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3.1 Introduction

 

Titanium was discovered as the mineral rutile (TiO

 

2

 

) at the end of the
eighteenth century by Gregor and Klaproth. It is the fourth most
abundant metal on the planet, in comparison to, for example, iron,
which is the second most abundant metal. There is a large mineral
supply, with most of the oxide going into pigmentation applications.
Despite the relative profusion of titanium oxide, however, commercial
production of the metal only commenced in about 1950. There are
many reasons why the commercialization of titanium began so late.
One reason is the perceived difficulty in separating the metal from ox-
ygen. It is certainly true that the Kroll extraction process is somewhat
daunting compared to that of other “commodity” metals. The Kroll
process begins by converting the titanium dioxide to the tetrachloride,
commonly called 

 

tickle,

 

 by chlorination in the presence of carbon. Mag-
nesium metal is then added to reduce the chloride in a closed vessel
under an inert atmosphere, producing pure sponge Ti, which is consol-
idated, refined, and alloyed with other elements by vacuum arc melt-
ing (VAR). The magnesium chloride is recycled electrolytically.
Obviously, this is a technologically complex procedure, which needed
the development of electricity, vacuum systems, and magnesium ex-
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traction before titanium could be isolated. This is unlike the history of
iron, which required only heat and carbon to produce the element. 

Since this rather slow beginning, the production growth of Ti has
also proceeded at a very slow rate, partly because of the cost of extract-
ing the material. Currently, Ti extraction is relatively energy intensive,
requiring 16 times as much energy per ton as steel, but only twice as
much as Al. In fact, the heats of formation of the oxides of these three
metals are quite similar, in the region of 250 kcal/mol. Therefore, the
energy issue stems, at least partly, from the fact that Ti is still re-
garded as an exotic material rather than a commodity. If a high-ton-
nage use is ever found for Ti, then economies of scale will come into
play, probably immediately bringing the energy requirement for Ti pro-
duction in line with that of Al production. There have been many at-
tempts at developing a controlled nucleation Kroll process and
electrolytic processes, but none to date has been a commercial success. 

A recent exciting development

 

1

 

 has been a novel approach to the
electrolytic process that can reduce titanium sponge directly from
TiO

 

2

 

 but, as of this writing, the process has not been scaled up to the
point where its advantages over the Kroll process can be determined.
If the promise holds out it, may be possible to dramatically reduce the
cost of producing titanium sponge by this route, but it is unlikely that
this will have the dramatic effect on the cost of producing titanium
components, since raw material costs make up a relatively small per-
centage of the total. The forming of titanium alloys is significantly
more complex than for steel or aluminum, which maintains the cost
premium. 

The conventional routes of forming involve one or more of the follow-
ing processes: 

 

�

 

casting

 

�

 

cold forming

 

�

 

hot forming

 

�

 

machining

 

�

 

welding

Any elevated-temperature process has to take into consideration the
affinity ot titanium for oxygen, which leads to a deleteriously brittle
surface layer, or 

 

alpha case,

 

 which must be removed to preserve the
mechanical properties. Titanium alloys are, as a general rule, more dif-
ficult to cold form than Al or iron, partly because of the high strength
but also because of the unpredictable 

 

springback.

 

 Machining can be a
problem, again, because of the reactivity of Ti leading to high tool wear
rates. Casting is also difficult, because the molten metal reacts aggres-
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sively with most traditional mold-making materials. Having noted all
of these problems, it would take only one high-tonnage application of
titanium for many of these issues to be decisively (i.e., economically)
dealt with, as has happened with all other high-tonnage materials.

It is almost impossible to anticipate a high-tonnage use for tita-
nium, but it has a low density and has superior corrosion resistance to
aluminum, and it is also strong enough to replace steel. Perhaps the
sheer breadth of the possibilities of titanium has made it difficult to fo-
cus on a high-tonnage application. The combination of high strength
and low density at moderately high temperatures is, of course, highly
desirable in aerospace applications where every pound of weight saved
is a significant benefit. However, it is quite possible that the close con-
nection of titanium with the aerospace industry may have hindered
the development of titanium as a high-tonnage material. Neverthe-
less, apart from its high-profile applications in aerospace (in frames,
skins, and engine components), titanium has made some inroads in
other areas. The uses mainly capitalize on the corrosion resistance
and good elevated temperature mechanical properties, a combination
that positions titanium uniquely above steel and Al. These uses in-
clude steam turbine blades, condenser tubing for power generators
(nuclear and fossil fuels), pulp and paper industry applications, and
food preparation and chemical engineering applications in general.
Corrosion resistance is again to the forefront in applications such as
biomaterials, marine submersibles, desalination, and waste treatment
plants. Finally, titanium alloys also display more exotic properties,
such as interstitial hydride formation, that enable them to be consid-
ered for hydrogen storage media, and other properties that are appli-
cable to superconductors and applications involving the shape
memory effect. As can be appreciated from this breadth of applica-
tions, titanium could become the steel of the twenty-first century. 

Having said this, however, the most popular alloys remain the ones
that have been developed for the aerospace industry, namely commer-
cial purity, Ti-6Al-4V (which accounts for at least 50% of the usage of
titanium), Ti-5Al 2.5 Sn, Ti-8Al 1Mo 1V, Ti-6Al 6V 2Sn, and Ti-13V
11Cr 3Al (see Table 3.1).

 

TABLE 

 

3.1 Examples of Compositions that Fall into Various TI Alloy Classifications

 

Alpha Near alpha Alpha/beta Near beta Beta

Unalloyed Ti Ti-5Al-6Sn-2Zr-1Mo-.2Si Ti-6Al-4V Ti-6Al-2Sn-4Zr-6Mo Ti-8Mo-8V

Ti-5Al-2.5Sn Ti-6Al-2Sn-4Zr-2Mo Ti-6Al-6V-2Sn Ti-11.5Mo-6Zr-4.5Sn

Ti-8Al-1Mo-1V
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3.2 Basic Metallurgy

 

3.2.1 Phases

3.2.1.1 Equilibrium phases.

 

Pure Ti is HCP 

 

α

 

 up to 882.5ºC, at which
point it transforms to 

 

β

 

 (BCC). Therefore, alloying elements are classi-
fied according to how they influence the stability of these two phases:

 

�

 

α

 

 

 

stabilizers

 

 either increase the 

 

β

 

 transus temperature (i.e., stabilize
the 

 

α

 

 to higher temperatures) or impart no change to the phase sta-
bility. Such alloying elements are aluminum, oxygen, and nitrogen.

 

�

 

β

 

 

 

stabilizers

 

 are generally transition and noble metals that are simi-
lar to titanium with regard to electron shells (i.e., they have unfilled
or just filled d-shell), such as molybdenum, iron, vanadium, chro-
mium and manganese.

Why elements are beta and alpha stabilizers is not exactly known,
but it has been correlated to size (larger atoms tend to stabilize beta)
and the electronic nature of atoms. Depending on the alloying addi-
tions, therefore, three types of titanium alloy emerge:

 

�

 

α

 

 or near 

 

α

 

�

 

α 

 

+ 

 

β

 

�

 

β

 

 or near beta

In general, however, any 

 

β

 

 alloys tend to be metastable 

 

β

 

 alloys, since
stable 

 

β

 

 would require considerable concentrations of alloying ele-
ments, which would significantly reduce the weight advantage of tita-
nium. Other important phases in Ti alloys are precipitates such as
aluminides, chromides, and silicides will be discussed in later sections. 

 

3.2.1.2 Nonequilibrium phases.

 

Quenching of 

 

β

 

 to below the marten-
site start (

 

M

 

s

 

) temperature leads to HCP martensite (

 

α′

 

) in pure and
dilute beta stabilized alloys. With increasing beta stabilizer (e.g., 11 V,
>4Mo, 14 Nb), quenching from the 

 

β

 

 region gives orthorhombic mar-
tensite (

 

α′′

 

). Martensite can also form by plastically deforming 

 

β

 

 that
is metastable at room temperature (i.e., strain induced martensite).
Since retaining metastable 

 

β

 

 to room temperature would require con-
siderable alloying additions, strain-induced martensite is invariably
orthorhombic. 

The effect of 

 

β

 

 stabilizer concentration on the 

 

β

 

 transus and the
martensite start temperature is shown schematically in Fig. 3.1. The
martensite start temperature (

 

M

 

s

 

) decreases with increasing solute,
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and increasing e/a ratio (the electron/atom ratio, which is a function of
the periodic table group number; for example, per atm%, vanadium, a
Gp V element, is less effective than Mn, a Gp VII element, in depress-
ing the 

 

M

 

s

 

). The 

 

M

 

s

 

 decreases with increasing alloy content and can
also decrease with increasing quench rate although, above a critical
quench rate, the 

 

M

 

s

 

 is constant.
As mentioned above, martensite can form by the strain-induced

transformation of beta-stabilized alloys if deformation is close to the

 

M

 

s

 

 temperature. If the temperature of deformation is significantly
above the 

 

M

 

s

 

, twinning can occur. The resulting twinned structure can
be regarded as a 

 

variant

 

 of martensite and, under the optical micro-
scope, it has many morphological similarities to martensite (although,
of course, crystallographically, it is BCC). 

Note that high 

 

M

 

s

 

 temperatures can lead to retained beta due to
segregation of beta stabilizers by diffusion during the martensite
transformation. In other words, if the martensite transformation were
quick enough, there would be no retained 

 

β

 

; it would all transform to
martensite. However, martensite actually undergoes a nucleation and
growth transformation. As the martensite forms, there is a driving
force for the 

 

β

 

 alloying elements to segregate to the remaining 

 

β

 

. If the

 

M

 

s

 

 temperature is low, diffusion rates are low, 

 

β

 

 elements do not move,
and martensite will engulf the structure. If the 

 

M

 

s

 

 is high, as the mar-
tensite is forming, there is time for some 

 

β

 

 to segregate to the remain-

Figure 3.1 Schematic diagram showing the effect of β stabilizer on the β
transus temperature and the martensite start and finish temperatures.
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ing 

 

β

 

. Thus, as the martensite formation progresses, the remaining 

 

β

 

becomes richer in 

 

β

 

 stabilizer until the remaining 

 

β

 

 has reached a
level of 

 

β

 

 stabilizer that will retain the 

 

β

 

 to room temperature in a
metastable form. Thus, 

 

dilute

 

 

 

β

 

 stabilized alloys can retain 

 

β

 

, whereas
an increase in 

 

β

 

 stabilizer above such dilute levels can reduce and
even eliminate the retained 

 

β

 

. This is somewhat counterintuitive, al-
though adding still higher levels of 

 

β

 

 stabilizer would again eventually
lead to increases in retained 

 

β

 

.

 

3.2.2 Metallography and Microstructures

3.2.2.1 Metallographic techniques.

 

Metallographic techniques are
fairly routine, beginning with conventional Bakelite mounting and
grinding with successively finer SiC media. Polishing with diamond
paste is not recommended. Instead, alumina slurry down to 0.05 

 

µ

 

m is
preferred. There are many etchants available, the selection depending
on the alloy being examined, and the microstructural features that are
of interest.

 

2

 

 The general all-purpose etch is Kroll’s reagent (1–3 mL
HF, 2–6 mL HNO

 

3

 

, water added to 1 L), which usually takes only a
matter of seconds at room temperature to reveal the microstructure.

Most of the common Ti alloys and microstructures are very amena-
ble to thin foil preparation for TEM observation by jet polishing 3 mm
discs. A good electrolyte to use is 1–6% (by volume) perchloric acid,
about 35–37% n-butyl alcohol (to increase the viscosity of the solution
so as to obtain uniform coverage of the electrolyte on the disc), and the
balance being methanol. Temperatures not greater than 30ºC should
be employed to minimize the formation of hydrides during polishing.

 

3.2.2.2 Microstructures.

 

For 

 

α

 

 or near 

 

α

 

 alloys, there are two extreme
morphologies of 

 

α

 

: equiaxed and lamellar. When the alloy is heated
into the single-phase 

 

β

 

 region, equiaxed 

 

β

 

 forms. As the 

 

β

 

 cools
through the transus, 

 

α

 

 begins to form at the 

 

β

 

 boundaries, quickly
forming a continuous film of 

 

α

 

, the thickness of which, for a given al-
loy, depends largely on the cooling rate. As the 

 

β

 

 transformation pro-
ceeds, a lamellar 

 

α

 

 morphology is produced. It occurs in packets or
colonies of aligned 

 

α

 

 laths, the size and shape of the laths depending
on the cooling rate during the transformation. The faster the cooling
rate, the finer the structure, with a tendency for the plates to adopt
more of a 

 

basket weave

 

 configuration as opposed to aligned colonies.
The equiaxed structure is formed by thermomechanical processing
(hot rolling below the β transus or cold rolling plus annealing below
the β transus) by a process of recrystallizing the α plates that have
formed during cooling from the β region.
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For α + β alloys, the microstructure can also exist in the two ex-
tremes noted above and, additionally, there will be a small volume
fraction of stable and/or metastable β present. In the equiaxed mor-
phology (often referred to as mill annealed structure) the β will exist
as very small β particles at α triple points (Fig. 3.2). In the 100%
lamellar structure (the so-called “β annealed” condition), the β exists
as interlamellar layers. Much more frequently, α + β alloys are pro-
cessed to exist as a mixture of these two morphologies, with the lamel-
lar regions being commonly referred to as “transformed β” since these
mixed structures are usually formed by heat treating the mill-an-
nealed (“100%” equiaxed morphology) in the two-phase α + β region to
transform the desired volume fraction of α to equiaxed β. On cooling to
room temperature, the β will transform to the lamellar α morphology,
as noted above (Fig. 3.3).

Above a critical cooling rate, β transforms to one of the martensites
described previously (Sec. 3.2.1.2). Hexagonal martensite is more fre-
quently observed, primarily because many alloys are on the lean side
with respect to β alloying additions. It has been observed to exist in at
least two distinctive morphologies. For high Ms temperatures, i.e., in
alloys that are very lean in β stabilizer, or with slower cooling rates,
the β phase transforms to grain boundary and Widmanstatten mar-
tensite. The latter exists as large colonies of α plates, the so-called
aligned structure (sometimes known as massive martensite). These are
colonies of parallel sided platelets, each platelet in the colony having
the same variant of Burgers orientation to the β matrix, and the plate-

Figure 3.2 Equiaxed α (matrix) plus dark etching equiaxed β grains (Ti-6-4).
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lets within each colony are separated by low angle boundaries. Such
colonies are tens of micrometers in dimension, with platelets of the or-
der of 1 µm thick or less.

With decreasing Ms temperature (i.e., increasing β solute levels and/
or increasing cooling rates), martensite platelets form individually,
each with a different variant of the Burgers orientation relationship.
The internal structure changes from dislocations to twins. FCC or
FCT martensites have been observed,3 but these are believed to be an
artifact due to spontaneous transformation on the release of bulk con-
straint by chemical thinning. In all cases, β is retained as thin layers
surrounding the α plates; α and near α alloys tend to have discontinu-
ous β layers of about 0.1 µm thick. 

3.2.3 Thermomechanical Processing

As mentioned above, thermomechanical processing can lead to an
equiaxed structure or a mixture of the equiaxed and lamellar mor-
phologies. As well, although deformation is not required to obtain the
lamellar microstructure, thermomechanical processing variables can
be used to control or eliminate grain boundary α in coarse lamellar
structures. A strain of 0.7 or greater applied in the β region has been
found to eliminate grain boundary α and to refine the lamellar struc-
ture in Ti-6-4.4

To obtain the equiaxed microstructure in α, near α, or α + β alloys,
the alloy must be sufficiently worked to break up the lamellar struc-

Figure 3.3 Equiaxed α plus lamellar transformed β grains (Ti-6-4, 960°C,
air cool).
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ture. The structure is then annealed to allow for recrystallization of
the deformed lamellar structure into equiaxed grains, and for any β to
penetrate along the newly created (i.e., nonlamellar) α grain bound-
aries, in this way transforming the interlamellar β to the particles of β
that are found in mill annealed α + β alloys.5 The equiaxed structure
characteristics are very sensitive to temperature of deformation, ex-
tent and rate of deformation, mode of deformation, prior microstruc-
ture, annealing time, and temperature. Improper choice of these
variables can lead to a spaghetti-like microstructure with a morphol-
ogy somewhere between lamellar and equiaxed.

A mixture of equiaxed and lamellar morphologies can be produced
by heating and holding the sufficiently deformed titanium alloy into
the α + β region, thus creating α and β grains. The β grains transform
into the lamellar structure (transformed β) on cooling. Obviously, the
volume fractions of transformed β increases with increasing hold tem-
perature. This type of structure is referred to as bimodal or duplex.

Much work has been done on Ti-6-4 with regard to defining critical
thermomechanical processing parameters. The most important pa-
rameter is that of the critical amount of deformation required to ob-
tain recrystallized grains. As noted above, this depends on the prior
microstructure. For example, starting with a β annealed microstruc-
ture, which would essentially be a coarse Widmanstatten morphology,
the critical strain was found to be 0.7 if hot deformation is performed
in the α + β range (900–1000ºC).4 On the other hand, starting with a
martensitic structure, Peters and Lutjering6 found the critical strains
shown in Table 3.2. From these data, it is clear that the finer the ini-
tial microstructure and the lower the deformation temperature, the
more efficiently the deformation is used to recrystallize the initial α
microstructure. The effect of the finer microstructure can possibly be
attributed to more nucleation sites for recrystallization leading to a
higher rate of recrystallization. The lower the temperature, the lower
the amount of recovery during deformation, increasing the driving
force for recrystallization in this way.

TABLE 3.2 Effect of Deformation 
Temperature on Critical Strains Required 
to Recrystallize Martensite (from Ref. 10)

Temperature, °C Critical strain

Room 0.15

800 0.4–0.5

950 0.5–0.6

1050 1.2
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It should be noted that deformation in the β region will never lead
to an equiaxed α structure. In addition, it has been found that very
coarse lamellar structures cannot be recrystallized to the equiaxed
structure. This appears to be due to the α and β phases recrystalliz-
ing within the prior lamellae, thus preserving the lamellar morphol-
ogy.

3.2.4 Tempering of Martensites and Aging 

3.2.4.1 α phase aging and tempering of martensites. Increasing levels
of α stabilizers can lead to formation of coherent intermetallic precipi-
tates on aging the supersaturated α phase. In alloys stabilized with
aluminum or tin, the precipitate is usually Ti3(Al or Sn) and is re-
ferred to as α2. Although such precipitates are strengtheners, they are
to be avoided because of embrittlement issues. Hammond and
Nutting7 have suggested that the α2 occurs as coherent ellipsoids
when the aluminum equivalent (Aleq) concentration is approximately
5 wt% or greater. An Aleq >9% results in a detrimental volume fraction
of α2. The aluminum equivalent equation that they use is:

(3.1)

Copper and silicon both have high solid solubilities in α, and therefore
aging the quenched structures will lead to intermetallic precipitation.
Aging ternary Ti-Si alloys gives Ti5Si3, which precipitates as rods. For
alloys that contain Cu, Ti2Cu is the intermetallic that can form.

Aging of both martensites and retained supersaturated α phase oc-
curs by similar mechanisms. Hexagonal martensites temper very
quickly to HCP α and then, subsequently, by precipitation of β on the
substructure and along α plate boundaries. Where the precipitate is
not associated with a boundary, it grows as elongated rods.3 Orthor-
hombic martensites can be tempered in two ways. For martensites
formed at high Ms temperatures (i.e., near α alloys), aging leads to the
precipitation of fine α particles, followed by initial coarsening of these
particles and nucleation of α + β lamellar regions at prior β bound-
aries, which eventually engulf the microstructure.8 Low Ms alloys age
by precipitating β initially on the substructure. The resulting reduc-
tion in β stabilizer in the orthorhombic structure (due to partitioning
to the nucleated β) converts the orthorhombic structure to hexagonal
martensite,9 which presumably then tempers in the manner described
previously. 

Aleq Al[ ] Zr[ ]
6

---------- Sn[ ]
3

----------- 10 O + C + 2N[ ]+ + +=
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3.2.4.2 β phase aging. Table 3.3 gives the minimum wt% of various β
stabilizers required to retain β on quenching. Aging metastable β al-
loys that are slightly more solute rich in the range of 300 to 400°C
leads to the formation of the ω phase. The ω phase, which is hexago-
nal, precipitates as particles with a mean size and interparticle spac-
ing of 40–120 Å. A low lattice mismatch results in ellipsoidal ω in Mo
and Nb stabilized alloys, for example; a high lattice mismatch (e.g., V)
results in a cuboidal ω morphology. Formation of ω is closely associ-
ated with the formation of β´, a BCC phase that occurs either when ω
formation is sluggish, or when ω cannot form because of α stabilizers
and α formation itself is sluggish.

Further aging of β (higher temperatures or longer times) leads to
the nucleation and growth of α. prolonged aging nucleates the α at ω/β
interfaces in alloys of high lattice misfit. The α then grows to consume
the ω phase and can subsequently link up to form a needle-like mor-
phology. Alloys with low lattice misfits will nucleate α at β boundaries,
independent of the ω phase. Aging at temperatures above the stability
of ω results in α precipitating as Widmanstatten plates, where the al-
loying levels are low, or rafts of α in highly β stabilized alloys contain-
ing little or no α stabilizer. Further aging produces growth and α
agglomeration.

It should be noted that the presence of any of the precipitates men-
tioned above (α2, ω, and β´) is generally undesirable because of the
tendency to embrittlement. Thus, heat treatments are generally de-
signed to at least prevent these precipitates from forming. As noted
above, the α and near α and α + β alloys have α stabilizer levels that
have a low likelihood of precipitating out intermetallics, although
there have been some indications that Ti3Al may be forming after
tempering a fully martensitic structure. With regard to β alloys, some
aging treatments are designed to preempt ω formation during ele-
vated temperature service. Thus, for example, for the Ti-11.5Mo-6Zr-
4.5Sn alloy, since aging below 400°C leads to ω formation, the struc-
ture is stabilized by heat treating at 550–600 (8 hr) to form 40% α
and to segregate the Mo to stabilize the β rather than it transforming
to ω.

TABLE 3.3 Minimum Concentration of Various β Stabilizers Required to Retain β on 
Quenching

Element V Cr Mn Fe Co Ni Cu Mo

Min. wt% concentration 14.9 6.3 6.4 3.5 7.0 9.0 13.0 10.0
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3.3 Alloy Classification and Overview

As already stated, titanium alloys fall under three broad types: α or
near α, α + β, and β. Although the type of alloy can be defined by its
microstructure (e.g., the duplex or bimodal structure is often regarded
as being characteristic of an α + β alloy), most of the existing alloys
can be classified by their composition. The aluminum equivalent,
which is measure of the level of α stabilization, has already been de-
fined in Eq. (3.1). The corresponding value for β stabilization is the Mo
equivalent, which is defined by the following equation:

(3.2)

Applying these equations to the alloys listed in Table 3.4, the composi-
tional ranges of the three alloy classifications can be approximately
defined in terms of the Aleq/Moeq ratio as follows:

α/near α, Aleq/Moeq > 3

α/β alloys Aleq/Moeq between 3 and 1.5

β alloys Aleq/Moeq < 1.5

3.3.1 Alpha Alloys

These are unalloyed (pure or commercially pure) and α stabilized with
non transition metals, the most popular being Al (which, of course,
also has a low density), Sn, and, to a lesser extent, Ga. These elements
also confer significant solid solution strengthening at room tempera-
tures. The extent to which α stabilizers can be added is determined by
the solubility of the intermetallics that can form. As noted above, the
formation of such precipitates greatly increases the strength but dras-
tically embrittles the structure. Note that all of the alloys listed in Ta-
ble 3.4 (regardless of the classification) have Aleq values < 9 wt%, as
per the guideline of Hammond and Nutting7 for avoiding embrittling
levels of intermetallic precipitates. 

It can also be seen that most α or near α alloys contain Al (about 5%
on average) as the alloying element, with Sn and Zr being about equal,
although α alloys may have as much as 11% Sn. Small amounts of Si
(for creep strength) are not uncommon, and microalloying additions
(<001%) of B are also seen in couple of alloys. 

α alloys have acceptable strength, toughness, and creep properties
and are weldable. Hence, they can be used in any application that is
not mechanically arduous but requires corrosion resistance, prefera-
bly in an oxidizing atmosphere. In particular, because these alloys do
not exhibit a ductile-to-brittle transition temperature, they are the
most useful titanium alloy for cryogenic applications.

Moeq Mo[ ] Ta[ ]
5

----------- Nb[ ]
3.6

------------ W[ ]
2.5

---------- V[ ]
1.5
--------- 1.25 Cr[ ] 1.7 Mn[ ] 1.7 Co[ ] 2.5 Fe[ ]+ + + + + + + +=
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TABLE 3.4 Various Ti Alloys with Corresponding Values of Aleq and Moeq, and the Ratio of These Two Values (Alloy 
Types as Classified in Ref. 2) 

Desig.
Alloy
type Al Zr Sn Si B Aleq Mo Ta Nb V Cr Ni Mn Co Fe Re Moeq Aleq/Moeq

α/near α 0.00 0.3 0.8 1.30 0.00

48-OT3 4 0.1 0.005 4.00 0.1 0.25 16.00

IMI 685 6 5 0.3 6.83 0.5 0.50 13.67

IMI 834 5.5 4 4 0.5 7.50 0.3 1 0.58 12.98

IMI 829 5.5 3 3.5 0.3 7.17 0.3 1 0.58 12.40

VT 5.1 5 2.5 5.83 0.00 10.00

VT 5 4.5 4.50 0.00 10.00

α 5 2.5 5.83 0.00 10.00

IMI 679 2.25 5 11 0.25 6.75 1 1.00 6.75

α/near α 2.25 5 11 6.75 1 1.00 6.75

AT 8 7 0.3 0.01 7.00 0.6 0.2 1.25 5.60

811 near α 8 8.00 1 1 1.67 4.80

α/near α 6 6.00 0.8 1 2 1.56 3.86

6242 near α 6 4 2 7.33 2 2.00 3.67

IRM 2 4 4.00 4 0.1 1.11 3.60

IRM 1 4 4.00 4 1.11 3.60

α/near α 5 2 5 7.00 2 2.00 3.50
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AT 6 6 0.3 0.01 6.00 0.6 0.4 1.75 3.43

AT 4 4 0.4 0.01 4.00 0.6 0.23 1.33 3.02

IMI 318 α + β 6 6.00 4 2.67 2.25

VT 8 6 6.00 3 3.00 2.00

VT 4 4.6 4.60 1.5 2.55 1.80

α + β 3 3.00 2.5 1.67 1.80

α + β 7 7.00 4 4.00 1.75

α + β 6 2 6.67 6 4.00 1.67

AT 3 3 0.3 0.01 3.00 0.7 0.4 1.88 1.60

α + β 6 2 2 7.00 2 2 4.50 1.56

IMI 680 2.25 11 0.25 5.92 4 4.00 1.48

VT 3 4.6 4.60 2.5 3.13 1.47

near β 6 4 2 7.33 6 6.00 1.22

OT 4 3 3.00 1.5 2.55 1.18

IMI 550 4 2 0.5 4.67 4 4.00 1.17

IRM 3 4 4.00 3.5 3.50 1.14

VT 14 4 4.00 3 1 3.67 1.09

TABLE 3.4 Various Ti Alloys with Corresponding Values of Aleq and Moeq, and the Ratio of These Two Values (Alloy 
Types as Classified in Ref. 2) (Continued)

Desig.
Alloy
type Al Zr Sn Si B Aleq Mo Ta Nb V Cr Ni Mn Co Fe Re Moeq Aleq/Moeq
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IRM 4 3.5 3.50 3.5 0.1 3.50 1.00

VT 3.1 4.6 4.60 1.7 2 0.5 5.45 0.84

OT 4.1 1.7 1.70 1.4 2.38 0.71

near β 5 2 2 6.00 4 4 9.00 0.67

α + β 4.5 4.50 5 1.5 6.88 0.65

VT 2 1.6 1.60 2.5 3.13 0.51

Ti 15-3 β 3 3 4.00 15 3 13.75 0.29

VT 16 2 2.00 7 7.00 0.29

near β 3 3.00 10 2 11.67 0.26

beta-C β 3 4 3.67 4 8 6 16.83 0.22

β 6 4.5 2.50 11.5 11.50 0.22

β 3 3 4.00 15 3 2 18.75 0.21

β 3 4 3.67 4 8 8 19.33 0.19

β 3 3.00 8 8 2 18.33 0.16

VT 15 3 3.00 6.5 11 20.25 0.15

β 3 3.00 13 11 22.42 0.13

β 0.00 8 13.60 0.00

TABLE 3.4 Various Ti Alloys with Corresponding Values of Aleq and Moeq, and the Ratio of These Two Values (Alloy 
Types as Classified in Ref. 2) (Continued)

Desig.
Alloy
type Al Zr Sn Si B Aleq Mo Ta Nb V Cr Ni Mn Co Fe Re Moeq Aleq/Moeq
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3.3.2 Beta Alloys

β stabilizing elements come from Gp. V and VI of the periodic table.
The most common are Nb (Gp. V) and, as noted earlier, Mo (Gp. VI).
The structure of β alloys at room temperature is usually FCC (stable
or metastable) at room temperature. These alloys are highly formable
and retain strength levels to high temperatures. Hence, β alloys tend
to have been developed for elevated temperature applications. These
alloys exhibit a ductile-to-brittle transition and hence are usually not
considered for cryogenic purposes.

3.3.3 Alpha-Beta Alloys

Although α/β alloys contain α and β stabilizers, the equilibrium phase
is usually mainly α, even though the volume fraction of β does vary be-
tween 5 and 50%. The simplest and most popular of these alloys is Ti-
6Al-4V. These are processed to produce a range of structures encom-
passing a fully equiaxed structure or a fully lamellar structure and
any mixtures of these two phases to form duplex or bimodal struc-
tures. They can also be processed to produce tempered martensites.
Hence, this class of alloys has a superficial resemblance to plain car-
bon steels, but they do not possess as large a range of properties as the
corresponding steel microstructures. Nevertheless, the simplicity of
the alloy composition 6-4, coupled with the considerable range of mi-
crostructures and properties, means that it has been used in many dif-
ferent applications. α + β alloys generally are reasonably formable
(with the exception being 6-4) and have good elevated temperature
properties. It should be noted that alloys with >20% β have very poor
weldability.

3.4 Properties

The properties of titanium alloys are quite sensitive to the alloy com-
position and microstructure, hence the resulting range in property
values can be quite considerable, as can be seen from the following
summary of properties, adapted from data found in the Cambridge
Materials Selector software.

General

Atomic volume (average) 0.01–0.011 m3/kmol

Density 4.38–4.82 Mg/m3

Energy content 750–1250 MJ/kg

Mechanical

Bulk Modulus 102–112 GPa
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Compressive strength 130–1400 MPa

Ductility 0.02–0.3 (strain)

Elastic limit 172–1050 MPa

Endurance limit *176–623 MPa

Fracture toughness 55–123 MPa × √m

Hardness 1030–4700 MPa

Loss coefficient 8.00 × 10–5–0.002

Modulus of rupture 250–1300 MPa

Poisson's ratio 0.358–0.364

Shear modulus *35–50 GPa

Tensile strength 241–1280 MPa

Young's modulus 95–125 GPa

Thermal

Latent heat of fusion 360–370 kJ/kg

Max. service temperature 600–970 K

Melting point 1770–1940 K

Min. service temperature 1–2 K

Specific heat 510–650 J/kg × K
Thermal conductivity 4–21.9 W/m × K

3.4.1 Physical Properties

The thermal, magnetic, and electric properties are usually not the pri-
mary reason for selection of titanium for an application, although
presently there is interest in the superconducting properties of tita-
nium alloys. Hence, these properties are not covered in this chapter.
However, such properties are often of secondary consideration and are
also useful in indicating the condition of the microstructure. Thus,
there is a considerable body of knowledge related to physical proper-
ties of titanium alloys. With regard to technical alloys, the reader is
directed to the work of Salmon, who has compiled a selection of these
properties in his work at NPL.10

3.4.2 Mechanical Properties

3.4.2.1 Elastic properties. As a general rule, the elastic modulus in-
creases with increasing solute concentration and second phase, partic-
ularly ω, but any intermetallic or nonintermetallic precipitate will also
increase the modulus.
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3.4.2.2 Plastic properties

Solid solution strengthening of the α phase. α alloys rely significantly on
the solid solution strengthening effect of α stabilizers, since the contri-
bution to strength of these elements is high and even compares favor-
ably with precipitation hardening mechanisms. Examples of the
magnitude of α stabilizer solid solution strengthening are shown in
Table 3.5. The strengthening mechanism is a combination of atomic
size misfit (which impedes dislocation motion) and chemical interac-
tion, i.e., strong, local atomic bonding (which increases the resistance
to bond stretching and breaking).

α can also be strengthened by interstitial atoms in solid solution by
the same mechanisms. As can be seen in Table 3.6, the effect of inter-
stitials is much stronger than that of the substitutionals, probably be-
cause of increased misfit differences, as well as stronger atomic bonds
formed between the interstitials and Ti. In fact, it has been observed

TABLE 3.5 Solid Solution Strengthening of α Due to α Stabilizers According to the 
Effect on Vickers Hardness, Hv = a + b (concentration of α stabilizer) (from Ref. 11)

Alloy 
addn.

Concentration
range (at%) Condition

a
(kg/mm2)

b
kg mm–2 
× at%–1

Hardening rate 
at 1 atm %
(kg mm–2 
× at%–1)

Al 0–10 100 hr at 850°C 
ice brine quench

102 15 15

Ga 0–5 As cast 108 24 24

Sn 0–7 As cast 112 24 24

TABLE 3.6 Solid Solution Strengthening of a Due to Interstitials According to the 
Effect on Vickers Hardness, Hv = a + b (concentration of a stabilizer)1/2 (from Ref. 11)

Alloy 
addn.

Concentration 
range (at%) Condition

a
(kg/mm2)

b
kg mm–2 
× at%–1

Hardening rate 
at 1 atm %
(kg mm–2 
× at%–1)

B 0–0.2 120 h/800 C/IBQ 110 15 344

C 0–0.5 120 h/800 C/IBQ 104 24 269

N 0–7 120 h/800 C/IBQ 98 24 378

O 0–7 120 h/800 C/IBQ 100 24 307
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that, in very dilute Ti-Al alloys, the strength of the alloy decreases
with increasing Al, probably because of a scavenging effect that Al has
on oxygen. Titanium has a stronger affinity for C and N compared to
Al, but Al has a stronger affinity for O.

As mentioned earlier, the strengthening of the α phase by these ele-
ments is restricted by precipitate formation. The latter leads to con-
siderable strengthening, but this is accompanied by embrittlement. In
the case of Al, further limitation in the use of Al as a strengthener is
that the increase in critical resolved shear stress with increasing Al
concentration is accompanied by a decrease in the critical stress for
stress corrosion failure that accompanies it.12

Solid solution strengthening of α alloys is not effective at elevated
temperatures, especially when interstitial strengthening is employed,
because the increased diffusion rates of these elements means that
dislocations are freer to move. The effect is quite drastic; for example,
the UTS of Ti-6-4 drops by about 60% as the temperature is increased
from room temperature to 500°C. 

Solid solution strengthening of the β phase. The solid solution strengthen-
ing effect of the β phase by β stabilizers is relatively weak, as can be
seen in Table 3.7, and is soon overshadowed by the formation of the ω
phase. As may be expected, solid solution strengthening in the β phase
becomes ineffective at elevated temperatures, and the strength must
be derived from the formation of precipitates or other microstructural
effects.

Microstructural strengthening. Precipitation strengthening due to for-
mation of α2 in α stabilized alloys and ω in β stabilized alloys, and the
loss of ductility that accompanies the high flow stresses, have been
mentioned several times. On further aging of an ω + β structure, a sec-
ond hardness peak occurs, coinciding with the formation of α precipi-
tates. Continued overaging of either β or α stabilized alloys that have
precipitates results in precipitate coarsening, a decrease in strength,
and an increase in ductility.

The effect of microstructural morphologies on strengths and ductili-
ties is fairly complex because of the wide range of microstructural
variations possible. In alloys treated in the α + β two phase region, it

TABLE 3.7 Solid Solution Strengthening of β due to β Stabilizers

V Cr Mn Fe Co Ni Cu Mo

N m–2/wt% 19 21 34 46 48 35 14 27

N m–2/atm% 20 23 39 54 59 43 18 54
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is clear that transformed β and primary α grain sizes, phase distribu-
tion, volume fraction, and morphology will each contribute to the
strength of the structure. Evidence of an inverse relationship between
yield stress (YS) and the distance between equiaxed α in a structure
of matrix transformed β with second phase equiaxed α has been put
forward, but the effect is not pronounced, and the evidence is incon-
clusive.

The onset of transformed β in an α matrix theoretically should sig-
nal a strength increase through grain refinement. However, the start
of martensite formation does not coincide with any increase in hard-
ness, and much higher volume fractions of martensite are required to
register any significant hardness increase. This observation has been
attributed to autotempering of the martensite during quenching, the
strength increment being due to β precipitation in the martensite.
Certainly, unalloyed (massive) martensite has little effect on the
strength. Alloyed martensites contribute more to strength, presum-
ably through a finer structure and a denser substructure.

Another method of strengthening martensites is the retention of β
as martensite interplate layers, assuming a heavy segregation of β
stabilizer to these layers, since the solid solution strengthening effect
of β stabilizers is not very high. As noted just previously, tempering
the martensite leads to a strength increment through β precipitation.
There is some evidence that α2 might also form when aging a marten-
site lean in α stabilizer. Coarse martensitic Widmanstatten (or acicu-
lar) α formed by slower cooling rates in alloyed titanium seem to have
no significant effect on strength, for reasons that are probably similar
to the massive martensite effect.

Given the results of the equiaxed α + martensitic α structures, it is
not then surprising that the slow cooled transformed β does not neces-
sarily lead to strength increases and, in some instances, has led to
strength decreases. It seems that the interplate boundaries offer no
added resistance to dislocation motion, and only refinement of the
overall grain size will have a significant effect on strength. 

Although strength does not appear to be strongly affected by the mi-
crostructure (other than precipitates), ductility does seem to be af-
fected by the presence of transformed β. Margolin et al.13 developed an
empirical equation to define the effect of microstructural characteris-
tics on the stress for tensile fracture (σf in MPa) of a duplex structure.

(3.3)

where d is the grain size of equiaxed α, λ is the distance between equi-
axed α grains, and D is the grain size of the transformed β matrix.

σf σ0 2.3d 1 2⁄–
2.3λ 1 2⁄–

3.2D 1 2⁄–
+ + +=
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This equation was explained in terms of the crack sizes generated af-
fecting the stress concentration. For example, a large distance be-
tween equiaxed α grains (λ) would lead to a large crack formed when
voids, nucleated at α/transformed β boundaries, coalesced, which then
would lead to the development of a high stress concentration factor.
Note that there is no term for the effect of the Widmanstatten struc-
ture size. It was argued that, for a finer Widmanstatten structure, the
stress required to nucleate voids would be higher but would be offset
by easier crack propagation due to a decreased tortuosity, assuming
crack propagation occurs along interplate boundaries.

To summarize this section on strengths, the room temperature ten-
sile strengths of some of the common technical alloys are given in Ta-
ble 3.8.

Fracture toughness. Many workers have shown that voids nucleate
preferentially at α/β boundaries, and cracks tend to propagate along
these boundaries. Many of the explanations for the effect of micro-
structure on fracture toughness (kIc) hinge on these observations.

Margolin,15 investigating the effect of grain boundary α on the kIc,
showed that increasing the GB α thickness results in an increasing
kIc, reaching a maximum at a critical GB α thickness. Part of this ef-
fect is due to the fact that GB α is softer than transformed β and there-
fore absorbs more energy prior to void initiation. In equiaxed α/aged β
structures, there appears to be no relationship between kIc and α par-
ticle size or distribution. However, increasing the β grain size results
in increasing kIc, which may be interpreted as due to an increasing
crack propagation path length, since fracture around β grain bound-
aries was observed in this structure.

Much work has been focused on the role of the acicular α morphol-
ogy. It is generally accepted that toughness dramatically increases as
the structure is changed from a duplex structure to a β annealed (i.e.,
fully lamellar) structure. However, there seems to be little change in
the kIc with increasing transformed β in a duplex structure. Many
workers have since attributed this superiority of the fully lamellar
structure to an increase in crack tortuosity, since an increase in aspect
ratio of the lamellae increases the fracture toughness. There is some
uncertainty as to whether there is an effect of the absolute size of the
α plates, with some workers favoring fine plates and others observing
the opposite. 

There has been some analysis of the possible interrelationship be-
tween yield strength and kIc, resulting in the conclusion that, for simi-
lar microstructures, the fracture toughness is inversely dependent on
the yield strength, as may be expected. However, there are exceptions
to this rule, mainly because yielding does not involve any fracture
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TABLE 3.8 The Room Temperature Tensile Strengths of Some of the Common Technical Alloys (Data from Ref. 14)

Alloy name Composition Condition UTS (Mpa) YS (MPa) Elongation (%)

5-2.5 5Al-2.5Sn Annealed 0.25–4h/710–878ºC 830–900 790–830 13–18

3-2.5 6Al-2Nb-1Ta-1Mo Annealed 1–3h/654–766ºC 950 900 22

6-2-1-1 3Al-2.5Sn Annealed 1–3h/654–766ºC 860 760 14

8-1-1 8Al-1Mo-1V Annealed 8h/794ºC 1000 930 12

Corona 5 4.5Al-5Mo-1.5Cr α/β annealed after β processing 970–1100 930–1030 12–15

Ti-17 5Al-2Sn-2Zr-4Mo-4Cr α/β annealed or β processed plus aging 1140 1070 8

Ti-6-4 6Al-4V Annealed 2h/710–878 960 900 17

Aged 1170 1100 12

6-6-2 6Al-6V-2Sn Annealed 3h/710–822°C 1070 1000 14

Aged 1280 1210 10

6-2-4-2 6Al-2Sn-4Zr-2Mo Annealed 4h/710–850°C 1000 930 15

6-2-4-6 6Al-2Sn-4Zr-6Mo Annealed 2h/822–878°C 1030 970 11

6-22-22 6Al-2Sn-2Zr-2Mo-2Cr-0.25Si α/β processed plus aging 1120 1010 14

Aged 1210 1140 8
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10-2-3 10V-2Fe-3Al Annealed 1h/766°C 970 900 9

Aged 1240–1340 1140–1240 7

15-3-3-3 15V-3Cr-3Sn-3Al Annealed 0.25h/794°C 790 770 20–25

Aged 1140 1070 8

13-11-3 13V-11Cr-3Al Annealed 0.5h/766–822°C 930–970 860 18

Aged 1210 1140 7

38-6-44 3Al-8V-6Cr-4Mo-4Zr Annealed 0.5h/822–934°C 830–900 780–830 10–15

Aged 1240 1170 7

β-III 4.5Sn-6Zr-11.5Mo Annealed 0.5h/710–878°C 690–760 650 23

TABLE 3.8 The Room Temperature Tensile Strengths of Some of the Common Technical Alloys (Data from Ref. 14) Cont.
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mechanisms, in particular, the crack propagation path. Thus, the gen-
eral conclusion is that the relationship of yield strength to fracture
toughness, if any, is specific to the alloy and the family of microstruc-
tures of interest, and is heuristic at best

Finally, it has been suggested that the strain induced transforma-
tion of metastable β to martensite has been responsible for toughness
increments in certain titanium alloy microstructures. For example,
Hall16 suggested that a kIc peak observed after in Ti-6-4 after heat
treating at 850°C, followed by a water quench, was due to a strain in-
duced transformation, following observations made by in situ strain-
ing in a transmission electron microscope. He also suggested that this
might be occurring in the coarse, fully lamellar, air-cooled structures
of this alloy, since these possess very good kIc values.

Fatigue. Fatigue failure occurs through three mechanisms: (1) void
initiation (2) crack propagation, and (3) final failure. However, loading
conditions can vary such that fatigue failure can occur after many cy-
cles (i.e., high cycle fatigue, or HCF, which is taken to mean fracture
after 108 cycles or more) or after only a few cycles (low cycle fatigue,
LCF, which refers to fracture after less than 106 cycles). It is generally
accepted that failure after a very large number of fatigue cycles (i.e.,
HCF) is controlled mainly by void initiation, since it generally does
not take many fatigue cycles to propagate an existing crack to the
reach the critical crack size (the latter being defined by the fracture
toughness of the material). The outcome of this conclusion is low cycle
fatigue characteristics depend largely on crack propagation mecha-
nisms. As may be expected, the mechanisms of fatigue void initiation
and crack propagation are quite distinct, even though they both in-
volve breaking of atomic bonds.

Having said that, HCF and LCF are affected in a similar fashion by
the microstructure. This is because, in general, fatigue failure begins
with dislocation motion. Thus, anything that stops dislocation motion
(i.e., increases the yield strength) tends to increase the HCF. Thus,
finer equiaxed α grain sizes improve the fatigue properties, because
these not only present dislocation barriers but also reduce the disloca-
tion pile-up length, thus reducing the stress concentration at the head
of the pile-up.

The effect of α and β morphology on HCF has been studied exten-
sively. It has been found that the bimodal structure has the best HCF
resistance, followed by fine equiaxed and fine lamellar (β quenched)
structures, as seen in Fig. 3.3.17 The optimal amount of equiaxed α is
in the range of 35–50%. The size of the equiaxed α should be kept
around 15–20 µm. Below this, there is no influence on the HCF. This is
due to the reduced effective dislocation glide length of the lamellar
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part of the structure, which, in this study, was the finest of the struc-
ture investigated. It seems that the transformed β of the bimodal
structure is always finer than the lamellar structure of a β annealed
structure, cooled at the same rate. Thus, the finer the transformed β
plates in the bimodal structure, the better the HCF properties.

In the fully lamellar microstructures, preferential crack propaga-
tion occurs along α/β interfaces. Therefore, the length of these inter-
faces should be minimized. Prior β grain boundaries and sub-grain
boundaries in the α plates have been found to be particularly favor-
able for crack initiation. Thus, thinning any grain boundary α and re-
fining the microstructure within prior β grains have been found to
increase the HCF.

Referring back to the relationship between the yield strength on the
HCF resistance, it is not surprising that both age hardening and
higher oxygen levels increase the HCF life, although care must be
taken to maintain a balance between increased fatigue properties and
increased embrittlement. However, these modes of strengthening are
detrimental to LCF, because the nominal stresses are considerably
higher than for HCF conditions, which leads to significant intensifica-
tion at the dislocation pile-ups and accelerated crack propagation.

Fatigue crack propagation. It has been found that fatigue crack propa-
gation (FCP) resistance is affected by microstructural variables up to
a critical stress intensity factor, beyond which there is no effect of mi-
crostructure. This is when the reverse plastic zone size becomes equal
to or greater than the critical microstructural characteristic (e.g., the
α grain size or the average colony size in lamellar microstructures).
Moreover, at high load ratios, the microstructural effects become less
pronounced.18

As may be expected, the morphology of the α and β phases have the
largest affect on FCP resistance, with the coarse (β annealed) lamellar
morphology having the optimum resistance. The larger the average
colony size of the lamellae, the lower the FCP, in part due to a loss in
tortuosity moving from colony to colony. The fractured surfaces also
are less rough, thus leading to a lowering of the crack closure effect.
Here, the roughness of the fractured surfaces prevents the cracks from
closing entirely when the stress is lowered. This effectively decreases
the stress intensity amplitude by increasing the lower limit of the ap-
plied stress while the upper limit remains unchanged. The bimodal
structure has a slower FCP rate than equiaxed structures with no
transformed β, which again is due to increased tortuosity.

Quenched microstructures can retain metastable austenite, which,
if transformed to martensite during crack propagation, can retard fa-
tigue crack propagation by inducing crack closure. Aging can nega-
tively affect this by stabilizing the β or transforming it to α.
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As for any metal, the surface condition strongly affects the fatigue
strength, especially if the surface treatment generates compressive
surface stresses, e.g., shot peening or even machining. In most cases,
the effect of the surface is more influential than the microstructural
effects. In Fig. 3.4, it is shown that shot peening greatly improves the
fatigue strength. However, note that stress relieving a shot-peened
surface leads to a fatigue strength that is much inferior to the smooth
electropolished specimen (Fig. 3.5). This illustrates that shot peening,
while creating a surface layer of beneficial compressive stresses, can
actually damage the surface. Note also that the surface compression
must be balanced by subsurface tension, which may lead to premature
subsurface crack initiation.19

Anomalous strength properties. The most significant of the anomalous
strength properties are thermoelasticity and pseudoelasticity. The
thermoelastic martensitic transformation is one in which continuous
martensitic transformation occurs as the temperature is raised or low-
ered (unlike Fe-martensite transformation, which occurs by “bursts”).
Pseudoelasticity is the strain-induced martensite analog of ther-
moelasticity in that a martensite transformation occurs continuously
during loading and reverts back to β continuously on unloading.

Both effects combine to generate the shape memory effect, where a
stress-induced martensite transformation is completely removed by

Figure 3.4 Effect of microstructure on fatigue life of Ti-6-4 for rotat-
ing bending fatigue tests (R = –1). All specimens heat treated at
500°C for 24 hr after producing the desired microstructure.17
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raising the temperature of the sample. Nitinol, an alloy based on the
Ti-Ni binary) is the best known version of this alloy, but other tita-
nium alloys display the same effect. In fact, the transformation does
not have to be martensitic. For example, a shape memory effect was
found in Ti-6-4 as a result of α + β transforming to β.20

3.5 Corrosion and Corrosion Resistance

The corrosion resistance of titanium chiefly stems from its high affin-
ity for oxygen, which enables the formation of a stable, continuous ad-
herent oxide film. It is therefore recommended for mildly reducing to
quite highly oxidizing atmospheres, and it is excellent in marine and
general industrial environments. However, if the oxidizing atmo-
sphere is too strong (or in the absence of moisture), the oxide film is
not protective, and titanium and oxygen can react violently. Titanium
alloys are also adversely affected by hot, concentrated chloride salts
and all acidic solutions that are reducing in nature.

Small alloying additions have no effect in environments in which ti-
tanium is effective. In adverse conditions, some elements can further
decrease the corrosion resistance; e.g., Fe and S are detrimental when
corrosion rates exceed 0.13 mm/yr.21

Figure 3.5 Effect of microstructure on fatigue life of Ti-6-4 for rotating
bending fatigue tests (R = –1). All specimens heat treated at 500°C for 24
hr after producing the desired microstructure.17
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