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Titanium constitutes 0.6% of the earth's crust and is therefore the fourth most abundant metallic
element for structural use in nature after aluminum, iron and magnesium. Clearly it’s not present in
the metallic state but in the form of minerals, the most important of which are ilmenite (FeTiO3),
rutile (TiO2) and perovskite (CaTiO3).
The metallic element “Titanium” was identified in Cornwall in 1791 by Gregor, a religious and
mineralogist amateur. In 1795, in Germany, the chemist Klaproth succeeded in proving definitively
the existence of an oxide (which today it’s known as rutile) of the same metal identified by Gregor,
to which he gave the name titanium, referring to the giants of Greek mythology, sons of Gaea, the
Earth, and Uranus, the Sky.
Since then many tried to isolate the metal, but this operation proved extremely difficult because of
the strong affinity of titanium with oxygen.
Only in 1937 in Luxembourg it was possible to produce titanium sponge on an industrial scale
thanks to the Kroll’s process, which consists in reducing titanium tetrachloride (TiCl4) with
magnesium in an inert atmosphere.
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PRODUCTION OF TITANIUM (1)
Mineral extracion (mainly rutile)

Chlorination

Reduction with Mg
(Kroll’s process)

Reduction with Na
(Hunter process)

Vacuum distillation

Fusion (VAR)

Titanium oxide (TiO2)

Titanium sponge

Titanium Ingots

Titanium tetrachloride(TiCl4)



PRODUCTION OF TITANIUM (2)

Vacuum Arc Remelting

❑ 2 VAR fusions for standard ingots

❑ 3 VAR fusions for ingots in aeronautic industries



PRODUCTION OF TITANIUM (3)
Cost Analysis

TiCl4 (52%)

Labor (10%)

Maintenance (15%)

Utilities (4%)

Mg (19%)

The high price of titanium alloys mainly
derives from Kroll’s process or, in other
words, from the production of titanium
sponge because of the strong affinity of 
titanium with oxygen.

Kroll’s process



PRODUCTION OF TITANIUM (4)
Alternative Processes

Molten calcium chloride
electrolyte

Metal oxide cathode
converts to metal

Oxygen
ions

Inert anode

Oxygen gassed off 
at anode (CaTixRu(1-x)O3)

-
+

Ingots pruduced with alternative processes need one ore more VAR 
fusion to fully satisfy areonautic requirements



CHARACTERISTICS OF TITANIUM (1)
Comparison with Other Structural Metals

PROPERTY Al Mg Ti Cu Fe Ni

Atomic number 13 12 22 29 26 28

Crystal lattice fcc hcp hcp fcc bcc Fcc

Density (Kg/dm3) 2,70 1,74 4,51 8,96 7,87 8,91

Melting temperature (°C) 660 650 1670 1083 1535 1455

Thermal conductivity (W/mK) 238 156 26 387 78 90,7

Thermal expansion coefficient (10-6 K-1) 23,5 26,0 6,9 17,0 12,1 13,0

Elastic Modulus (GPa) 70 45 120 130 211 200

Specific elastic modulus (E/ρ) 26 26 26 14 27 22

Tensile strength (MPa) 60 190 250 220 250 345



CHARACTERISTICS OF TITANIUM (2)

❑ Elastic Modulus:
100-120 GPa

❑ Low density:
4,51 Kg/dm3

(60% of steel)      

High specific properties
(Rm/ρ and E/ρ)



CHARACTERISTICS OF TITANIUM (3)

❑Low thermal conductivity

❑Low thermal expansion coefficient

❑Good thoghness: KIC = 30 – 110                           
MPa m1/2 even at low temperature

❑High specific strength from criogenic
temperatures up to about 600°C

❑High resistance to fatigue

❑Titanium is an amagnetic material
0 200 400 600 800 1000

0

100

200

300

Temperature (°C)
Sp

e
ci

fi
c

St
re

n
gt

h
[0

.2
%

 y
ie

ld
 s

tr
e

n
gt

h
/d

e
n

si
ty

] 
(M

P
a·

d
m

3
/K

g)

Titanium 
alloys

Steel / Nickel 
alloys

Aluminum
alloys

Magnesium alloys



CORROSION RESISTANCE

❑ Titanium has an excellent resistance to corrosion, which derives from its strong affinity with
oxygen, with which tends to form a thin surface oxide layer (mailny TiO2), which prevent the
base metal from corrosion (passivation). This oxide can be formed in many aggressive
enviroments and is generally able to self-repair if mechanically dameged.

❑ Severe crevice corrosion is possible in strong reducing acidic media but it can be avoided with
the addition of 01-0,2% of Pd or Ru.

❑ Titanium alloys are more sensitive to corrosion than commercially pure titanium.

❑ Attention must be paid when coupling titanium with less noble materials (e.g. coupling
titanium tubes with copper tubesheet in sea water heat exchangers), becuase it results in
galvanic corrosion of the less noble metal and in hydrogen embrittlement of titanium
(hydrogeng is developed on titanium surface since its potential is lowered).



BIOCOMPATIBILITY
Titanium has found great application in biomedical industry, where it plays a fundamental role
thanks to its resistance to “in vitro” corrosion, its biocompatibility and non-toxic properties.
In the specific case of endoprostheses, the porous oxide film that covers the surface of the metal
(mainly TiO2) constitutes a base and a substrate for the regrowth of bone tissues, giving rise to a
phenomenon called osseointegration of the implant.

The susceptibility to fretting corrosion is the main limitation of titanium alloys, also because the
corroded areas can trigger fatigue failures or brittle breakdown.

Ti-6Al-4V hip prosthesis

Ionic release in 1 year under passivity 
condition

400 µg

Ionic release in 1 year under fretting 
corrosion condition
(1 cm2 x 0,1 mm)

50 mg



Pure titanium shows an allotropic transformation from α phase, with a compact hexagonal lattice
(HCP), to β phase, with a body centered cubic lattice (BCC), when temperature is raised above
882 °C.
This temperature is commonly referred to as "β transus". The transition from α phase to β phase
is possible thanks to atomic diffusion, so it’s classified as a diffusive allotropic transformation.
For titanium alloys this temperature is strongly influenced by the content of alloying elements.

α phase
a = 0,295 nm
c = 0,468 nm
c/a = 1,587 (< 1,633)   

β phase
a = 0,332 nm (900°C)

CRISTALLOGRAPHY OF TITANIUM (1)



β titanium
(BCC)

α titanium
(HCP)

Te
m

p
e

ra
tu

re

882°C (β tansus)

aα

cα

aβ

CRISTALLOGRAPHY OF TITANIUM (2)

1667°C
Liquid



Burgers Relationship

  ( )

 



0211||111

0001||011



Variant  Plane parallel  Direction parallel  

V1   11 0 𝛽 || 0001 𝛼   111 𝛽 || 112 0 𝛼  

V2  101  𝛽 || 0001 𝛼   111 𝛽 || 112 0 𝛼  

V3   011  𝛽 || 0001 𝛼   111 𝛽 || 112 0 𝛼  

V4   110 𝛽 || 0001 𝛼   1 11 𝛽 || 112 0 𝛼  

V5   101 𝛽 || 0001 𝛼   1 11 𝛽 || 112 0 𝛼  

V6   011  𝛽 || 0001 𝛼   1 11 𝛽 || 112 0 𝛼  

V7   110 𝛽 || 0001 𝛼   11 1 𝛽 || 112 0 𝛼  

V8  101  𝛽 || 0001 𝛼   11 1 𝛽 || 112 0 𝛼  

V9  011 𝛽 || 0001 𝛼   11 1 𝛽 || 112 0 𝛼  

V10  11 0 𝛽 || 0001 𝛼   111  𝛽 || 112 0 𝛼  

V11  101 𝛽 || 0001 𝛼   111  𝛽 || 112 0 𝛼  

V12  011 𝛽 || 0001 𝛼   111  𝛽 || 112 0 𝛼  

 

{110}β || {0001}α

c

cα = 4.68 Å

aα = 2.95 Å

bcc β

hcp α

CRISTALLOGRAPHY OF TITANIUM (3)

(Previously discovered by Burgers himself
for Zirconium)



The intrinsic anisotropy, typical of hexagonal structures, has important consequences on the
elastic and plastic behaviour of titanium and its alloys. The figure below illustrates, for an α
phase crystal of pure titanium at room temperature, the variation of Young modulus as a
function of the angle γ between c axes of the unit cell and the load application direction.
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ALPHA PHASE (1)



ALPHA PHASE (2)

1 2 3 4

Few slip systems

TWINS



BETA PHASE

β phase, whose lattice is body centered cubic (BCC), has a greater number of slips systems
available glide of dislocations (atomic planes {110}, {211} and {321}, all with slip direction <111>)
and is therefore intrinsically more ductile than the α phase.

{110} plane {211} plane {321} plane

<111> direction



β titanium
(BCC)

α' martensite 
(HCP)

α titanium
(HCP)

Slow cooling
rate

Fast cooling
rate

Temperature

882°C (β tansus)

802 ± 10°C (Ms)

cα'

aα

cα

aα'

aαDiffusive
Mechanism

MARTENSITIC TRANSFORMATION (1)

Displace
Mechanism



θ=70.5°
η2

η1

θ=57°

aβ

(a) (b)

(c)(d)

θ=70.5°

BCC(β)

HCP(α’)

<110>

<001>

{110} plane {110}bcc||{0001}hcp

Collinear 
Shuffle

HCP nucleus

Compression and 
Dilatation in

<001> and <110>

 [𝟎𝟎𝟎𝟏]𝜶′  

  𝟐𝟏 𝟏 𝟎 𝜶′  

  𝟏𝟏𝟐 𝟎 𝜶′  

  𝟎𝟑𝟑 𝟎 𝜶′  

Displacive movements (in old books ״military״) of atoms to explain
the mechanism of alpha prime (α’) martensite formation

MARTENSITIC TRANSFORMATION (2)



MARTENSITIC TRANSFORMATION (3)
Martensite in Steel Vs Martensite in Titanium Alloys

1) In both cases the trasformation starts at a temperature (Ms) lower than equilibrium
temperature predicted by phase diagram and finishes at temperature (Mf) that, according to the
specific alloy and conditions, may be higher or lower than room temperature. In the latter case
for steel, along with martensite, we will have retained austenite; for titanium alloys we will have
martensite and metastable, or retained, beta phase (βr).

2) For titanium alloys, the increase in mechanical properties (tensile strength and hardness) is
important but limited if compared to steels. The most probable explanation is that in titanium
martensite we don’t have a sufficient amont of interstitial elements (like carbon in steel) able to
create a distortion in martensite lattice, so the increase is only due to the extremely fine
dimensions of martensite substractures.

3) Moreover, in some titanium alloys there’s also the possibility to obtain after quenching
orthorhombic martensite, known as α’’.



In titanium alloys the phase transition doesn’t occur at a specific temperature (882°C as for pure
titanium), but in a temperature range. Conventionally it is assumed as the β-transus temperature
of the alloy the temperature above which the microstructure is made up entirely of beta phase.
Alloy elements are classified into α, β stabilizing or neutral on the basis of the relative effects on
the α-β transition temperature or of the different solubility in the two phases:

❑ The substitutional element Al and O, and the interstitials C and N are powerful α stabilizers
and raise β transus temperature if compared to that of commercially pure titanium.

❑ The β-stabilizing elements, instead, lower the transition temperature. These are divided into
β-isomorph elements(V, Mo, Nb, Ta) and β-eutectoidic elements (Mn, Fe, Cr, Co, Ni, Si, H),
depending on the shape of the binary state diagram to which they give origin with titanium.

❑ Other elements, like Sn and Zr, behave in an almost neutral way, determining only a slight
lowering of the β transus temperature.

ALLOY ELEMENTS (1)
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ALLOY ELEMENTS (2)



Binary phase diagram Ti-Al
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ALLOY ELEMENTS (3)



ALLOY ELEMENTS (4)
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ALLOY ELEMENTS (5)
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ALLOY ELEMENTS (6)
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Empirical relationship for calculation of beta-transus temperature starting from chemical
composition:

Moeq = 1,0(wt.% Mo)+0,67(wt.% V)+0,44(wt.% W)+0,28(wt.% Nb)+0,22(wt.% Ta) +2,9(wt.% Fe)+

+1,6(wt.% Cr) +1,25(wt.% Ni)+1,7(wt.% Mn)+1,7(wt.% Co)-1,0 (wt.% Al)

Aleq = 1,0(wt.% Al)+0,17(wt.% Zr)+0,33(wt.% Sn)+10(wt.% O+wt.% N)

Tβ-transus = 882 +21,1(wt.% Al)-9,5(wt.% Mo)+4,2(wt.% Sn)-6,9(wt.% Zr)-11,8(wt.% V)+12,1(wt.% Cr)-15,4(wt.% 
Fe) +23,3(wt.% Si)+123,0(wt.% O)

The total effect of the various α-stabilizing and β-stabilizing elements can be evaluated by
defining the following parameters:

TITANIUM ALLOYS (1)

Russian metallurgists have introduced a different chemical composition related parameter,
known as beta phase stability coefficient.



Increase in:
❑ Beta transus temperature
❑ Creep resistance
❑Weldability
❑ Young Modulus

TITANIUM ALLOYS (2)

More ALPHA stabilizer elements

Increase in:
❑ Desisty
❑ Response to heat treatment
❑ Tensile strength
❑ Cold formability (more slip systems)
❑ Resistance to hydrogen embrittlement

More BETA stabilizer elements



TITANIUM ALLOYS (3)
Titanium alloys can be classified considering metallographic microstructure

Dipends on alloy elements Determines the general 
characteristics of the specific alloy

• Alpha alloys and CP titanium

• Near Alpha alloys

• Alpha + Beta alloys

• Beta alloys
Metastable Beta alloys

Stable Beta alloys

Depends on phase (or phases) 
we have at room temperature



TITANIUM ALLOYS (4)

30Ti-8Mn

Ti-6Al-6V-2Sn

Ti-6Al-4VTi-6Al-2Sn-4Zr-2Mo

Ti-5Al-2,5V

Ti-8Al-1Mo-1V

Ti-10V-2Fe-3Al

Ti-15V-5Zr-3Al
Ti-13V-11Cr-3Al
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TITANIUM ALLOYS (5)
Beta alloys are further divided into beta metastable alloys (or high strength alloys) and beta
stable alloys. The former, as a matter of fact, would present, if slowly cooled from the beta field
to room temperature, a biphasic alpha+beta microstructure, but, following a rapid cooling, like
that of solution quenching from the beta field, they consist exclusively of metastable (or
retained) beta phase. Experimentally it has been shown that this condition occurs when Moeq is
between 10 and 30.

Element Isomorphous or Eutectoid
Critical Concentration to retain beta phase

at room temperature (wt. %)

Molybdenum Isomorphous 10,0

Niobium Isomorphous 36,0

Tantalum Isomorphous 45,0

Vanadium Isomorphous 15,0

Tungsten Isomorphous 22,5

Cobalt Eutectoid 6,5

Copper Eutectoid 13,0

Chromium Eutectoid 6,5

Iron Eutectoid 3,5

Manganese Eutectoid 6,5

Nickel Eutectoid 8,0



ALPHA ALLOYS (1)
The four different grades of commercially pure titanium differ in the content of iron and interstitial elements, in particular the
oxygen content increases from 0,18% (Grade 1) to 0,40% (Grade 4), so as to significantly increase 0,2% yield strength, which rises
from 170 to 480 MPa, while elongation to failure drops from 24 to 15%.

0,2% yield 
strength

(min)

Tensile
strength

(min)

Impurity limits, wt% Nominal composition, wt%

N
(max)

C
(max)

H
(max)

Fe
(max)

O
(max) Al Sn Zr Mo Others

Designation MPa MPa

Unalloyed grades

ASTM Grade 1 170 240 0,03 0,10 0,015 0,20 0,18 --- --- --- --- ---

ASTM Grade 2 280 340 0,03 0,10 0,015 0,30 0,25 --- --- --- --- ---

ASTM Grade 3 380 450 0,05 0,10 0,015 0,30 0,35 --- --- --- --- ---

ASTM Grade 4 480 550 0,05 0,10 0,015 0,20 0,40 --- --- --- --- ---

ASTM Grade 7 (Grade 2 + Pd) 280 340 0,03 0,10 0,015 0,30 0,25 --- --- --- --- 0,2Pd

ASTM Grade 11 (Grade 1 + Pd) 170 240 0,03 0,08 0,015 0,20 0,18 --- --- --- --- 0,2Pd

ASTM Grade 26 (Grade 2 + Ru) 275 345 0,03 0,08 0,015 0,30 0,25 --- --- --- --- 0,1Ru

ASTM Grade 27 (Grade 1 + Ru) 170 240 0,03 0,08 0,015 0,20 0,18 --- --- --- --- 0,1Ru

Ti-6Al-2,5Sn 795 830 0,05 0,10 0,020 0,05 0,20 5 2,5 --- --- ---

Ti-6Al-2,5Sn ELI --- --- 0,05 0,10 0,020 0,05 0,13 5 2,5 --- --- ---

ELI = Extra Low Interstitial
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Ti-0,2Pd (Grade 7)

Commercially pure titanium has very high corrosion resistance, particularly in acid oxidising media. The addition of 0,2%
palladium (Grade 7 and 11 ASTM) allows to obtain an exceptional resistance to crevice corrosion even in strongly reducing
environments. The addition of 0.1% ruthenium also has the same effect (Grade 26 and 27).

Hydrogen, if present in a large amount (absorption from atmospheric humidity during high temperature processes or
development during electrochemical processes), can induce loss of ductility due to the formation of brittle hydrides (TiH and/or
TiH2).
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Titanium CP 1 and 2

ALPHA ALLOYS (2)



Al and O are the main alloying elements, which produce solid solution strengthening.
The effect of all alloy elements can be expressed using equivalent aluminum:

Aleq = 1,0(wt.% Al)+0,17(wt.% Zr)+0,33(wt.% Sn)+10(wt.% O+wt.% N)

If this value becames higher than 9% we have the formation of ordered-lattice phases, like α2

(whose chemical composition is Ti3Al), which can induce excessive hardness and brittleness.

General characteristics of alpha alloys:

➢Good weldability
➢Low-medium tensile strength
➢Low attitude to cold plastic deformation
➢High toughness
(Ti-5Al-2,5Sn ELI is suitable for cryogenic applications)
➢Good resitance to creep and oxidation
➢Not hardenable by quenching

ALPHA ALLOYS (3)
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ALPHA ALLOYS (4)
Heat Treatments

Although martensitic microstructures have demonostrated to exist even in pure titanium with
extremely high colling rates from beta field, alpha alloys are always supplied in the annnealed
condition, with microstructure consisting of equiaxed alpha grains.

Material

Annealing Temperature Soak Time

Sheet, Strip and 
Plate (°C)

Bars, Forgings and 
Castings (°C)

Sheet, Strip and 
Plate (min)

Bars, Forgings and 
Castings (min)

Commercially Pure Titanium 650 – 815 (1) 650 – 815 (2) 15 - 120 60 – 120

Ti-5Al-2,5Sn 705 – 845 (3) 705 – 845 (3) 10 - 120 60 - 240

Ti-5Al-2,5Sn ELI 700 – 900 (3) 700 – 900 (3) 10 - 120 60 - 240

(1) Air cool or slower
(2) Air cool followed by 595°C for 8 hrs and air cool
(3) Air cool

MIL-H-81200B (13 January 1991): TABLE V



ALPHA - BETA ALLOYS (1)
Nome Comune Composizione (%) Temperatura β-transus (°C)

Leghe alfa + beta

Ti-6-4 Ti-6Al-4V (O max 0,20) 995

Ti-6-4 ELI Ti-6Al-4V (O max 0,13) 975

Ti-6Al-7Nb Ti-6Al-7Nb 1010

Ti-6-6-2 Ti-6Al-6V-2Sn 945

IMI 550 Ti-4Al-2Sn-4Mo-0,5Si 975

Ti-6-2-4-6 Ti-6Al-2Sn-4Zr-6Mo 935

General characteristics of alpha-beta alloys:

➢ High tensile strength thanks to the possibility to perform combination of hot forging (or rolling) and
heat treatments.

➢ Greater formability than alpha alloys (beta phase has more slip systems)

➢ Lower weldability than alpha alloys (the higher the beta phase content the lower weldability)
➢ Possibility to obtain martensitic microstructures



ALPHA - BETA ALLOYS (2)
Ti-6Al-4V

Among α+β alloys, it worthy speaking about Ti-6Al-4V (Grade 5 ASTM), which alone represents
about 50% of titanium world production.
In fact, this alloy has an exceptional combination of mechanical strength, ductility, fatigue and
corrosion resistance, although its use it’s not recommended above 400°C.
The Extra Low Interstitial version, Ti-6Al-4V ELI (Grade 23 ASTM), is characterized by very high
fracture toughness values and is also suitable for applications at cryogenic temperatures.
As for CP titanium, there are variants with the addition of Pd (Grade 24 ASTM) and Ru (Grade 29
ASTM) to increase the resistance to crevice corrosion in acidic deaerated environments.
Mechanical properties can be increased by quenching and further aging, allowing to obtain
values of yield strength greater than 1100 MPa.



Chemical Analyses

O (%) N (%) H (%) C (%) Fe (%) Al (%) V (%) Ti (%)

max 0,20 max 0,05 max 0,015 max 0,08 Max 0,40 5,5÷6,75 3,5÷4,5 resto

Mechanical properties in the annealed condition

Tensile strength: 895 MPa (min) Hardness: 300÷340 HV

Yielding strength: 828 MPa (min) Elongation: 10% (min)

Young modulus: 106.000 MPa Poisson coefficient: 0,34

Proprietà fisiche

Density: 4,4 Kg∙dm-3 Thermal conductivity: 6,6 W∙m-1∙K-1

Melting temperature: 1650°C Electrical resistivity: 1,71μΩ∙m

Thermal expansion coefficient: 9∙10-6°C-1 Electrical conductivity: 0,98 (% IACS)

Specific heat: 586J∙Kg-1∙°C-1 Magnetic permeability:1,00005 (a 1,6 kA∙m)

Ti-6Al-4V alloy properties

ALPHA - BETA ALLOYS (3)
Ti-6Al-4V



ALPHA - BETA ALLOYS (4)

Ti-6Al-4V Vs Ti-6Al-4V ELI

827 896

11 27

88

924 933 10 25 71

Commercial ELI

Yield strength
(MPa)

Ultimate tensile strength
(MPa)

Elongation
(%)

Reduction in area
(%)

KIC = fracture toughness
(MPa·m0.5)



ALPHA - BETA ALLOYS (5)
Heat Treatments

❑ Beta Annealing

- Fully lamellar microstructure → high resistance to fatigue

❑ Alpha – Beta Annealing

- Bimodal Microstructure → good resistance to fatigue and high toughness

- Coarse Equiaxic Grain Microstructure 

- Fine Equiaxic Grain Microstructure → suitable for subsequent solution treating and aging

❑ Solution Quenching and Aging
- Extremely fine alpha particles in a beta matrix → very high tensile strength and hardness



α grain
boundary

α 
colony

Colony is group of parallel alpha lamellae with the same
orientation (the same variant of Burgers relationship). Beta phase
is present in spaces between alpha lamellae.

This microstructure is also knows as Widmanstatten or
basktweave microstructure .

αgb

αgb

αgb

αgb

Ti-6Al-4V (Tβ=995°C)

(30 – 50 °C above Tβ)

Tβ

ALPHA - BETA ALLOYS (6)
Heat Treatments: Beta Annealing



1°C/min 100°C/min 8000°C/min

Martensite

Effect of cooling rate on fully lamellar microstructures in Ti-6Al-4V after beta
annealing from 1033°C (OM).

ALPHA - BETA ALLOYS (7)
Heat Treatments: Beta Annealing



Effect of cooling rate on fully lamellar microstructures in Ti-6Al-4V after beta
annealing from 1033°C (TEM).

100°C/min1°C/min 8000°C/min

Martensite

ALPHA - BETA ALLOYS (8)
Heat Treatments: Beta Annealing



ALPHA - BETA ALLOYS (9)
Heat Treatments: Alpha - Beta Annealing
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Heat Treatments: Alpha - Beta Annealing



Very slow cooling
(furnace cooling)
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Ti-6Al-4V after Alpha – Beta annealing from 960°C  and furnace cooling. 
Microstructure consists of coarse alpha grains with beta phase mainly located

at triple junction points.
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Very low cooling from high 
temperatures in α – β field
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ALPHA - BETA ALLOYS (11)
Heat Treatments: Alpha - Beta Annealing



Slow cooling
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Ti-6Al-4V after alpha – beta annealing from 704°C. 
Microstructure consists of fine alpha grains with beta phase mainly located at

triple junction points (dark particles).
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ALPHA - BETA ALLOYS (13)
Heat Treatments: Alpha - Beta Annealing
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Ti-6Al-4V after water quenching from 1066°C (beta fiend). 
Microstructure consists enterely of α’ martensite.
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Heat Treatments: Solution Treating and Aging (STA)



ALPHA - BETA ALLOYS (13)
Heat Treatments: Solution Treating and Aging (STA)
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A1

Ti-6Al-4V after water quenching from 940°C. 
Microstructure consists of primary alpha (αp) in α’ martensite matrix.

Mf

A2

Cooling rate ≥ 800°C/min

B2B1
B αp ~ BB2

αp grains

α’ martensite

Tβ



Ms

β + α → α + βr

β
α

Te
m

p
e

ra
tu

re
→

Vandium Content →Ti-6Al-4V

Ti-6Al-4V after water quenching from 860°C. 
Microstructure consists of retained beta (βr) particles in an α phase matrix.
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ALPHA - BETA ALLOYS (15)
Heat Treatments: Solution Treating and Aging (STA)



After aging both martensite and retained beta trasnsorm into a very fine dispersion of alpha particles in a stable beta matrix, but:

1) Quenching from above beta transus gives after aging the highest strength and hardness but low ductility and brittleness

3) Quenching from too low temperatures in α+β field gives after aging very good ductility but low values of strengh and hardness

2) Quenching from high temperatures in in α+β field gives after aging the best combination between ductility, strength and hardness

Fine α + β Primary α

Microstructure of Ti-6Al-6V-2Sn alloy after STA

ALPHA - BETA ALLOYS (16)
Heat Treatments: Solution Treating and Aging (STA)



Like all precipitation hardening phenomena, aging is strongly dependent from time and
temperature. The aging curves show an increase in mechanical resistance with time up to a
maximum, beyond which there is a reversal of the trend, since the α phase particles tend to
become coarse and therefore less effective in contrasting the glide of dislocations.
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ALPHA - BETA ALLOYS (17)
Heat Treatments: Solution Treating and Aging (STA)



Material

Solution Heat Treating Temperature Times at Temperature or Soaking Times
Cooling
Method

Sheet, Strip and 
Plate (°C)

Bars, Forgings and 
Castings (°C)

Sheet, Strip and 
Plate (min)

Bars, Forgings and 
Castings (min)

Ti-6Al-4V 900 - 970 900 - 970 2 - 90 20 – 120 Water

Ti-6Al-2Sn-4Zr-6Mo 815 - 915 815 - 915 2 - 90 20 – 120 Water (*)

Ti-6Al-6V-2Sn 870 - 925 870 - 925 2 - 60 20 - 90 Water (*)

(*) Air cooling may be applied in relative thin sections.

AMS-H-81200: TABLE I
(MIL-H-81200B: TABLE I)

ALPHA - BETA ALLOYS (18)
Heat Treatments: Solution Treating and Aging (STA)



Nominal Thickness (mm) Maximum Quencing Delay Time (s) 1 / 2 /

Up to 6.4 6

6.5 to 25.3 8

25.4 and over 10

Notes

1 / Quenching delay time begins when the furnace door starts to open, and ends when the last corner of 
the load is immersed in the quenchant

2 / Times shown aplies to Ti-6Al-4V and Ti-6Al-4V ELI. Alloys more beta stabilized are more tolerant of 
quenching dealy.

AMS-H-81200A: TABLE II
(MIL-H-81200B: TABLE II)

ALPHA - BETA ALLOYS (19)
Heat Treatments: Solution Treating and Aging (STA)



Material Aging Temperature (°C) Soaking Time (hours)

Ti-6Al-4V 480 - 690 2 – 8

Ti-6Al-2Sn-4Zr-6Mo 480 - 675 4 - 8

Ti-6Al-6V-2Sn 470 - 620 2 - 10

ALPHA - BETA ALLOYS (20)
Heat Treatments: Solution Treating and Aging (STA)

AMS-H-81200A: TABLE III
(MIL-H-81200B: TABLE III)



In titanium alloys we have to take into account the strong affinity with oxygen which at elevated
temperatures may lead to the formation of a brittle surface layer, known as the .״alpha-case״
Metallurgically speaking it’s an alpha phase enriched in oxygen and it’s extremely dangerous sint it’s able
to drastically reduce the fatigue life of a component.
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ALPHA - BETA ALLOYS (21)
Heat Treatments: Oxygen Contamination



Typical alpha case layer in Ti-6Al-4V after beta 
annealing. Cracks in alpha case have been originated

during cooling (120°C/min).

In order to reduce/remove alpha case:

❑ Perform heat treatments in high vacuum 
furnaces or in an argon inert atmosphere

❑ Take into account a final grinding process 
after heat treatments

❑ Take into account an acid pickling process 
(HF and HNO3) after heat treatments

ALPHA - BETA ALLOYS (22)
Heat Treatments: Oxygen Contamination



NEAR ALPHA ALLOYS (1)
Near Alpha alloys show a biphasic structure at room temperature, but with very low amount of β
phase, since the content of β stabilizing elements is in the range 1-2%. Some authors include
these alloys in the Alpha+Beta group. Examples of Near Alpha alloys are: Ti-0,3Mo-0,76Ni, used
for sea water heat exchanger tubes, Ti-6Al-5Zr-0,5Mo-0,25Si (IMI 685), Ti-6Al-2S -4Zr-2Mo-0,10Si
and Ti-5,8Al-4Sn-3,5Zr-0,5Mo-0,7Nb-0,35Si-0,06C (IMI 834), used in the aerospace sector in
applications where creep resistance is of fundamental importance. More in detail IMI 834 can
operate at temperatures up to 800°C.

General characteristics of near alpha alloys:

➢ Excellent resistance to creep

➢Excellent reistance to hot oxidation

➢Good weldability (small amount of beta phase)

➢ Possibility for some of these alloys to form martensite after rapid quenching



NEAR ALPHA ALLOYS (2)

Common Name Chemical Analysis β-transus (°C)

Near Alpha Alloys

Grade 12 Ti-0,3Mo-0,76Ni 890

Ti -8-1-1 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-0,07C 1045

Ti-6-2-4-2 Ti-6Al-2Sn-4Zr-2Mo-0,1Si 995

Exhaust valves for racing engines made of
Ti-6Al-2Sn-4zr-2Mo-0,1Si alloy



To maximize creep resistance, these alloys are usually supplied in the beta annealed condition,
with a fully lamellar microstructure within prior beta grains. Normally a further aging is
performed in order to obtain the precipitation of intermetallic compounds (that’s why a small
amount of silicon can be added) able to contrast dislocation creep.

NEAR ALPHA ALLOYS (3)
Heat Treatments: Beta Annealing

Microstructure of Ti-6Al-2Sn-4Zr-2Mo-0,1Si after beta annealing
from 1010°C (Tβ=995°C) and aging at 595°C 

Alloy Aging temperature after beta 
annealing

IMI 665 550°C

Ti-6Al-2Sn-4Zr-2Mo-018Si 595°C

IMI 834 700°C



Alloy Common Name Application Classification Moeq Beta Transus (°C)

Ti-5Al-5Mo-5V-3Cr Ti-5553 Aerospace Metastable (Near-β) 8,2 855 - 870

Ti-11,5Mo-6Zr-4,5Sn TMMA Biomedical Metastable (Near-β) 9,0 -

Ti-10V-2Fe-3Al Ti-10-2-3 Aerospace Metastable (Near-β) 9,5 790 - 805

Ti-35Nb-5Ta-7Zr - Biomedical Metastable (Near-β) 9,7 -

Ti-29Nb-13Ta-4,6Zr - Biomedical Metastable 10,2 -

Ti-15V-3Cr-3Al-3Sn - Aerospace Metastable 10,9 750 - 770

Ti-15Mo-3Al-3Nb-0,2Si Beta 21S Aerospace Metastable 12,8 795 - 805

Ti-3Al-8V-6Cr-4Mo-4Zr Beta C Aerospace Metastable 16,0 715- 740

Ti-12Mo-6Zr-2Fe - Biomedical Metastable 16,8 -

Ti-13V-11Cr-3Al B120 VCA Aerospace Metastable 23,0 650

Ti-35V-15Cr Alloy C Aerospace Stable 47,5 -

BETA ALLOYS (1)

General characteristics of Beta alloys:

➢Highest tensile strength and hardness among titanium alloys (aerospace)
➢Goog attitude to cold plastic deformation (more slip systems)
➢Poor weldability
➢Low Young Modulus (good alternative to Ti-6Al-4V for endoprotesys)



BETA ALLOYS (2)
Heat Treatments: Solution Treating and Aging (STA)

By means of solution treating and aging some of these alloys may reach yielding strengh values higher
than 1200 MPa.
The first high resistance beta alloys Ti-13V-11Cr-3Al (or B120 VCA), was developed by Crucible Steel
Corporation for the landing gear of the wold-wide famous SR-71 military airpplane (nickname
.(״Blackbird״ Solution treating is usually performed above beta transus and further aging produces a
transformation of retained beta into a matrix af stable beta with a dispersion of fine alpha particles.
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In aeronautics, titanium is mainly used for parts of the aircraft structure (airframe) and some components in
engines. The graph shows the evolution of titanium amount in the structure of Boeing airplanes. It should be noted
that approximately 10% of the structure of Boeing 777 was made of titanium, and this is the first aircraft in which
the high-resistance beta alloy Ti-10V-2Fe-3Al alloy is present in a greater amount than the traditional alpha-beta
alloy Ti-6Al- 4V.
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APPLICATIONS (1)
Aereonautic Industry



Aluminum 49.6 % of structural weigth

Steel 16.7 %

Titanium 12.9 %

Graphite/Epoxy 9.9 %

Other materials 10.9 %

APPLICATIONS (2)
Aereonautic Industry



In aircraft engines titanium alloys are mainly used for turbofan and compressor’s disks and
blades that operate at temperatures lower than 500 °C. For example, turbofanfan of Trent 800
aircraft engine, produced by the British company Rolls-Royce plc, was built using 26 Ti-6Al-4V
alloy blades.

Schematic view of Rolls 
Royce Trent 800 engine
with detail of turbofanfan
blades

APPLICATIONS (3)
Aereonautic Industry



APPLICATIONS (4)
Aereonautic Industry

Up to 230 Up to 430 Up to 730 1230 - 730
Operating temperature
[°C]

Material Ti-6Al-4V Ti-6Al-2Sn-4Zr-6Mo IMI 834 Ni-based
Superalloys



The Lockheed SR-71 reconnaissance plane, better known as "blackbird", made up of 93% of its weight in titanium
alloys, broke some records as the fastest speed ever achieved by a piloted plane, 3.530 km/h, and the maximum
height of almost 26.000 m.
More in detail, three different titanium alloys have been used: Ti-13V-11Cr-3Al (B120VCA), Ti-6Al-4V and Ti-5Al-
2,5Sn.

APPLICATIONS (5)
Aereonautic Industry



In chemical industry titanium is mainly used for its excellent corrosion resistance in critical environments. Examples
are titanium alloy parts (mainly risers) of drilling rigs in oil and gas industry and the tubes of some sea water
exchangers and various components of desalination plants for the production of drinking water.

Grade 2 = CP titanium
Grade 23 = Ti-6Al-4V ELI
Grade 9 = Ti-3Al-2,5V

APPLICATIONS (5)
Chemical Industry



Sea water heat exchangers with titanium tubes

APPLICATIONS (6)
Chemical Industry



Guggenheim Museum in Bilbao (Spain): 30.000 CP titanium 
sheets with 0,3 mm thickness were used for the external 
coating.

Fukuoka (Japan) Dome with retractible titanium roof.

APPLICATIONS (7)
Architecture



APPLICATIONS (8)
Consumer Products

Investment cast Ti-6Al-4V golf club heads

Ti-6Al-4V watch

Ti-6Al-4V racket Ti-6Al-2,5V (Grade 9) bicycle frame

3d printed titanium armlet

CP Titanium glasses frame



Titanium is one of the most commonly used material in biomedical industry, where it plays a
fundamental role thanks to its biocompatibility and non-toxic properties.
In the specific case of endoprostheses, the porous oxide film that covers the surface of the metal
(TiO2) constitutes a base and a substrate for the regrowth of bone tissues, giving rise to a
phenomenon called osseointegration of the implant.

Ti-6Al-4V

APPLICATIONS (9)
Biomedical Industry



As for biocompatibility is concerned, commercially pure titanium represents the best choice for
endoprostheses, but its low tensile strength often precludes its use (e.g. hip prostheses). Historically
the first alloy to be introduced was Ti-6Al-4V (Young Modulus 106 GPa), which is still today the most
used alloy in biomedical field. Some studies, however, would seem to indicate a certain toxicity
related to vanadium, which could produce a process of chronic inflammation in the tissues around
the implant. As a consequence Ti-6Al-7Nb alloy was developed and, being free from vanadium, has
partially replaced the traditional Ti-6Al-4V.
Other studies would seem to attribute to aluminum contained in these alloys (about 6%) the
responsibility for the development of early neurological pathologies (e.g. Alzheimer's disease) in
some patients. Consequently, some metastable beta alloys, substantially free from both aluminium
and vanadium, have been developed in the field of prosthesis, such as Ti-29Nb-13Ta-2Sn and Ti-
29Nb-13Ta-7Zr, which are particularly suitable for this application due to their high tensile and also
because they have a low Youg modulus (60 -65 GPa), very close to that of the human bones (30 GPa).

APPLICATIONS (10)
Biomedical Industry



In automotive industry, titanium is used in critical applications, where the demand for extreme
performance actually overcomes the problem of cost reducing. In fact, for many years titanium
has been used for parts of Formula One cars and, more generally, for parts of racing engines. For
example, exhaust valves are often made of Ti-6Al-2Sn-4Zr-2Mo-0,1Si alloy, suitable for use at
high temperatures. In production cars, although interesting, the use of titanium alloys is often
forbidden by their high cost: frequently the cost of raw material is just close to the price of the
finished component.

Ti-6Al-2Sn-4Zr-2Mo-0,1Si exhaust valves

APPLICATIONS (11)
Automotive Industry



2018 Spa Francorchamps Grand Prix: incident between Fernando Alonso's
Mclaren Honda and Charles Lecrerc's Sauber Alfa Romeo. The latter has

been saved by halo, which contains an inner titanium alloy bar.

APPLICATIONS (12)
Automotive Industry

Titanium alloy halo



Honda RC30, produced between 1988 and 1992, was the only motorcycle 
to adopt titanium connecting rods produced with a technology specifically 

developed by the Japanese manufacturer for mass production.

APPLICATIONS (13)
Automotive Industry


