Chapter 6
Titanium Alloys: Part 2—Alloy
Development, Properties and Applications

A. Bhattacharjee, B. Saha and J.C. Williams

Abstract Titanium alloys are the principal replacements, and in many cases also
prime candidate materials to replace (i) aerospace special and advanced steels,
owing to their significantly higher usable specific strength properties, (ii) alu-
minium alloys due to their better elevated temperature properties and
(iii) nickel-base superalloys for much of the high pressure compressors (HPCs) of
modern engines, owing to their superior medium temperature (up to 550 °C) creep
strength and acceptable oxidation and corrosion resistances. This chapter summa-
rizes the chemical compositions, properties and applications of commercially pure
o-titanium, near-o, o + B and P titanium alloys.
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6.1 Introduction

Conventional titanium alloys consisting of a-titanium, near-o, o + § and B titanium
alloys are used in various engineering sectors, but predominantly for aerospace
because of cost. These alloys possess good corrosion resistance and a range of
strengths starting from commercially pure titanium up to the high strength B tita-
nium alloys, which can compete with steels on a density normalized basis. The
near-o titanium alloys have the best combinations of strength and high temperature
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properties and are the natural choice for high temperature aerospace applications.
The o + P titanium alloys have good strength and medium temperature capability.

In this chapter a review of each of these classes of titanium alloys will be given,
and their generic processing, microstructure, mechanical properties and applications
will be concisely discussed. The reader may obtain more details from the
Bibliography.

6.2 Titanium Alloy Developments and Applications

There are numerous review articles and monographs that cover titanium alloy
development as well as their production and applications aspects in detail [1-40]. In
this section these aspects are dealt with briefly.

6.2.1 Commercially Pure Titanium and a-Titanium Alloys

All o-titanium alloys are based on the low temperature, hexagonal allotropic form
of titanium. These alloys can contain substitutional alloying elements (Al or Sn) or
interstitial elements (oxygen, carbon or nitrogen) that are soluble in the hexagonal o
phase. These alloys also contain limited quantities of elements with limited solu-
bility, such as Fe, V and Mo.

Specific alloys have been formulated to improve the environmental resistance of
CP titanium and o-titanium alloys to provide comparable performance at reduced
cost. Table 6.1 lists these alloys, their compositions and typical yield strengths.

All the alloys derive their characteristics from the hexagonal o phase, as men-
tioned earlier. The strengthening and processing aspects of these alloys can be
obtained from Refs. [1, 25] and are summarized in Table 6.2 and Fig. 6.1,
respectively. Referring to Fig. 6.1, stage II processing controls the preferred ori-
entation (texture) intensity and o grain size; and the microstructure after stage III
processing is controlled by the degree of deformation and the annealing tempera-
ture, which influences the o grain size with marginal effect on texture intensity.

Applications The excellent corrosion resistance of CP titanium, its good weld-
ability and general fabricability have resulted in its use for aerospace tubing, e.g. in
anti-icing ducts. However, the alloys Ti-2.5Cu and Ti-3-Al-2.5V offer higher
strength alternatives with similar ease of fabrication (Ti-2.5 Cu in the annealed
condition). Also, Ti-25Cu in the aged condition is used in engine bypass ducts
owing to a higher temperature capability (up to 350 °C).
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Table 6.1 Compositions and 0.2 % yield strengths of commercial CP titanium and o-titanium

alloys [1]
Alloy O (max) |Fe (max) |Other elements 0.2 % Yield
wt% wt% strength (MPa)

CP titanium

CP Grade 1 |0.18 0.20 170
Grade 2 | 0.25 0.30 275
Grade 3 | 0.35 0.30 380
Grade 4 |0.40 0.50 480

Ti-0.2Pd | Grade 7 |0.25 0.30 0.12-0.25Pd 275
Grade 11 |0.18 0.20 170

Ti- Grade 16 |0.25 0.30 0.04-0.08Pd 275

0.05Pd Grade 17 |0.18 0.20 170

Ti-0.1Ru | Grade 26 |0.25 0.30 0.08-0.14Ru 275
Grade 27 |0.18 0.20 170

o-titanium alloys

Ti—0.3Mo-0.9Ni 0.25 0.25 0.2-0.4Mo, 0.6-0.9Ni 345

(Grade 12)

Ti-2.5Cu 0.20 0.20 2.5Cu 600

Ti-3A1-2.5V (Grade |0.15 0.25 2.5-3.5Al, 2.0-3.0V 485

9)

Ti-3A1-2.5V-0.05Pd | 0.15 0.25 2.5-3.5Al, 2.0-3.0V, (+Pd) |485

(Grade 18)

Ti-3A1-2.5V-0.1Ru 0.25 0.25 2.5-3.5Al, 2.0-3.0V, (+Ru) | 485

(Grade 28)

Ti-5A1-2.5Sn (Grade |0.20 0.20 4.0-6.0Al, 2.0-3.0Sn 795

6)

Ti-5A1-2.5Sn ELI 0.15 0.25 4.75-5.75Al, 2.0-3.0Sn 725

Table 6.2 Strengthening mechanisms in CP titanium and o-titanium alloys [1]

Strengthening mechanism Dependence Examples/limitations

Grain size d'”? Fine grains limit twinning

Interstitial solid solution " Strain localization >2500 ppm oxygen

Substitutional solid c Strain localization >5 % Al equivalence

solution

Texture c-axis Max. strength when loaded along c-axis
orientation

Precipitation r72, A2 Ti-2.5Cu; other alloys >5.5 % Al

equivalence
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6.2.2 High Temperature Near-a Titanium Alloys

Alloy development For long-term applications at high temperatures the o +
titanium alloys, such as Ti—6Al-4V, are limited to about 350 °C. For higher
temperatures near-o alloys such as Ti-6Al-2Sn—-4Zr-2Mo + Si (Ti—6242) and Ti—
5.8A1-4Sn-3.5Zr-0.5Mo0-0.7Nb-0.35Si-0.06C (IMI 834) have been developed
according to the following general principles:

(1) The diffusion rates in the  phase are about two orders of magnitude faster
than in the o phase. Therefore the volume fraction of B phase is reduced in
these high temperature alloys as compared to Ti—-6Al-4V.

(2) The decrease in volume fraction of B phase in Ti—6242 and IMI 834 is
achieved by reducing the total content of [ stabilizing elements and by
alloying with the o stabilizers Sn and Zr as well as about 6 wt% Al.

(3) Furthermore, the 3 stabilizing element vanadium is replaced by Mo and Nb
which are slower diffusing elements [37].

(4) In addition, the contents of Fe and Ni, which are very strong B stabilizers and
also lead to very fast diffusion rates in o titanium [38], are reduced especially
in IMI 834 to the very low levels of about 150 ppm.

(5) Owing to the reduction in volume fraction of B phase there is a potential

problem: the thickness of the “f lamellae” in a colony structure is reduced in
many areas to zero, i.e. only low angle boundaries are left to separate parallel
o lamellae. In this case, easy slip is possible over long distances with negative
consequences, especially for fatigue strength (High Cycle Fatigue, HCF, and
Low Cycle Fatigue, LCF).
To create new obstacles to dislocation motion at the o/a lamellae boundaries,
silicon is added to high temperature alloys (about 0.1-0.5 %). Silicon com-
bines with titanium to form the intermetallic compound TisSi;, or in the
presence of zirconium the compound (Ti,Zr)sSi5. The silicides are incoherent
with respect to B and o and precipitate at the o/f lamellae boundaries and at
grain boundaries, providing effective barriers to slip transfer.
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(6) Since coherent precipitates are effective barriers for dislocation glide and
climb, the volume fraction of TizAl (o) particles is increased in high tem-
perature titanium alloys, mainly owing to the addition of Sn, which adds to Al
in promoting the formation of oy, which is then Ti3(Al,Sn). As an indication of
their effectiveness, the solvus temperature for o, in Ti—-6Al-4V is around 550—
600 °C, in Ti-6242 around 650 °C and in IMI 834 around 750 °C.

(7) In contrast to Ti-6Al-4V, the standard final heat treatment in Ti-6242 and IMI
834 is always an ageing treatment in the (o + o) phase region, i.e. 8 h 595 °C
for Ti-6242 and 2 h 700 °C for IMI 834.

Processing The processing routes used to generate different microstructures, for
example fully lamellar or bi-modal microstructures, in high temperature near-o
titanium alloys (Ti-6242, IMI 834) are the same processing routes as those outlined
in the next subsection for o + B titanium alloys. The only additional feature
important for the processing route of high temperature near-a titanium alloys is the
solvus temperature of the silicides in relation to the other temperatures in the
processing route.

Applications The main applications of high temperature titanium alloys such as
Ti-6242 and IMI 834 are blades and discs in the compressor sections of aero-
engines, where the temperature exceeds 350 °C and Ti—6Al4V cannot be used
because of creep considerations. A good example is the CF6 HP compressor spool
shown in Fig. 6.2, with five Ti—-6Al-4V front stages followed by two Ti-6242 rear
stages. Since the maximum temperature capability is about 500 °C for Ti-6242, the
last stages in the HP compressors are made out of nickel-base superalloys.

Fig. 6.2 Compressor spool
for GE CF6 class engine
using inertia welding to
connect the individual stages:
front (smaller) five stages: Ti—
6Al-4V; rear two stages:
Ti-6242 [1]
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A bi-modal microstructure is used for the Ti-6242 stages (as well as for the Ti—6Al-
4V stages) because it gives the best LCF strength as well as adequate creep
strength. The IMI 834 alloy can be used up to about 550 °C and is used for making
blades and integrally bladed discs (blisks) in the EJ 200 aeroengine [39] and the
Rolls-Royce TRENT 800 engine.

Another Ti-6242 application is the impeller shown in Fig. 6.3. Impellers are
used as the last compressor stage in small (lower flow) aeroengines and in auxiliary
power units (APUs).

Effect of Ni and Fe There can be considerable lot-to-lot variation in the creep
strength of Ti-6242 as well as IMI-834. This variation is mainly due to variation in
the concentration of Ni, which is a minor impurity that comes from vacuum dis-
tillation of Ti sponge (see Chap. 4 in this Volume) on stainless steel trays. Similar
variations also appear to apply to other impurities such as Fe and Co, all at the trace
impurity level. The effect of Fe has been recognized for some time, and the Fe
concentration is deliberately and effectively managed by the material producers by
selecting low-Fe sponge for alloy formulation.

In fact, Ni and Fe impurities are particularly troublesome in titanium production
because of the use of stainless steel vessels in the Kroll reactors for making sponge,
and for vacuum distillation of the sponge to remove residual MgCl, after reduction.
Further, salt removal from the sponge is also done by vacuum distillation. Thus all
sponge is exposed to Ni-bearing alloys during production, making trace concen-
trations of Ni unavoidable unless special precautions are taken.

Returning to the variation in creep behaviour, it has been shown that increasing
the Ni impurity level from 0.005 to 0.035 % in Ti-6242 causes a large reduction in
creep strength. This appears to be well understood in terms of Ni impurities
affecting the rate-controlling creep mechanism, which is diffusion-controlled dis-
location motion in the o phase [41-47]. Consistent improvement in the creep
strength of high temperature alloys requires the use of materials with the lowest
commercially feasible Ni and Fe levels.

Fig. 6.3 Impeller used in a
small engine for regional jets,
diameter 35 cm. The alloy is
Ti-6242 with a bi-modal
microstructure [1]
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A special consideration for low temperature (up to about 150-200 °C) appli-
cations of near-o alloys in aeroengines is dwell fatigue cracking. This can occur
when hold times at high load levels are part of the service fatigue history. Dwell
cracking is a well-known and major concern for front-engine discs made from
alloys such as Ti-6242, IMI 685, and IMI 834. It was first encountered in 1972 with
two in-service fan disc failures [47]. Although not fully understood, the cracking
involves creep (low temperature) as well as fatigue, and microtexture appears to
play a major role. More details can be found in the specialist literature.

6.2.3 a + B Titanium Alloys

6.2.3.1 Processing and Microstructures of o + p Titanium Alloys

o + B alloys have at least two phases (o and ) and have good combinations of
strength and high temperature properties. This is why these alloys have been so
popular. Correct microstructures are essential, which is all the more important
because titanium alloy microstructures are very sensitive to processing.

Three distinctly different types of microstructures can be obtained in o + f
alloys by changing the thermomechanical processing route: so-called bi-modal
(duplex) microstructures containing equiaxed primary o (o) in a lamellar o + 8
matrix; fully equiaxed structures; and fully lamellar structures. A common but less
narrowly defined microstructure is the so-called mill-annealed condition.

Central to the processing of titanium alloys is the deformation and resulting
morphology of the alpha/beta phase. An equiaxed oo morphology is obtained by
o + B processing and o + [ solution treatment, whereas a fully lamellar o (trans-
formed B) microstructure is obtained from heating and/ or processing in the B phase
field.

Bi-modal microstructures The processing route for obtaining the bi-modal (du-
plex) microstructures is shown schematically in Fig. 6.4, where the process is
divided into four different steps: homogenization in the B phase field (I), defor-
mation in the (o + ) phase field (I), a-phase recrystallization in the (o + ) phase

AVAV=N

n m v Time
Homogenization Deformation Recrystallization Annealing

Temperature

Fig. 6.4 Schematic processing route for bi-modal microstructures of o + B titanium alloys
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field (III) and final ageing and/or stress relieving treatment (IV). Table 6.3 sum-
marizes the important parameters of this processing route and the resulting
microstructural features.

A critical parameter in the processing route is the cooling rate from the
homogenization temperature in the B phase field (step I) because this cooling rate
determines the width of the o lamellae. These are then deformed in step II and
recrystallized in step III.

The relation between the prior o lamellae width resulting from step I and the
equiaxed primary o + 3 size is illustrated in Fig. 6.5, where two bi-modal structures
are compared. The faster the cooling rate, the finer are the o lamellae, the primary
a(o,) grain size and the transformed P grain size.

Table 6.3 Important processing step parameters and resulting microstructural features for
bi-modal microstructures

Step Important parameters Microstructural features
1 Cooling rate Width of o lamellae (— o, size)
I Deformation temperature — Texture type
— Texture intensity
Deformation degree — Dislocation density
Deformation mode — Texture symmetry
I Annealing temperature — Vol.% of o, (— B grain size)
—Alloy element partitioning
Cooling rate Width of o lamellae
v Annealing temperature — TizAl in o
— Secondary o in B

Fig. 6.5 Bi-modal microstructures (optical) of the IMI 834 alloy cooled differently from the 8
phase field in step I of the processing route: a bi-modal 1, slow cooling rate, b bi-modal 2, fast
cooling rate
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In bi-modal microstructures the cooling rate from the recrystallization annealing
temperature in the (o + ) phase field (step III in Fig. 6.4) mainly influences the
width of the individual o lamellae (Table 6.3), whereas the o colony size and the
length of the continuous o layers at B grain boundaries are largely determined by
the B grain size. Within the normal range of commercial cooling rates of about
30—600 °C/min, the o colony size in bi-modal microstructures is about equal to the
P grain size. Slower cooling rates increase both the size and volume fraction of o,

Fully equiaxed microstructures There are two possibilities to obtain a fully
equiaxed microstructure. In the first case, the processing route is identical to the
processing route for obtaining a bi-modal microstructure up to the recrystallization
process in step III:

(1) If the cooling rate from the recrystallization annealing temperature is suffi-
ciently low, only the o, grains will grow during the cooling process and no o
lamellae are formed within the B grains, resulting in a fully equiaxed structure
with the equilibrium volume fraction of B phase located at the “triple-points”
of the o grains. In this case the o grain size will be fairly large and always
larger than the o, size of a bi-modal structure (which would have resulted from
faster cooling).

An example for such a fully equiaxed microstructure is shown in Fig. 6.6.

(2) The second possibility to obtain a fully equiaxed microstructure is to recrys-
tallize in step III of the processing route (Fig. 6.4) at such a low temperature
that the equilibrium volume fraction of o phase at that temperature is high
enough to form the fully equiaxed microstructure directly from the deformed
lamellar structure.

Using this second processing route with the (low) recrystallization annealing
temperature (for example, for Ti—-6Al4V between 800—850 °C), smaller o grain

Fig. 6.6 Fully equiaxed
microstructure obtained in Ti—
6A1-4V
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sizes can be achieved provided a higher degree of deformation is used as compared
to method (1). For example, for Ti-6Al-4V a recrystallization annealing temper-
ature of 800 °C enables fully equiaxed microstructures with o grain sizes of about
2 um or less [26] to be obtained.

N.B: Fully equiaxed microstructures can be changed to bi-modal microstructures
by simply reheating the material to a temperature in the (o + ) phase field that
corresponds to the desired o, volume fraction and subsequently cooling with a
sufficiently high rate to form o lamellae within the B grains.

The mill-annealed condition mentioned earlier is obtained by omitting the
recrystallization step III (see Fig. 6.4). Consequently, the details of the deformation
procedure in step II (number of times it is reheated during deformation, soaking
time, the amount of deformation and the cooling rate after deformation, etc.)
determine the details of the resulting microstructure, especially the degree of
recrystallization. Since the details of the deformation procedure are beyond the
control of the customer or end-user, and these details will vary between producers
or even between different lots, the mill-annealed condition is not a well-defined
microstructural condition.

Fully lamellar microstructures Lamellar microstructures can be obtained fairly
easily in the final steps of the processing route by an annealing treatment in the 3
phase field (B recrystallization). Hence this microstructure is often also called “j
annealed”. The processing steps are similar to those in Fig. 6.4, but the tempera-
tures are different. The deformation process (step II) can be done by forging or
rolling, either in the B phase field or in the (o0 + ) phase field, as shown in Fig. 6.7,
and the annealing step (shown as recrystallisation step III in Fig. 6.7) is carried out
in the P phase field.

In industrial practice the material is usually first deformed in the B phase field to
refine the coarse ingot microstructure, to homogenize the material, and because of
the lower flow stress. The material is then deformed in the (o + ) phase field to
avoid large B grain sizes. Similarly, the recrystallization temperature in step III is
usually kept within 30—50 °C above the B transus to maintain control of the 8 grain

Temperature

| I i v Time
Homogenization Deformation Recrystallization Annealing

Fig. 6.7 Processing route to obtain fully lamellar microstructures in o + 3 alloys
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size. As a result, the [ grain size of fully lamellar microstructures is typically about
600 pm.

Another type of fully lamellar microstructure, namely a so-called  processed
condition, is mentioned here, although for o + B alloys this condition is not used
extensively in commercial applications. B processing (which is a very common
processing route for B alloys) involves omitting B recrystallization, and the material
remains therefore in an unrecrystallized condition.

6.2.3.2 Mechanical Properties of o + f Titanium Alloys

The mechanical properties emphasized in this section are tensile, fatigue and
fracture toughness. A qualitative summary of the basic microstructure/property
correlations is shown in Table 6.4.

The qualitative trends (+, 0, —) in Table 6.4 indicate the directions in which a
specific mechanical property will change when a microstructural feature is changed
according to the table footnotes. For the tensile properties the 0.2 % yield stress and
fracture strain are used for the correlations. The HCF strength at 107 cycles is taken
as a measure of the resistance to fatigue crack nucleation.

Bi-modal microstructures For the whole range of commercial cooling rates (30—
600 °C/min) the o colony size of bi-modal microstructures is about equal to the 3
grain size, and therefore much smaller than in fully lamellar microstructures.

Based on the effect of slip length on mechanical properties of fully lamellar
structures, it can be postulated that if the slip length would be the only major
parameter governing the mechanical properties of bi-modal microstructures, they
should have a higher yield stress, a higher ductility and a higher HCF strength than
fully lamellar microstructures, when compared for the same cooling rate.

In fact, Table 6.4 indicates that this is not so. The reason is that there is another
important factor which complicates the situation. That is the alloy element parti-
tioning effect, which increases with increasing volume fraction of oy, The HCF
strength (crack nucleation resistance) is usually reduced with increasing o, volume

Table 6.4 Qualitative correlations between important microstructural parameters and mechanical
properties for o + B titanium alloys [1]

Microstructural features 0.2 % YS € HCF K. Creep strength (0.2 %)
Small o colonies, o lamellae® + + + - +

Bi-modal structure” + + - -

Small o grain size® - + + - -

Ageing (0,); oxygen + + -

Secondary o in 3 + - + 0 +

“Compared to coarse lamellar structure
PCompared to fully lamellar structure with same cooling rate
“Compared to large o grain size of fully equiaxed microstructures
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fraction. The fatigue cracks are nucleated in the lamellar grains of the bi-modal
structure because the crack path is more irregular in this latter condition and these
lamellar grains are softer than o, as a consequence of the alloy element partitioning
effect.

The fracture toughness of bi-modal microstructures of the Ti—-6Al-4V alloy is
only slightly higher than the fracture toughness of the fine lamellar microstructure,
but much lower than the toughness of the coarse lamellar structure. A detailed
discussion is beyond the scope of this chapter: the reader is referred to the
Bibliography. Also, it is important to note that the creep properties of a lamellar
structure are better than those of bi-modal structures: again see the Bibliography for
a detailed discussion.

Fully equiaxed microstructures The mechanical properties of fully equiaxed
microstructures of o + B titanium alloys are primarily influenced by the o grain
size. It should also be emphasized that fully equiaxed microstructures of o + f3
titanium alloys are similar to the microstructures of CP titanium and other o tita-
nium alloys. Therefore the general correlation between microstructure and
mechanical properties is also similar.

The effect of a grain size on HCF strength of fully equiaxed microstructures is
demonstrated in Fig. 6.8 for the Ti—-6Al-4V alloy. It can be seen that high HCF
strength values can be achieved with small o grain sizes. The corresponding yield
stress values are 1120 MPa (2 pm grain size), 1065 MPa (6 pum grain size) and
1030 MPa (12 pm grain size), respectively. The tensile ductilities of these fully
equiaxed microstructures are generally very high, i.e. equal to or higher than those
of bi-modal microstructures on a strength-corrected basis.

The LCF strength is lower for fully equiaxed microstructures as compared to
bi-modal microstructures. A similar evaluation of the effect of o grain size on LCF
strength of fully equiaxed microstructures suggests that the LCF strength will

Fig. 6.8 Effect of o grain 900 T
size on HCF strength of Ti— Loy :
iy Fully E d, R=-1, Air |
6AI-4V with fully equiaxed & B?T!{ R%u;@exmeure E
microstructures = 800 - 24h 500 °C ]
6
® i 2 um 7
=]
2 700 i -
3
( o . -
)
% 600 -
=
& i 12 pm i
500 1 1 I
10* 10° 10° 10/

Cycles to Failure Ng
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increase with decreasing o grain size because of increased ductility: this follows
from the Coffin-Manson Law prediction about LCF strength and ductility.

The effect of a grain size on fracture toughness of fully equiaxed microstructures
has been investigated by comparing microstructures with 2 and 12 pm grain sizes.
The fracture toughness values were 45 and 65 MPa vm, respectively. This result
demonstrates the same tendency as found for lamellar microstructures (discussed
next with respect to Fig. 6.8), namely, that the crack front roughness has a major
influence on the fracture toughness.

Fully lamellar microstructures The most influential microstructural parameter for
the mechanical properties of lamellar microstructures is the o colony size, which is
the effective slip length and is controlled by the cooling rate from the [ heat
treatment temperature. With increasing cooling rate the o colony size decreases
with a commensurate reduction in effective slip length and a corresponding increase
in yield stress.

In the commercially feasible cooling rate regime (up to 1000 °C/min), the effect
on yield stress is only moderate (50—100 MPa), whereas a large increase in yield
stress is observed when the colony structure is changed to a martensitic type of
microstructure (slip length and “colony” size equal to the width of individual o
plates).

With increasing cooling rate the tensile ductility increases at first, consistent with
the effect of decreased slip length. However, the ductility reaches a maximum and
then declines. The ductility maximum corresponds to a change in fracture mode.
For low cooling rates a ductile transcrystalline microvoid dimple type of fracture is
observed, whereas at high cooling rates a ductile intercrystalline dimple type of
fracture occurs along the continuous o layers at prior B grain boundaries. The effect
of the continuous o layers on ductility is related to preferential plastic deformation
in this lower strength region and concomitant early microvoid nucleation.

The magnitude of the ductility decline depends primarily on the strength dif-
ference between the continuous o layers and the matrix, and also the grain boundary
length: a larger B grain size is detrimental.

The HCF strength depends primarily on the resistance to dislocation motion.
Consequently, the HCF strength dependence on o colony size is qualitatively
similar to that of the yield stress. It should be noted that for fully lamellar
microstructures the absolute values for both the HCF strength and the yield stress
depend, in addition to the cooling rate effect, on the details of the final
annealing/ageing treatment (step IV in Fig. 6.7).

The fracture toughness of o + [ titanium alloys usually increases with increasing
o colony size owing to a rougher crack front profile. Figure 6.9 shows an example
of the difference in crack path for a coarse lamellar microstructure (1 °C/min
cooling rate) and a fine lamellar microstructure (8000 °C/min cooling rate) in Ti—
6Al-4V. The corresponding fracture toughness values were 75 MPa vm for the
coarse structure and 50 MPa vm for the fine structure. In other words, increasing
crack front roughness increases the fracture toughness.
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Fig. 6.9 SEM micrographs
of crack paths in the centres of
fracture toughness specimens
of Ti-6Al-4V: a coarse
lamellar (higher toughness),
b fine lamellar (lower
toughness). Note the
difference in magnifications:
the crack path in (a) is much
rougher

Titanium alloy Ti6Al4V ELI grade Ti6Al4V ELI grade is similar to Ti6Al4V
except that the ELI grade has reduced levels of oxygen, nitrogen, carbon and iron.
ELI stands for “Extra Low Interstitials”, referring to oxygen, nitrogen and carbon.

The essential difference between Ti6Al4V ELI (grade 23) and Ti6Al4V (grade
5) is the reduction of oxygen content to 0.13 % (maximum) in grade 23. This
confers improved ductility and fracture toughness, with some reduction in strength.

The improved properties, high specific strength (strength/density), good stress
corrosion resistance and machinability are why Ti6Al4V ELI is extensively used
for aerospace cryogenic applications (e.g. spacecraft pressure vessels and fuel
tanks).

Ti6Al4V ELI has also been widely used in fracture critical airframe structures
and for offshore tubulars. The mechanical properties for fracture critical applica-
tions can be enhanced, if necessary, by special processing and heat treatment.

6.2.3.3 Applications of o + p Titanium Alloys
This class of titanium alloys is the most used. Within this class the worldwide
production of Ti—-6Al-4V is the largest.

Airframe structures A major application area of o + P titanium alloys is in heavily
loaded aircraft structural parts. For such applications, o + B titanium alloys can be
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selected over other competing metallic materials, such as high strength aluminium
alloys, because of higher yield strength and elastic modulus (and also higher
specific strength and stiffness), fatigue strength, better corrosion resistance and
higher temperature capability. Figures 6.10 and 6.11 show two heavy Ti—-6Al-4V
forgings for aircraft.

The most economically effective processing route for large forgings typically
consists of forging in the (o + ) phase field followed by mill-annealing. The
mill-annealed microstructure gives generally faster fatigue crack propagation rates
than a fully lamellar microstructure, which can be obtained by B annealing, how-
ever at increased cost. Although B annealing requires fixtures to support the part,
the benefits of improved crack propagation resistance are in some cases sufficient to
justify the added cost. This is sometimes done for fracture critical aircraft structural
components such as bulkheads, cockpit window frames and attachment fittings for

Fig. 6.10 Large Ti-6Al4V
forging for Boeing 747
landing gear [1]

Fig. 6.11 Machined
bulkhead forging for a twin
engine military aircraft, [1]
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the fin and horizontal stabilizers. B-annealed plate is used extensively for the
Lockheed Martin F-35 Joint Strike Fighter (JSF).

Castings of Ti—6Al-4V already possess fully lamellar microstructures, but also
have size limitations resulting from the casting furnace equipment and the hot
isostatic press (HIP) facilities required for airworthiness certification of premium
quality castings. Nevertheless, fairly large castings have been proposed for use in
static property limited aircraft structural components. In such applications the large
section sizes mean that the solidification rate will be quite slow. This results in a
fairly coarse lamellar microstructure with excellent macrocrack fatigue crack
growth resistance and high fracture toughness.

Aeroengines Another major application area of o + [ titanium alloys is for rotating
and non-rotating parts in aeroengines. The major limitation of Ti—-6Al-4V is the
maximum usage temperature of about 300 °C, which restricts this alloy to the fan
stage (Fig. 6.12), the low pressure (LP) compressor section and the front stages in
the high pressure compressor (HPC). Further back in the HPC the higher temper-
atures require creep-resistant high temperature titanium alloys (Ti-6242, Titan 29A
and IMI 834), e.g. Figs. 6.13 and 6.14.

Fig. 6.12 Large fan blades
(length of the larger blade
about 1 m) of Ti-6Al-4V
forged in the (o0 + B) phase
field and recrystallized to a
bi-modal microstructure [1]

Fig. 6.13 Aeroengine high
pressure Compressor rings
made of Titan 29A
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Fig. 6.14 Aeroengine high
pressure compressor blades
made of Titan 29A

Ti—6Al-4V is also used for the new technology of manufacturing integrally
bladed rotors (IBR), either by direct attachment of the blades to the disc using
solid-state linear friction welding, or by machining the rotor from a single-piece
forging.

6.2.4 B Titanium Alloys

6.2.4.1 Introduction: General Characteristics

In contrast to o + B alloys, B alloys do not transform martensitically upon
quenching to room temperature: instead they consist of metastable 3. The o phase
can be precipitated from the metastable § phase as very fine, undeformable particles
(platelets) with a high volume fraction. Thus the main characteristic of B alloys is
that they can be hardened to much higher yield stress levels than o + B alloys.
Another advantage is that they can be processed at lower temperatures than o + 3
alloys, and some heavily stabilized B alloys are even cold deformable. Further, the
corrosion resistance of [ alloys is equal to or better than that of o + [ alloys, and
they are especially good in environments where hydrogen pickup is possible,
because [ has a higher hydrogen tolerance than a. In view of these advantages the
usage of B alloys has been slowly but steadily increasing in recent years.

A distinction can be made between so-called “high strength” and “heavily sta-
bilized” B alloys:

(1) High strength alloys have chemical compositions close to the /ot + § phase
boundary. In the aged condition they therefore contain a high volume fraction
of o phase.
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(2) Heavily stabilized alloys are located more to the right in the pseudo-binary
phase diagram. These alloys contain a much lower volume fraction of o phase
and the maximum achievable strength is therefore lower.

Typical examples for the first group of alloys are Ti-6246, Ti-17, -CEZ and
Ti-10-2-3. Examples of the second group are Beta 21S, Ti-15-3 and Beta C. The
main emphasis in this subsection is on the group of high-strength B alloys, and most
examples are from this group, which are therefore simply referred to as “f alloys”.
Where heavily stabilized B alloys are discussed, this will be explicitly stated.

6.2.4.2 Processing and Microstructures

Beta-annealed microstructures The basic processing route for [B-annealed
microstructures is shown in Fig. 6.15. It can be seen that the B-annealed
microstructure is obtained in a simple way, i.e. recrystallization in the B phase
field (step III) and ageing in the (o + ) phase field (step IV) to precipitate o as fine
a platelets. Such a microstructure is shown in Fig. 6.16.

The main characteristic of all B alloys is that the o phase nucleates preferentially
at B grain boundaries and forms a continuous o layer. Adjacent to this continuous o
layer is a so-called PFZ (precipitate-free zone) which does not contain any o
platelets, and which is therefore soft with respect to the age-hardened matrix.

The strength difference between the PFZs and the matrix (i.e. yield stress) and
the slip length in the PFZs (i.e. p grain size) are important for the mechanical
properties. Both of these parameters are influenced by alloy composition, such that
the effect of the continuous o layers is large for high strength B alloys and smaller
for heavily stabilized [ alloys. This is the reason why high strength [ alloys are not
used in the B-annealed condition. On the other hand, heavily stabilized B alloys are
commonly used in the B-annealed condition.

Table 6.5 summarizes the important processing parameters and resulting
microstructural features of heavily stabilized B alloys. An important parameter of

Temperature

1 1 n v Tim:
Homogenization Deformation Recrystallization Ageing

Fig. 6.15 Processing route for -annealed microstructures of heavily stabilized B titanium alloys

[1]
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Fig. 6.16 [-annealed plus
aged microstructure of a
heavily stabilized B alloy,
Beta 21S [1]: a optical and
b TEM metallographs
showing o precipitation
within the grains and at the
grain boundaries and narrow
precipitate-free zones
(PFZ) near the grain
boundaries

Table 6.5 Important processing parameters and resulting microstructural features for B-annealed
microstructures of heavily stabilized B alloys [1]

Processing step Important parameters Microstructural features
(see Fig. 6.15)
I Recrystallization temperature B grain size
v Heating rate Distribution of o platelets
Ageing temperature Size and vol.% of o platelets
GB o layer

the ageing treatment (step IV in Fig. 6.15) is the choice of the ageing temperature,
because this determines the volume fraction of o platelets which influences the
yield stress level. (Since the growth of the o platelets is diffusion controlled, the
ageing temperature is much more important in step IV than the ageing time.)
However, formation of the continuous o layers at B grain boundaries during the
ageing treatment cannot be avoided.

It is sometimes difficult for heavily stabilized P alloys (especially for relatively
high ageing temperatures) to obtain a homogeneous distribution of o platelets by
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the normal one-stage ageing treatment shown in Fig. 6.15. This is because (i) the
necessary formation of the ageing precursors (o or B’) can be too sluggish to occur
during heating to the ageing temperature, and (ii) the ageing temperature is above
the stability range for ® or f'. In this case a pre-ageing at lower temperatures can
create a more homogeneous distribution of o platelets [48]. This means that there is
a two-stage ageing step (step IV in Fig. 6.15).

After homogenization (step I), the deformation (step II) can be done either in the
B phase field or in the (o + B) phase field, see Fig. 6.15. The latter has the
advantage of creating smaller B grain sizes in the recrystallization step III. The grain
size of B-annealed microstructures is somewhat smaller than the B grain size in fully
lamellar microstructures of o + 3 alloys. A typical grain size of B alloys is about
400 pm as compared to about 600 pm for o + B alloys for equivalent processing
histories and for a recrystallization temperature of 30-50 °C above the B transus.
The smaller grain size of B alloys is a result of the lower B transus. The most
important parameter in step III is the cooling rate from the recrystallization tem-
perature because it controls the width and extent of the continuous o layers at 3
grain boundaries. N.B: even for fast cooling rates in commercial practice (e.g. 600 °
C/min), formation of the continuous o layers cannot be avoided. Since the total
volume fraction of o (coarse o plates plus fine o platelets and grain boundary o) is
fixed by the alloy chemistry, the volume fraction of coarse o plates has a direct
influence on the volume fraction and size of the fine o platelets and therefore on the
resulting yield stress level of the material.

B processed microstructures To obtain f processed microstructures the recrystal-
lization step III in Fig. 6.15 is omitted, with the intention of creating an unre-
crystallized structure with highly deformed 8 grain boundaries. The o layers which
form on the B grain boundaries during cooling from the § deformation temperature
will then take on the local shape of the deformed grain boundaries. An example is
given in Fig. 6.17a for the Ti-6246 alloy. This shows that the o layers are still fairly
continuous but have a pronounced wavy shape. In other cases the o layers are
broken up more into individual segments on most B grain boundaries with only a
few long segments remaining on some boundaries. Irrespective of processing his-
tory, it is nearly impossible to completely avoid the o layers. This is because the 3
grain boundaries are strong heterogeneous nucleation sites for o formation.

Since the final deformation process must be a continuous operation without
reheating, good control of the processing temperature and time is necessary. Critical
parameters are the total time of the process, determined by deformation rate,
amount of deformation and any holding times between deformation steps and after
the deformation process.

The deformation mode determines the shape of the unrecrystallized B grains, for
example ellipsoidal from unidirectional rolling, pancake-shaped from cross-rolling,
or axisymmetric from upset forging. Consequently, the mechanical properties
which are influenced by the o layers will be anisotropic.

Ageing results in small o platelets within the  grains and between the coarse o
plates formed during cooling after the deformation step, see Fig. 6.17b.
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Fig. 6.17 f processed
microstructure of Ti-6246
alloy [1]: a optical image of
deformed B grain boundaries
outlined with o; b TEM
micrograph showing coarse
primary o and fine secondary
o within a grain

Through-transus processed microstructures Extensive development work on the
through-B-transus processing route has been done for the B-CEZ alloy [49]. The
intention of this processing route is to change the continuous o layers at B grain
boundaries to individual globular o particles. In the through-transus processing
route the deformation step II starts above the B transus and finishes below the beta
transus. This process is otherwise identical to that for  processed materials, i.e. an
unrecrystallized B grain structure is anticipated by omitting the recrystallization step
ML

The control of deformation temperature and time in step II is even more critical
for the through-transus processing route than for the  processing route [50]. The
deformation time in the (o + ) phase region in step II should be long enough to
cross the TTT boundary line for o precipitation at the deformed B grain boundaries,
but the deformation process should be finished before crossing the TTT boundary
line for o precipitation in the B matrix [50].

Another issue associated with through-transus processing is that the deformation
time must be long enough to allow o precipitation to occur at  grain boundaries,
but the time in the B phase field must be restricted to avoid recrystallization of the
deformed B grains [50]. The only advantage in the through-transus processing route
as compared to  processing is that the cooling rate after the deformation process is
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less critical because the o phase is already precipitated at the  grain boundaries in
the necklace microstructure (see next paragraph).

Examples of through-transus microstructures, obtained from Ti-6246 alloy, are
given in Fig. 6.18. The as-deformed microstructure is shown in Fig. 6.18a. This
kind of microstructure has been called a “necklace” microstructure by CEZUS for
their B-CEZ alloy [51]. The higher magnification micrograph in Fig. 6.18b for the
fully heat treated alloy shows globular o particles at the B grain boundaries and o
plates within the grains.

Bi-modal microstructures The benefit of a bi-modal microstructure is to avoid the
continuous o layers at the boundaries of large  grains by creating a small enough 3
grain size that any o layers that form have only a negligible effect on mechanical
properties. The processing route for obtaining a bi-modal microstructure is shown
schematically in Fig. 6.19. The important processing parameters and the resulting
microstructural features are summarized in Table 6.6.

Fig. 6.18 Optical
microstructure of a
through-transus processed
microstructure (“necklace”
microstructure) of Ti-6246
alloy [1]: a as-deformed;
b aged
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Ten:perature

NAa

I IVb Time
Homogenization Deformaﬂon Recrystalllzaﬂon Anneallng Ageing

Fig. 6.19 Processing route for bi-modal microstructures of f alloys

Table 6.6 Important processing parameters and resulting microstructural features for bi-modal
microstructures of B alloys

Processing step Important parameters Microstructural features

(see Fig. 6.19)

I Cooling rate GB o layer

I Deformation degree Dislocation density

I Annealing temperature Vol.% of o, (— B grain size and vol.% of

o plates in step IVa)

IVa Annealing temperature Size and vol.% of o plates (— vol.% of a
and cooling rate platelets in step IVb)

IVb Ageing temperature Size and vol.% of o platelets

When selecting the intermediate annealing temperature for bi-modal microstruc-
tures it should be realized that the volume fraction of coarse o plates is determined by
the temperature difference between the recrystallization annealing temperature (for-
mation of equiaxed primary o) and the intermediate annealing temperature.

6.2.4.3 Mechanical Properties of p Titanium Alloys

Microstructure and mechanical properties A qualitative summary of the
microstructure/property correlations is shown in Table 6.7. The symbols (+, 0, —)
indicate the direction in which the mechanical properties change when the
microstructure is changed. This table compresses much comparative information as
follows:
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Table 6.7 Qualitative correlations between important microstructural parameters and mechanical
properties for B titanium alloys (both high strength and heavily stabilized) [1]

Microstructural features 0.2 % YS 133 HCF Kic
GB o layers in B-annealed structure 0 - - +
Bi-modal structure® 0 + +

“Necklace™ or 0 + + +

B processed structure” (longitudinal direction) 0 - - +
Decreasing age-hardening - + - +
Small B grain size in B-annealed structure® 0 + + -

dCompared to B-annealed structure
®Compared to bi-modal structure
“Only applies to heavily stabilized alloys

(1) The first row gives the overall effects of continuous grain boundary (GB) o
layers in B-annealed structures.

(2) The second row compares the properties of bi-modal structures with those of
P-annealed structures, both with continuous o layers.

(3) The third row has two sub-rows (a and b) for comparing the effects of unre-
crystallized microstructures with (a) f-annealed structures and (b) bi-modal
structures.

This overall comparison of mechanical properties is discussed separately for
strength, fatigue strength and fracture toughness in the following text; and on the
basis of final ageing resulting in a constant yield stress level.

Tensile properties The mechanical properties of high-strength B alloys are domi-
nated by the preferential plastic deformation along the continuous o layers at 3
grain boundaries. The unacceptably low ductility of high strength B alloys in the
B-annealed condition can be drastically improved by o + B processing to a
bi-modal microstructure with a small B grain size [52], see column “gg” in
Table 6.7.

The B processed (unrecrystallized) condition shows high tensile anisotropy, with
the lowest yield stress in the 45° test direction as compared to the other two

directions: this is illustrated in Table 6.8. This yield stress anisotropy can be

Table 6.8 Tensile properties of B-CEZ alloy [1]

Processing and 0.2 % YS (MPa) UTS or (MPa) T.E. (%) RA (%)
orientation (MPa)
B annealed L 1180 1280 1415 4 10
Bi-modal L 1200 1275 1660 13 34
B-processed L 1190 1275 1480 10 16

45° 1145 1200 1220 2 2

T 1185 1280 1410 6 10
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explained from the crystallographic texture of the B matrix. Also the fracture
properties are dominated by the angle of the tensile stress axis with the elongated 3
grain boundaries containing o layers.

Fatigue Properties Figures 6.20 and 6.21 give examples of the HCF properties of
B-CEZ:

(1) Figure 6.20 compares the fatigue properties of [ processed B-CEZ for three
test directions. The HCF strength for the ST test direction was higher than for
the L direction, which is a remarkable result. On the other hand, the 45° test
direction resulted in the lowest fatigue strength, and this correlates with the
lowest yield stress (see Table 6.8).

(2) Figure 6.21 compares the fatigue properties of B-CEZ for three different
microstructures, with the added complication of a 45° test direction for the 3
processed material. The fine-grained bi-modal microstructure gave the highest
fatigue strength; the coarse-grained B-annealed microstructure was interme-
diate; and the P processed material again gave the lowest fatigue strength
when tested in the 45° direction.

Fig. 6.20 S—N curves of a 3 800
processed forged rectangular i Air,R = -1, 50 Hz )
slab of B-CEZ [1] = 7501 {i s s
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Fig. 6.22 Fracture toughness 90
of Ti-6246 as a function of
different processing and heat

treatment conditions [1] 67.5

45

22.5

Fracture toughness (MPavm)

B Bi-modal L 45 ST
annealed B processed

The HCF fatigue behaviour of Ti-6246 followed the same trends. A detailed
explanation is beyond the scope of this chapter and is given in Refs. [1, 34].

Fracture Toughness The fracture toughness values of the [-annealed and
bi-modal microstructures as well as those of the 3 processed condition for the three
different testing directions (L, 45°, ST) are shown in Fig. 6.22 for Ti-6246.

As can be seen, the fracture toughness of the B-annealed condition is much
higher than that of the bi-modal condition. This is because the crack tip plastic zone
that forms during the onset of crack extension tends to follow B grain boundaries,
more specifically along the o layers at B grain boundaries, and the resulting crack
deflection contributes to the increased toughness. In contrast, the fine-grained
bi-modal surface topography resulted in a much lower fracture toughness value [1].

In more detail, the data for B-annealed material in Fig. 6.22 and the fracto-
graphic observations [1] show that the influence of crack front profile (increased
roughness lowers the crack driving force) is substantial and more than compensates
for the easier crack path (lower crack growth resistance) within the weak PFZ
zones along the B grain boundaries. This is why there is a (+) symbol for Ky, in the
first row of Table 6.7.

Returning to Fig. 6.22, the fracture toughness of the [ processed material
showed the highest value for the L test direction, followed by the 45° test direction
and then the ST direction. This trend, notably the lowest toughness in the ST
direction, is common for thick-section products of high-strength alloys.

6.2.4.4 Applications of p Titanium Alloys

Aerospace usage of [ titanium alloys is increasing mainly at the expense of the
widely used o + B Ti—6Al1-4V alloy, and this is because higher strengths are
achievable from f titanium alloys with retention of good ductility and acceptable
fracture toughness.
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Large and small forgings The Boeing 777 aircraft was the first commercial air-
plane for which the volume of B alloys exceeded the volume of Ti—-6A1-4V. The
main reason was use of the high strength B alloy Ti-10-2-3 in the landing gear
structure, see Fig. 6.23a. Many parts in the landing gear structure are Ti-10-2-3,
except for the outer and inner cylinders and the axles, all being steel. The biggest
single item was the truck beam with a length of about 3 m and a diameter of about
0.34 m. The truck beam was initially fabricated by forging three pieces and joining
them by electron beam welding. Later, the beam was made as a one-piece forging.
The published forging practice for the Ti-10-2-3 alloy is B forging followed by
o + B forging to plastic strains of about 15-25 % [35].

Smaller parts of Ti-10-2-3 alloy are easier to forge, and some examples of precision
forgings are shown in Fig. 6.23b. These parts are used in the Boeing 777 cargo
handling system. The cost advantage of Ti-10-2-3 over Ti-6Al1-4V lies in the lower
forging temperature and tooling costs [36]. Yet another application using relatively
large Ti-10-2-3 forgings is the Super Lynx helicopter rotor head shown in Fig. 6.24.

Fig. 6.23 Boeing 777
landing gear and some small
parts required in large
numbers for an aircraft: all
made using Ti-10-2-3 [1]
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Fig. 6.24 Helicopter rotor
using Ti-10-2-3 forgings [1]

Disc Forging

/Y Sleeve Forging

Mast Forging

Springs Springs made from heavily stabilized B titanium alloys are now commonly
used in a large variety of shapes and sizes in airplanes. The prime reason is the low
modulus of elasticity combined with the high yield stress. Titanium springs have
two major advantages. First, they can save as much as 70 % in weight compared to
steel springs; and second, they are immune to corrosion unlike steel springs. Details
about the specific uses of the springs can be found in Ref. [13].

Flat springs are fabricated from strip, usually the alloy Ti-15-3. Springs made
from round or square wire are commonly manufactured using the Beta C alloy. The
processing route for the springs is the same as for B-annealed microstructures,
which is normally used for heavily stabilized B alloys. If springs are required with a
very low modulus of elasticity with reasonable strength, then the alloy is used
without ageing. This is because ageing results in increasing the volume fraction of o
phase, which in turn increases the modulus of elasticity.

Engine nacelles Another application worth mentioning is use of the heavily sta-
bilized P alloy Beta 218 in the nacelle structure (exhaust plug, nozzle and aft cowl),
e.g. Fig. 6.25, of the engines used for the Boeing 777 aircraft [13, 36].

Beta 21S sheets are used for this application because of the alloy’s excellent
oxidation resistance, which allows long-time operating temperatures in the range of
480-565 °C, with short-time periods up to 650 °C [53]. Beta 21S contains 15 %

Fig. 6.25 Use of Beta 218 as p= e
an engine tail plug (indicated
by an arrow)
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Mo and 2.7 % Nb, and was specially designed for high oxidation resistance. It also
has excellent resistance to embrittlement when exposed to hydraulic fluid at ele-
vated temperatures.

Beta 21S can be used for nacelle structures because the high temperature
operational stresses are small. The Beta 21S sheets are basically used in the
B-annealed condition, but two different final ageing treatments are used at Boeing
[53]. These ageing treatments result in two different microstructures with quite
different yield stress levels. Finally, it may be noted that a major European effort
was initiated recently to use Beta 218 sheets in the exhaust structures of helicopter
engines, in order to reduce the noise level of civil helicopters.

6.3 Summary

Conventional titanium alloys, especially near-a, oo + 3 and the B alloys which have
good strength and low densities, have a great future ahead. This is especially true in
India, where many aircraft industries are being set up and the aerospace sector for
repair and overhaul centres is growing. Because of this, the usage of titanium alloys
can only grow, the only impediment being the cost.
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