
Phase Transformation in Ti and Zr Alloys

Learning outcomes:
• Describe the effect of different alloying 

additions on the phase structure of Ti
(and Zr) alloys

1

Course goal: Describe phase transformation in Ti and Zr alloys during heating and cooling at different 
rates and explain how this can change the properties of the material.

α-stabilising increase β-transus
β-stabilising decrease β-transus
Isomorphous – completely soluble in solid solution
Eutectoid – intermetallic particles are created 
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Melting – Element Segragation Trends

O, Mo, Al, N

Fe
Cu
Cr

Zr, Si, Ni

• Subsequent heat treatment / forging will not reduce 
any macro segregation → re-melting.

• For ʻdifficultʼ alloys product chemistry and structure is 
more reliable than ingot analysis.

• For good melt practice oxygen ʻpick upʼ is small       
(< 150 ppm).

When used in aeroengines, melting defects can cause component failure 
– very rare today. 

Mostly 

α-stabilizers

Mostly 

β-stabilizers



Phase Transformation in Ti and Zr Alloys 3

Allotropic transformation of pure Ti (and Zr) 

T < 880ºC T > 880ºC

Live lecture – Which crystal structure has higher density?

hcp bcc

a-Ti: b-Ti:



Phase Transformation in Ti and Zr Alloys 4

Alloying elements in Ti

α-stabilising increase β-transus
β-stabilising decrease β-transus
Isomorphous – completely soluble in solid solution
Eutectoid – intermetallic particles are created 

α-stabiliser
• Stabilise the α-phase at room temperature.
• Eg. Aluminium, Oxygen etc.

β-stabiliser
• Stabilise the β-phase at room temperature.
• Eg. Vanadium, Niobium, Molybdenum, etc.

Zr,Sn Al,O,N,C V,Mo,Nb,Ta Fe,Mn,Cr,Co,Cu,Si,H

Chemical composition (from 0% to 100%)
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Ti-Al Phase Diagram

 2.5  Phase Diagrams 25 

 
 

Sn but in these alloys both elements are considered and counted as α stabilizing 
elements. This is because of the chemical similarity of Zr to titanium and because 
Sn can replace aluminum in the hexagonal ordered Ti3Al phase (α2). When pres-
ent with aluminum, Sn behaves as α stabilizer. This example shows that the inter-
actions between alloying elements make it difficult to understand titanium alloy-
ing behavior on the basis of binary Ti-X systems. Rosenberg [2.15] attempted to 
express the effect of α stabilizing elements in multicomponent titanium alloys as 
an equivalent aluminum content by establishing the following equation: [Al]eq. = 
[Al] + 0.17 [Zr] + 0.33 [Sn] + 10 [O]. 

A more detailed description of the influence of the various alloying elements on 
the stability of the α and β phases taking into account electronic and thermody-
namic considerations can be found in a summary article by Collings [2.6]. 

Although all binary equilibrium phase diagrams of titanium are included in the 
ASM Handbook on Alloy Phase Diagrams [2.16], a few of the most important 
ones will be shown as illustrations and discussed briefly in the following section. 

As already pointed out above, aluminum is the most important α stabilizer and 
is therefore present in many titanium alloys. The binary Ti-Al phase diagram 
(Fig. 2.11) shows that with increasing aluminum content the Ti3Al (α2) phase will 
be formed and that the two phase region (α+Ti3Al) starts at about 5% Al for a 
temperature of about 500°C. To avoid any appreciable amount of coherent Ti3Al 
precipitates in the α phase, the aluminum content in most titanium alloys is lim-
ited to about 6%. From Fig. 2.11 it can be seen that for this aluminum level of 
about 6% the α/β transformation temperature of 882°C for pure titanium is in-
creased to about 1000°C for the two phase region (α+β). In addition to conven-
tional titanium alloys, the Ti-Al phase diagram is also the basis for the so-called 
titanium-aluminides, which are recently developed alloys based on the two inter-
metallic compounds Ti3Al (Alpha-2 alloys and the orthorhombic variant, Ti2AlNb 
alloys) and TiAl (Gamma alloys), see Chap. 8. 

 
 

Fig. 2.11. Ti-Al phase diagram [2.16] α-stabiliser α-eutectoid

• Thermodynamics → 
calculation of system energy at 
equilibrium → phase diagram

• How fast changes happen?     
→ Kinetics

- Cooling rate
- Element diffusion 
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Diffusion in Ti / Zr

• Arrhenius diagram of 
titanium self-diffusion 
and various alloying 
elements

• Zirconium displays very 
similar behaviour 
(although Nb is a much 
slower diffusing species 
in Zr).

46 2 Fundamental Aspects 

 

sion elements (interstitial mechanism) although their diffusivity is about two or-
ders of magnitude slower than Fe, Co, and Ni. According to [2.35], this is still 
much too fast for a vacancy mechanism. 

It should be emphasized once more, that the diffusivity data of substitutional 
elements in α titanium apparently depend strongly on the Fe impurity level of the 
material. For commercial titanium alloys, this effect is particularly important for 
the diffusion of aluminum in the α phase. 

The interstitial element hydrogen exhibits very high diffusion rates in the β 
phase as well as in the α phase (Fig. 2.30), which has serious consequences for 
applications of titanium alloys in aqueous or humid gaseous environments, espe-
cially under high static loads (stress corrosion cracking) or fatigue loading (corro-
sion fatigue), because of hydrogen embrittlement. 

 
 

Fig. 2.30. Arrhenius diagram of titanium self-diffusion and various alloying elements in the β 
and α phases of titanium (dashed line: β to α transformation temperature) 

b

a

Slower 
diffusing 
species
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Identification of different microstructural features in a Ti
alloy at room temperature.

Course goal: Describe phase transformation in Ti and Zr alloys during heating and cooling at different 
rates and explain how this can change the properties of the material.

Learning outcomes:
• Describe the effect of different alloying 

additions on the phase structure of Ti (and 
Zr) alloys.

• Describe phase transformation and 
microstructural changes during heating 
and cooling of Ti and Zr alloys at 
different rates.

alpha colonies

Widmanstätten Grain boundary alpha

1 mm
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Phase Transformation during Cooling
• When casting Ti or Zr alloys the high temperature 

β-phase forms first (also important when welding 
and additive manufacturing)

• These alloys are single β-phase at very high 
temperatures
(≳ 900°C in Zr, ≳ 1000°C in Ti).

• α-Ti/Zr tends to form first on the β grain 
boundaries, before α-lamellae grow into the           
β-grains.

• α-lath structure forms by epitaxial growth (similar to 
growth of Pearlite in Steel).

• In α + β alloys, β-ligaments remain in-between     
α-laths when cooled to room temperature.

Note, schematic 
misses grain boundary 

alpha
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Phase Transformation during Cooling
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Phase Transformation during Cooling

alpha colonies

Widmanstätten
Grain boundary alpha

1 mm

β-phase ligaments

α-grains

Grain boundary α

α colonies
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Phase Transformation during Cooling

Microstructure at 800℃ Microstructure at 700℃

Grain boundary α

Retained β-phase

α colonies

Widmanstätten/ 
basketweave

Live lecture – Why can we see these microstructures at RT?
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Where do the Alloying Additions Go?
• As temperatures drops, β-phase requires more                

β-stabilising content to remain stable.
• β-stabilisers diffuse to β-phase
• α-stabilisers diffuse to α-phase

→ Thermodynamics determine equilibrium phase fraction.
→ Diffusion controls kinetics.



Phase Transformation in Ti and Zr Alloys 13

Effect of Cooling Rate

slow cooling / furnace cooling fast cooling / air cooling

500 microns

• Nucleation versus growth; 
- At slow cooling rates, α-Ti (or Zr) tends to form first on the β grain boundaries,   

before α-lamellae grow into the β-grains.
- At very fast cooling rates, fine α-Ti (or Zr) grains can also nucleate at sites 

throughout the β-grains.

very fast cooling / water quench
0.1 ℃/s 1 ℃/s > 10 ℃/s
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Effect of Alloying Addition
- Diffusion of alloying elements controls growth (kinetics).

- Finer α-laths appear in Zr alloys due to slower diffusing Nb elements (undercooling effect).

100μm

Zr + 2.5 wt.% Nb Zr + 7 wt.% Nb

Widmanstätten/ 
basketweave

Packets of finer α-laths

Fine colony α
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Allotropic Martensite Transformation (V. Fast Cooling)

30 2 Fundamental Aspects 

 

ble 2.4 [2.6]. For this orthorhombic martensite, the initial stage of decomposition 
upon annealing in the (α+β) phase field seems to be a spinodal decomposition in 
solute lean α'' and solute rich α'' regions forming a characteristically modulated 
microstructure [2.22], before finally the β phase is precipitated 
(α''lean + α''rich → α+β). The martensitic start temperature (MS) of pure titanium 
depends on the impurity level (oxygen, iron), but lies around 850°C, and increases 
with increasing amounts of α stabilizers, such as aluminum and oxygen, and de-
creases with increasing β stabilizer content. Table 2.5 shows the solute contents of 
some transition metals necessary to suppress the MS-temperature below room 
temperature [2.6]. Using these values of the binary systems, a quantitative rule 
describing the individual effects of β stabilizing elements in terms of an equivalent 
Mo content was generated for multicomponent alloys: [Mo]eq. = [Mo] + 0.2 [Ta] + 
0.28 [Nb] + 0.4 [W] + 0.67 [V] + 1.25 [Cr] + 1.25 [Ni] + 1.7 [Mn] + 1.7 [Co] + 
2.5 [Fe]. Caution should be exercised if attempting to use this equation quantita-
tively. However, it is a useful qualitative tool which, together with the equivalent 
Al content derived by Rosenberg [2.15] (see Sect. 2.5), permits the evaluation of 
the expected constitution of an alloy with a given chemistry. 
 
 

a b 
Fig. 2.15. “Acicular” martensite in Ti-6Al-4V quenched from the β phase field: (a) LM (b) TEM 

 
 
Although not being relevant to any practical application of titanium alloys, it 

should be mentioned that in many alloys in which the martensitic reaction is sup-
pressed, the β phase decomposes upon quenching athermally to the so-called 
athermal ω phase. The athermal ω phase forms as uniform dispersion of extremely 
fine particles (size 2-4 nm). These have been suggested to be a precursor to the 
martensitic reaction because the athermal transformation involves a shear dis-
placement in the <111> direction of the bcc lattice, see Fig. 2.16 [2.6] showing the 
( 222 ) planes of the bcc lattice. From a crystallographic viewpoint, the athermal ω 
phase has a trigonal symmetry in heavily β stabilized alloys and a hexagonal 
symmetry (not hexagonal close-packed) in leaner alloys. The transition from hex-
agonal to trigonal is continuous as a function of alloy content. From a standpoint 
of dislocation movement in the bcc β structure, the ω particles have a diffuse, 
coherent interface and the structure is an elastically distorted bcc lattice, i.e. mov-
ing dislocations in the β phase can cut all four variants of ω particles. Upon an-
nealing in the metastable (ω+β) phase field, the athermal ω phase grows to form 

• When Ti/Zr is quenched from the beta phase region a martensitic (diffusionless transformation) can occur.

• In contrast to steel, the martensitic transformation in Ti/Zr does not produce a heavily distorted crystal cell.

• Strengthening mechanism in this case mainly results from the grain refinement 
– very fine lamellar (plate) microstructure

In application, Titanium martensitic microstructures are mainly seen in welds. 

Acicular martensite in Ti-64
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Schematic of the Burgers Orientation Relationship (BOR), 
showing phase transformation in Zr and Ti Alloys.

Course goal: Describe phase transformation in Ti and Zr alloys during heating and cooling at different 
rates and explain how this can change the properties of the material.

Learning outcomes:
• Describe the effect of different alloying 

additions on the phase structure of Ti (and 
Zr) alloys.

• Describe phase transformation and 
microstructural changes during heating 
and cooling of Ti and Zr alloys at different 
rates.

• Recall the Burgers Orientation 
Relationship (BOR), describing 
crystallographic relationship between α 
and β phases, and predict ‘variant’ 
orientations.
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Burgers Orientation Relationship (BOR)

{110}β || (0002)α and <111>β || [11!20]α

• Phase transformation governed 
by Gibbs Free Energy

• Small shifts in atomic positions

• New crystallographic phase

• Crystallographic relationship 
between α and β phase;
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Burgers Orientation Relationship (BOR)
{110}β || (0002)α and <111>β || [11!20]α

Small angular difference between
<111>β || [1120]α alignment
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Burgers Orientation Relationship (BOR)
β-phase has;

- six different 110 planes

- each 110 plane contains two 111 directions

→ 12 different α variants from a single β grain.

• Note, BOR is maintained during Heating
and Cooling

Live lecture – How many possible variants during heating?
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5 mmRD

ND

Reconstruction of high temperature β-phase microstructure 
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Habit (Growth) Plane
• α-laths are 3D structures. (But, we often only see them as 2D slices.)

• Habit plane defines broad face (containing length and breadth directions).

• Growth direction close to ~ 1"11 #|| 11"20 '

Growth (edge) direction

Side face direction

Habit pole
(broad direction)

Habit plane
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Course goal: Describe phase transformation in Ti and Zr alloys during heating and cooling at different 
rates and explain how this can change the properties of the material.

Learning outcomes:
• Describe the effect of different alloying 

additions on the phase structure of Ti (and 
Zr) alloys.

• Describe phase transformation and 
microstructural changes during heating and 
cooling of Ti and Zr alloys at different rates.

• Recall the Burgers Orientation Relationship 
(BOR), describing crystallographic 
relationship between α and β phases, and 
predict ‘variant’ orientations.

• Classify different Ti alloys and 
summarise their different properties and 
applications. General trends in the different classes of Ti alloys.

CP-Ti α alloys Near-α alloys α+β alloys   Near-β alloys

Density & Strength

RT Elongation & Corrosion Resistance

1 µmα Near-α, α+β Near-β

(But, α + β and near-β have good 
formability at high temperatures)

(But, near-α stronger at high temperature)
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Classification of Ti Alloys

• Commercially Pure Titanium (CP-Ti)

• Single-phase a-Titanium alloys

• Near-a Titanium alloys

• Two-phase a + b Titanium alloys

• Near-b (Metastable) Titanium alloys
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Titanium Classes – Microstructures

α – commercially pure (CP) titanium
– α alloys

α + β – near-α alloys
– α + β alloys
– near-β alloys

1 µm

Note the difference in 
scales!
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Commercially Pure Titanium (CP-Ti)

• Applications: Chemical and Petrochemical industries 
as piping, heat exchangers, pumps and valves.

• Properties: Superior corrosion resistance,                
high formability, good weldability. Low strength.

• CP-Ti (Grade 1 and 2) can be cold-rolled.

Pipework for offshore use made from CP-Ti

176 4 Commercially Pure (CP) Titanium and Alpha Alloys 

 

properties such as corrosion resistance and fabricability. When one of the other α 
titanium alloys is selected, this usually is because CP titanium has insufficient 
strength for the intended application. The effects of composition on mechanical 
properties, especially strength, usually are a secondary consideration relative to 
the corrosion resistance. There are growing numbers of applications such as pres-
sure vessels where mechanical properties are an equally important criterion for 
materials selection. For these applications it is critical for the design engineer to 
consider the variation in mechanical behavior of the different alloy grades when 
making the material selection. While the desired level of corrosion resistance 
always is necessary, it may not be sufficient for other applications, e.g. pump 
impellers, where vibrations and high mean stresses place strength related con-
straints on alloy selection. This subordinate importance of mechanical properties 
for many applications is a major distinction between this class of titanium alloys 
and the others described in Chaps. 5, 6, and 7. 

The organization of this chapter is similar to that of Chaps. 5, 6, and 7, i.e., the 
relation between processing and microstructure is first described (Sect. 4.1), fol-
lowed by a discussion of microstructure and properties in Sect. 4.2. The chapter 
concludes with illustrations of some applications for CP titanium and α alloys in 
Sect. 4.3. 

 
 

Table 4.1. Chemical composition and minimum yield stress for CP titanium and α titanium 
alloys 

Grade or Alloy O (max.) Fe (max.) Other Additions σ0.2 
(MPa) 

CP Titanium     
CP Titanium Grade 1 0.18 0.20    170 
CP Titanium Grade 2 0.25 0.30    275 
CP Titanium Grade 3 0.35 0.30    380 
CP Titanium Grade 4 0.40 0.50    480 
Ti-0.2Pd (Grade 7) 0.25 0.30 0.12-0.25Pd   275 
Ti-0.2Pd (Grade 11) 0.18 0.20 0.12-0.25Pd   170 
Ti-0.05Pd (Grade 16) 0.25 0.30 0.04-0.08Pd   275 
Ti-0.05Pd (Grade 17) 0.18 0.20 0.04-0.08Pd   170 
Ti-0.1Ru (Grade 26) 0.25 0.30 0.08-0.14Ru   275 
Ti-0.1Ru (Grade 27) 0.18 0.20 0.08-0.14Ru   170 

α Titanium Alloys     
Ti-0.3Mo-0.9Ni (Grade 12) 0.25 0.30 0.2-0.4Mo, 0.6-0.9Ni   345 
Ti-3Al-2.5V (Grade 9) 0.15 0.25 2.5-3.5Al, 2.0-3.0V   485 
Ti-3Al-2.5V-0.05Pd (Grade 18) 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Pd)   485 
Ti-3Al-2.5V-0.1Ru (Grade 28) 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Ru)   485 
Ti-5Al-2.5Sn (Grade 6) 0.20 0.50 4.0-6.0Al, 2.0-3.0Sn   795 
Ti-5Al-2.5Sn ELI 0.15 0.25 4.75-5.75Al, 2.0-3.0Sn   725 

*For all grades shown, typical values of C and N are 0.08-0.10 and 0.03-0.05, respectively 
 

176 4 Commercially Pure (CP) Titanium and Alpha Alloys 

 

properties such as corrosion resistance and fabricability. When one of the other α 
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elongation (%)
and ductility
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Single-phase a-Titanium alloys
• Applications: Cryogenic applications (with low level of interstitials). 

Otherwise, not very common as difficult to process.

• Properties: Good strength, toughness, creep properties and weldability. 
Good corrosion behaviour. Poor formability at low temperatures.

• Strengthened via alloying additions, and thermomechanical processing.
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properties such as corrosion resistance and fabricability. When one of the other α 
titanium alloys is selected, this usually is because CP titanium has insufficient 
strength for the intended application. The effects of composition on mechanical 
properties, especially strength, usually are a secondary consideration relative to 
the corrosion resistance. There are growing numbers of applications such as pres-
sure vessels where mechanical properties are an equally important criterion for 
materials selection. For these applications it is critical for the design engineer to 
consider the variation in mechanical behavior of the different alloy grades when 
making the material selection. While the desired level of corrosion resistance 
always is necessary, it may not be sufficient for other applications, e.g. pump 
impellers, where vibrations and high mean stresses place strength related con-
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relation between processing and microstructure is first described (Sect. 4.1), fol-
lowed by a discussion of microstructure and properties in Sect. 4.2. The chapter 
concludes with illustrations of some applications for CP titanium and α alloys in 
Sect. 4.3. 

 
 

Table 4.1. Chemical composition and minimum yield stress for CP titanium and α titanium 
alloys 

Grade or Alloy O (max.) Fe (max.) Other Additions σ0.2 
(MPa) 

CP Titanium     
CP Titanium Grade 1 0.18 0.20    170 
CP Titanium Grade 2 0.25 0.30    275 
CP Titanium Grade 3 0.35 0.30    380 
CP Titanium Grade 4 0.40 0.50    480 
Ti-0.2Pd (Grade 7) 0.25 0.30 0.12-0.25Pd   275 
Ti-0.2Pd (Grade 11) 0.18 0.20 0.12-0.25Pd   170 
Ti-0.05Pd (Grade 16) 0.25 0.30 0.04-0.08Pd   275 
Ti-0.05Pd (Grade 17) 0.18 0.20 0.04-0.08Pd   170 
Ti-0.1Ru (Grade 26) 0.25 0.30 0.08-0.14Ru   275 
Ti-0.1Ru (Grade 27) 0.18 0.20 0.08-0.14Ru   170 

α Titanium Alloys     
Ti-0.3Mo-0.9Ni (Grade 12) 0.25 0.30 0.2-0.4Mo, 0.6-0.9Ni   345 
Ti-3Al-2.5V (Grade 9) 0.15 0.25 2.5-3.5Al, 2.0-3.0V   485 
Ti-3Al-2.5V-0.05Pd (Grade 18) 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Pd)   485 
Ti-3Al-2.5V-0.1Ru (Grade 28) 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Ru)   485 
Ti-5Al-2.5Sn (Grade 6) 0.20 0.50 4.0-6.0Al, 2.0-3.0Sn   795 
Ti-5Al-2.5Sn ELI 0.15 0.25 4.75-5.75Al, 2.0-3.0Sn   725 

*For all grades shown, typical values of C and N are 0.08-0.10 and 0.03-0.05, respectively 
 

176 4 Commercially Pure (CP) Titanium and Alpha Alloys 

 

properties such as corrosion resistance and fabricability. When one of the other α 
titanium alloys is selected, this usually is because CP titanium has insufficient 
strength for the intended application. The effects of composition on mechanical 
properties, especially strength, usually are a secondary consideration relative to 
the corrosion resistance. There are growing numbers of applications such as pres-
sure vessels where mechanical properties are an equally important criterion for 
materials selection. For these applications it is critical for the design engineer to 
consider the variation in mechanical behavior of the different alloy grades when 
making the material selection. While the desired level of corrosion resistance 
always is necessary, it may not be sufficient for other applications, e.g. pump 
impellers, where vibrations and high mean stresses place strength related con-
straints on alloy selection. This subordinate importance of mechanical properties 
for many applications is a major distinction between this class of titanium alloys 
and the others described in Chaps. 5, 6, and 7. 

The organization of this chapter is similar to that of Chaps. 5, 6, and 7, i.e., the 
relation between processing and microstructure is first described (Sect. 4.1), fol-
lowed by a discussion of microstructure and properties in Sect. 4.2. The chapter 
concludes with illustrations of some applications for CP titanium and α alloys in 
Sect. 4.3. 

 
 

Table 4.1. Chemical composition and minimum yield stress for CP titanium and α titanium 
alloys 

Grade or Alloy O (max.) Fe (max.) Other Additions σ0.2 
(MPa) 

CP Titanium     
CP Titanium Grade 1 0.18 0.20    170 
CP Titanium Grade 2 0.25 0.30    275 
CP Titanium Grade 3 0.35 0.30    380 
CP Titanium Grade 4 0.40 0.50    480 
Ti-0.2Pd (Grade 7) 0.25 0.30 0.12-0.25Pd   275 
Ti-0.2Pd (Grade 11) 0.18 0.20 0.12-0.25Pd   170 
Ti-0.05Pd (Grade 16) 0.25 0.30 0.04-0.08Pd   275 
Ti-0.05Pd (Grade 17) 0.18 0.20 0.04-0.08Pd   170 
Ti-0.1Ru (Grade 26) 0.25 0.30 0.08-0.14Ru   275 
Ti-0.1Ru (Grade 27) 0.18 0.20 0.08-0.14Ru   170 

α Titanium Alloys     
Ti-0.3Mo-0.9Ni (Grade 12) 0.25 0.30 0.2-0.4Mo, 0.6-0.9Ni   345 
Ti-3Al-2.5V (Grade 9) 0.15 0.25 2.5-3.5Al, 2.0-3.0V   485 
Ti-3Al-2.5V-0.05Pd (Grade 18) 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Pd)   485 
Ti-3Al-2.5V-0.1Ru (Grade 28) 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Ru)   485 
Ti-5Al-2.5Sn (Grade 6) 0.20 0.50 4.0-6.0Al, 2.0-3.0Sn   795 
Ti-5Al-2.5Sn ELI 0.15 0.25 4.75-5.75Al, 2.0-3.0Sn   725 

*For all grades shown, typical values of C and N are 0.08-0.10 and 0.03-0.05, respectively 
 

Reduced 
elongation (%)
and ductility

Solid Solution
Strengthening
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Ti Alloys in the Aerospace Industry

Ti-64
α + β

T = 230°CLanding gear

Door mechanism

Wing and structural components

Engine attachment
near-β near-α
Ti-6246 Ti-834 Ni-based

Superalloys
TiAl

T = 430°C T=730°C T=1230- 730°C T = 730°C
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Two-phase a + b Titanium alloys
• Applications: Aerospace industry (blades, compressor discs, fasteners). Offshore 

industry (heat exchanger). Elevated temperature applications (up to 400℃)

• Properties: Higher strength (stronger than CP-Ti and α-Ti). Ok corrosion 
resistance. Poorer creep behaviour. Properties highly dependent on microstructure!

• Thermomechanical processed at high temperatures, with sufficient amount of β-
phase.

• Ti-6Al-4V (Ti-64) is the work horse of all Ti alloys.

204 5 Alpha + Beta Alloys 

 

The most important parameter in the processing route is the cooling rate from 
the β phase field in step III, because the cooling rate determines the characteristic 
features of the lamellar microstructure, such as the size of the α lamellae 
(α plates), the α colony size, and the thickness of α layers at β grain boundaries, 
as can be seen from Table 5.1 in which the important processing parameters are 
listed together with their major influence on microstructure. An example of the 
variation in the lamellar microstructure as a function of cooling rate from the β 
phase field is shown in Fig. 5.2 (LM) and Fig. 5.3 (TEM) for the Ti-6242 alloy. 
The micrographs in this example illustrate that the microstructural features listed 
in Table 5.1 in the row for the processing step “Cooling Rate”, namely width of α 
lamellae, α colony size, and width of α layers at β grain boundaries, all decrease 
with increasing cooling rate. The cooling rate in this example varies from slow 
cooling with 1°C/min, typical for furnace cooling, to fast cooling with 
8000°C/min which can only be obtained by water quenching of relatively thin 
sections (≤ 10 mm thickness). For these two extreme cooling rates, examples for 
the Ti-6Al-4V alloy have been shown already in Sect. 2.6 covering the subject 
“Phase Transformations” (Figs. 2.15 and 2.17). The microstructure resulting from 
the medium cooling rate of 100°C/min (Figs. 5.2b and 5.3b) is typical for the 
majority of commercial cooling rates, for example fast cooling (water quenching 
or forced air cooling) of thicker section sizes (forgings, plates, etc.) or air cooling 
of thin sheets. The change from a colony or Widmanstätten type of microstructure 
to a martensitic structure, i.e. the critical cooling rate avoiding the nose in a CCT 
diagram, is naturally alloy dependent, but for the most common α+β alloys, such 
as Ti-6Al-4V or Ti-6242, this change occurs at cooling rates faster than 
1000°C/min. Thus, martensitic microstructures are rarely present in structural 
components of α+β alloys. 

It also is possible to obtain a large range of cooling rates for castings, just as in 
case of forgings. The recent development of permanent mold casting (Sect. 3.5.1) 
allows much higher cooling rates to be attained than in investment castings of 
comparable size. Accordingly, additional control over microstructural scale can be 
achieved. 

 
 

Fig. 5.1. Processing route for lamellar microstructures of α+β titanium alloys (schematically) 
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Near-a Titanium alloys
• Applications: Medium compressor parts in jet engine 

(aerospace industry)

• Properties: High strength (comparable to Ti-64) and 
improved creep behaviour. Capable of operating at 
higher temperatures (up to 700℃). Difficult to process, 
machine and weld (than Ti-64).

• Less β-stabiliser (than Ti-64) → increased strength and 
volume of more creep-resistant α-phase at high temp.    
→ improved high temperature capability.

• Si Additions: contribute to solid solution strengthening 
and formation of silicides (to improve creep properties) 

250nmsilicides

272 6 High Temperature Alloys 

 

Fig. 6.14. High pressure compressor blisk used in the EJ 200 aero-engine, IMI 834, bi-modal 
microstructure (courtesy D. Helm, MTU) 

 
 

6.4 
Recent Developments since the First Edition 
6.4.1 
Dwell Fatigue 
The phenomenon of dwell fatigue described here is most pronounced at ambient 
temperature and essentially vanishes at about 200°C. It mainly occurs in the high 
temperature alloys which are the subject of this chapter. Therefore, this effect is 
discussed here even though it is not a high temperature effect. 

High temperature Į+ȕ titanium alloys such as Ti-6242, IMI 685, and IMI 834 
can exhibit a significant reduction in fatigue life during tests when the load is held 
at maximum value instead of being continuously cycled. This reduction also is 
characterized by subsurface crack initiation and the failure mode in the origin area 
is a faceted fracture [6.10] with the facet planes lying near (0002)Į and having an 
orientation that is nearly normal to the loading axis (significantly removed from a 
maximum shear stress orientation). The phenomenology of dwell fatigue is well 
documented but the detailed failure mechanism is still undergoing investigation. 
Consequently, the focus of this discussion will be on the phenomenology of dwell 
fatigue. The principal features of dwell fatigue include the following: 

• Alloy effects. 
• Microstructure effects. 
• Loading effects. 
• The effect of room temperature creep. 
• Fracture behavior. 

Each of these features will be discussed separately. 
It is common to express the sensitivity to dwell fatigue using the ratio of the life 

during continuous cycling to the life during a dwell test. This ratio is termed the 
dwell fatigue debit. The magnitude of the debit can range from a low value of 
nearly one for unsusceptible alloys and alloy conditions to > 10 for highly suscep-

High pressure compressor disk made of 
Timetal-834
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Important Near-α and α + β and Ti alloys

34 2 Fundamental Aspects 

 

4: 480 MPa). It can be used at service temperatures up to 480°C and in its ELI 
(extra low interstitials) version with 0.12% oxygen also at low temperatures 
(–250°C). It is an old alloy, first manufactured in 1950, but still on the market, 
although it is being replaced by Ti-6Al-4V in many applications. 

 
 

Table 2.6. Important commercial titanium alloys 

Common Name Alloy Composition (wt%) Tβ (°C) 

α Alloys and CP Titanium   

Grade 1 CP-Ti (0.2Fe, 0.18O)   890 
Grade 2 CP-Ti (0.3Fe, 0.25O)   915 
Grade 3 CP-Ti (0.3Fe, 0.35O)   920 
Grade 4 CP-Ti (0.5Fe, 0.40O)   950 
Grade 7 Ti-0.2Pd   915 
Grade 12 Ti-0.3Mo-0.8Ni   880 
Ti-5-2.5 Ti-5Al-2.5Sn 1040 
Ti-3-2.5 Ti-3Al-2.5V   935 

α+β Alloys   

Ti-811 Ti-8Al-1V-1Mo 1040 
IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si 1020 
IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C 1045 
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si   995 
Ti-6-4 Ti-6Al-4V (0.20O)   995 
Ti-6-4 ELI Ti-6Al-4V (0.13O)   975 
Ti-662 Ti-6Al-6V-2Sn   945 
IMI 550 Ti-4Al-2Sn-4Mo-0.5Si   975 

β Alloys   

Ti-6246 Ti-6Al-2Sn-4Zr-6Mo   940 
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr   890 
SP-700 Ti-4.5Al-3V-2Mo-2Fe   900 
Beta-CEZ Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe   890 
Ti-10-2-3 Ti-10V-2Fe-3Al   800 
Beta 21S Ti-15Mo-2.7Nb-3Al-0.2Si   810 
Ti-LCB Ti-4.5Fe-6.8Mo-1.5Al   810 
Ti-15-3 Ti-15V-3Cr-3Al-3Sn   760 
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr   730 
B120VCA Ti-13V-11Cr-3Al   700 

 
 
Classifying titanium alloys by their constitution (α, α+β, and β) is convenient 

but can be misleading. For example, essentially all α alloys contain a small 
amount of β phase as mentioned above and as will be discussed in more detail in 
Chap. 4, Sect. 4.1.1. Perhaps a better criterion for α alloys is the lack of heat 
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Classifying titanium alloys by their constitution (α, α+β, and β) is convenient 

but can be misleading. For example, essentially all α alloys contain a small 
amount of β phase as mentioned above and as will be discussed in more detail in 
Chap. 4, Sect. 4.1.1. Perhaps a better criterion for α alloys is the lack of heat 
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Near-β Ti alloys
• Applications: Larger compressor parts, landing 

gear, sheets, fasteners, helicopter rotor.

• Properties: Good weldability and formability. 
Hardened to very high strength. Improved 
corrosion resistance (better than Ti-64, worse than 
α-Ti). High hydrogen tolerance.

• Can retain 100% β-phase when quenched.

• Excellent formability in solution treated condition.

A380 landing gear

 7.4  Recent Developments since the First Edition 323 

 
 

strength and which is even higher than for β processed material tested in L direc-
tion, see Sect. 7.2.1.2. On the example of the disk forging for the rotor head arms, 
the influence of various microstructural parameters on mechanical properties was 
measured and discussed in detail and the results can be found in [7.23]. Most of 
these results were the basis for an overview paper [7.24] on microstruc-
ture/property relationship in β titanium alloys containing also a summary table 
similar to Table 7.7. 

Another area, for which heavily stabilized β titanium alloys are used, is the so-
called downhole service area (oil and gas drilling and production, geothermal 
wells, etc.). The primary advantages of these β alloys over the Ti-6Al-4V alloy for 
this kind of application are the higher yield stress and the lower modulus of elas-
ticity combined with equal or better corrosion resistance in aggressive environ-
ments. Particularly Beta C is used for these applications [7.25] with the usual β 
annealed and aged microstructure. It should be mentioned again, that for this β 
annealed microstructure the mechanical properties have to be adjusted either by 
the size of the equiaxed grains (Sect. 7.2.3) or by the aging treatment (Sect. 7.2.2). 

Other application areas of β titanium alloys are in the biomedical field, in 
automobiles, and in the area of sporting goods. These applications will be covered 
in the relevant sections of Chap. 10. 

 
 

Fig. 7.42. Helicopter rotor using forgings of Ti-10-2-3 (courtesy G. Terlinde, Otto Fuchs Me-
tallwerke) 
 
 

7.4 
Recent Developments since the First Edition 
7.4.1 
Effect of Yield Stress Level on Properties of Ti-6246 
A key to understanding the properties of high strength ȕ titanium alloys is the 
effect of strength difference between the age-hardened matrix and the soft zone 
along the continuous Į layer at ȕ grain boundaries. Studies on Ti-6246 with vary-
ing yield stress (matrix strength) from about 1000 MPa to approximately 1700 

Helicopter rotor
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Important Near-β Ti alloys

34 2 Fundamental Aspects 

 

4: 480 MPa). It can be used at service temperatures up to 480°C and in its ELI 
(extra low interstitials) version with 0.12% oxygen also at low temperatures 
(–250°C). It is an old alloy, first manufactured in 1950, but still on the market, 
although it is being replaced by Ti-6Al-4V in many applications. 

 
 

Table 2.6. Important commercial titanium alloys 

Common Name Alloy Composition (wt%) Tβ (°C) 

α Alloys and CP Titanium   

Grade 1 CP-Ti (0.2Fe, 0.18O)   890 
Grade 2 CP-Ti (0.3Fe, 0.25O)   915 
Grade 3 CP-Ti (0.3Fe, 0.35O)   920 
Grade 4 CP-Ti (0.5Fe, 0.40O)   950 
Grade 7 Ti-0.2Pd   915 
Grade 12 Ti-0.3Mo-0.8Ni   880 
Ti-5-2.5 Ti-5Al-2.5Sn 1040 
Ti-3-2.5 Ti-3Al-2.5V   935 
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IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C 1045 
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si   995 
Ti-6-4 Ti-6Al-4V (0.20O)   995 
Ti-6-4 ELI Ti-6Al-4V (0.13O)   975 
Ti-662 Ti-6Al-6V-2Sn   945 
IMI 550 Ti-4Al-2Sn-4Mo-0.5Si   975 

β Alloys   

Ti-6246 Ti-6Al-2Sn-4Zr-6Mo   940 
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr   890 
SP-700 Ti-4.5Al-3V-2Mo-2Fe   900 
Beta-CEZ Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe   890 
Ti-10-2-3 Ti-10V-2Fe-3Al   800 
Beta 21S Ti-15Mo-2.7Nb-3Al-0.2Si   810 
Ti-LCB Ti-4.5Fe-6.8Mo-1.5Al   810 
Ti-15-3 Ti-15V-3Cr-3Al-3Sn   760 
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr   730 
B120VCA Ti-13V-11Cr-3Al   700 

 
 
Classifying titanium alloys by their constitution (α, α+β, and β) is convenient 

but can be misleading. For example, essentially all α alloys contain a small 
amount of β phase as mentioned above and as will be discussed in more detail in 
Chap. 4, Sect. 4.1.1. Perhaps a better criterion for α alloys is the lack of heat 
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Classifying titanium alloys by their constitution (α, α+β, and β) is convenient 
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Lower 
β-transus
with more 
β-stabilising 
addition.
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Titanium Alloy Class General Trends

CP-Ti α alloys Near-α alloys α+β alloys   Near-β alloys

Density & Strength

RT Elongation & Corrosion Resistance

1 µmα Near-α, α+β Near-β

(But, α + β and near-β have good 
formability at high temperatures)

(But, near-α stronger at high temperature)


