

 
Figure 51 Edge of the water quenched bar, optical 

micrograph 
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The effect of different cooling rates can clearly be seen in the figures above. With furnace cooling 

ŀŦǘŜǊ ƘŜŀǘ ǘǊŜŀǘƛƴƎ ƛƴ ǘƘŜ ʰ ŦƛŜƭŘ ŀ Ŧǳƭƭȅ ƭŀƳŜƭƭŀr structure is obtained. No clear differences, such as 

grain growth or coarsening of interlamellar spacing, between the center and the edge of the bar can 

be seen by looking at the pictures.  

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

lamellar structure with some Widmanstätten needles present can be observed, which is not the case 

for the center of the bar. The center consists of more irregular shaped grains with a structure that 

appears to contain lamellas.  

A different structure, only revealing the grain boundaries, is seen after water quenching. The 

ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ Ŏƻƴǎƛǎǘǎ ƻŦ ƳŀǎǎƛǾŜƭȅ ǘǊŀƴǎŦƻǊƳŜŘ ǎƛƴƎƭŜ ǇƘŀǎŜŘ ʴΦ !ǎ ǘƘŜǊŜ ƛǎ ƴƻ ŘƛŦŦŜǊŜƴŎŜ ƛƴ 

microstructure the only difference that can be observed between the center and the edge is the 

difference in grain size.  

When the time at 1380°C is increased to two hours with subsequent water quenched no significant 

change in structure is observed, Figure 52. However, growth of the grain size can be spotted both at 

the center and edges of the sample.    

 

Figure 52 Center of the water quenched bar, held in 1380°C for 2h, optical micrograph 

Investigation of air cooled and water quenched material with the aid of SEM reveals more details and 

other features of the structures. In Figure 53 the center of the air cooled bar is seen, revealing no 

ŎƭŜŀǊ ƭŀƳŜƭƭŀ ǎǘǊǳŎǘǳǊŜΦ ! ǎƛƳƛƭŀǊ ǎǘǊǳŎǘǳǊŜ ƛǎ ǎŜŜƴ ƛƴ ǿŀǘŜǊ ǉǳŜƴŎƘŜŘ ƳŀǘŜǊƛŀƭΣ ŀ ǎƛƴƎƭŜ ǇƘŀǎŜŘ ʴ-

structure.   
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Figure 53 The center of air cooled bar, SEM picture 

 

Figure 54 The center of water quenched bar, SEM picture 

EDX analysis, Table 10, made on an area of both air cooled and water quenched material shows 

similarities in chemical composition. From the EDX it can be seen that the phase created in the center 

of the bar in both air cooled and water quenched material is single phase ɹ Φ  
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Table 10 EDX analyze of air cooled and water quenched material 

Elements [at.%]  Ti  Al Nb Cr 

Water quenched  49.8    46.1    2.3   1.7 

Air cooled  49.7    46.4    2.2   1.7 

 

 

Figure 55 The center of the furnace cooled bar, SEM picture 

Study of the furnace cooled material in SEM, Figure 55, reveals a similar lamellar structure, as 

observed from the optical micrographs. EDX analysis, Table 11Σ ǎƘƻǿǎ ǘƘŀǘ ǊŜǘŀƛƴŜŘ ʲ-phase, with 

ǎŜƎǊŜƎŀǘƛƻƴ ƻŦ /ǊΣ Ŏŀƴ ōŜ ǎŜŜƴ ŀǎ ǿƘƛǘŜ ǎŜƎǊŜƎŀǘƛƻƴ ƛƴ ǘƘŜ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎΦ ¢ƘŜ ƭƛƎƘǘ ƎǊŀȅ ǇƘŀǎŜ ƛǎ ʰ2 

ŀƴŘ ǘƘŜ ŘŀǊƪ ǇƘŀǎŜ ƛǎ ʴ ƛƴ ǘƘŜ ƭŀƳŜƭƭŀǊ ǎǘǊǳŎǘǳǊŜΦ 

Table 11 EDX analyze of furnace cooled material 

Elements [at.%]  Ti  Al Nb Cr 

White  52.7    34.7    2.8   9.8 

Intermediate gray  57.2    37.5    2.3   2.9 

Dark gray  47.9    48.1    2.6   1.4 

 

  








































