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Abstract Beta titanium (-Ti) alloys have been a subject
area of intense interest since 1980s. By virtue of their
unique properties, B-Ti alloys very well compliment the
alpha and alpha + beta alloys. Heat treatment of [-Ti
alloys is the crux to their technology and application. Over
the last two decades, a number of researches have been
carried out on issues related to heat treatment of these
alloys—sub-transus solution treatment, duplex aging and
heating rate to aging temperature. Improved understanding
resulting from these studies has enabled designing opti-
mum heat treatments to achieve refined microstructures
free from deleterious features with improved mechanical
properties under static and dynamic loading conditions.
The purpose of this overview is to take stock of progress
made in recent years in understanding the heat treatment of
B-Ti alloys for a better commercial exploitation.

Keywords Beta titanium alloys - Heat treatment -
Microstructure - Precipitate free zones -
Mechanical properties

1 Introduction
Beta titanium (B-Ti) alloys acquired the distinction of

getting classified among the highest strength titanium
alloys. It is possible to work for a better strength-toughness
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combination in B-Ti alloys, compared to o + B and o
alloys, making the B alloys the designer’s preference for
airframe applications [1-3]. The forging grades of B-Ti
alloys distinguish themselves by possessing a high hard-
enability, making it possible to manufacture large cross
sectioned products with uniform and high strength levels
[4]. Forging grades of B-Ti alloys have found several
applications in aerospace/aeronautical sector. Landing
gears for recent versions of Boeing aircrafts, for example,
are being manufactured from the B-Ti alloy Ti5AlS-
Mo5V3Cr. In fact, the use of B-Ti alloys in Boeing Aircraft
has exceeded that of o + P titanium alloys. In Boeing 787,
the usage of titanium alloys is as high as 15-16% by
weight, with B-Ti contributing heavily [2]. The strip grades
of beta titanium alloys possesses excellent hot and cold
workability; this enables their production in the form of
sheets, a proposition very difficult with reference to o and
o + B titanium alloys [4]. The B-Ti alloys Til5V3-
Cr3AI3Sn (henceforth referred to as Til5-3) and
Ti15Mo02.6Nb3Al10.2Si are prominent sheet alloys finding
aeronautical applications [4].

Over the last three decades or so, in recognition to their
superior features, B-Ti alloys have emerged as a highly
promising class of materials and have been the subject of
various publications. Edited conference volumes “Beta
Titanium Alloys in 80’s” [5] and “Beta Titanium Alloys in
90’s” [6] and the Handbook “Titanium: A Technical
Guide” [7] published ins of the twentieth century manifest
immense interest in the development and applications of
this class of alloys evoked among the materials community.
“Titanium and Titanium Alloys” edited by Leyens and
Peters [8], “Titanium” authored by Lutjering and Williams
[9], the compilation of articles which appears in Volume
14, Issue No. 6 of Journal of Materials Engineering and
Performance in the year 2005 [10] and “State of the Art in
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Beta Titanium Alloys for Airframe Applications” authored
by Cotton et al. [3] are important sources of literature
published in the current century dealing with science,
technology and applications of this class of alloys, among
others.

Heat treatment is one of the most important steps in the
manufacture of components/products of B-Ti alloys. There
have been many publications dealing with developments in
this area over the last two decades; a systematic overview
of the published information is considered important and
the present paper has this as the objective. The overview is
confined to thermal treatments; thermomechanical treat-
ments are outside its purview. The overview is also
restricted to metastable B-Ti alloys. Stable B-Ti alloys and
B-rich o + B alloys have not been handled.

2 Solute-Lean and Solute-Rich Beta Alloys: The
Concept of Molybdenum Equivalent

The microstructure at room temperature consists of
metastable B phase when the titanium alloy contains 10—
15% of B-stabilizing elements. Molybdenum is perhaps the
most commonly occurring [-stabilizing element in the
metallurgy of titanium alloys. The concept of Molybdenum
Equivalent (Mog) is used to rate the stability of B phase in
B-Ti alloys. Mog, combines the effects of various beta
stabilizing elements. Equation 1 gives the formula for
calculating the Mogq

Mogq = Mo + 0.67V + 0.44W + 0.28Nb + 0.22Ta
+2.9Fe + 1.6Cr — 1.0Al (1)

where the element symbols mean their weight percent. For
commercial B-Ti alloys, Mog, ranges between 8 and 24.
Distinction is made between solute-lean and solute-rich
alloys, depending on the value of Mogq Alloys. With
Mogq < ~ 12 wt% are referred to as solute-lean alloys and
those above as solute-rich. Table 1 lists out alloys which
are commercially important and on which many research
publications have become available over the years; listed in
the Table are also the corresponding Mog, values.

3 Heat treatment of B-Ti Alloys: General

The heat treatment of metastable B-Ti alloys essentially
consists of two steps—(1) solution treatment and (2) aging.

3.1 Solution Treatment
Solution treatment consists of three steps—(a) heating the

material to a high temperature to take the alloying elements
into solution in the B phase, (b) soaking at this temperature
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to achieve homogenization and (c) fast cooling to room
temperature.

3.2 Aging

Solution treatment results in low strength and high ductil-
ity. Aging treatment leads to increase in strength, but there
is an accompanying loss of ductility. The aging response is
strongly affected by solutionising conditions. During aging,
precipitation of o phase occurs through decomposition of 3
phase. The o precipitates finely distributed in B matrix lead
to increase in strength of the material through the mecha-
nism of precipitation strengthening. Aging at higher tem-
perature/longer time leads to overaging with an
accompanying drop in strength.

There are essentially three types of aging as schemati-
cally shown in Fig. I—(1) High temperature aging, (2)
Low temperature aging and (3) Duplex aging (DA).

3.2.1 High Temperature Aging

Grain boundaries serve as preferred sites for precipitation
of o phase during decomposition of B phase at relatively
high aging temperatures, as brought out in the Time—
Temperature Transformation curve shown in Fig. 2. Pre-
cipitation of o within the grains occurs after longer times of
aging. No intermediate phases occur during aging; the
equilibrium o phase precipitates directly. Modelling of
decomposition reaction has been done under the frame of
Johnson—-Mehl-Avrami Theory by Naveen et al. in
Til5V3Cr3Sn3Al alloy [11] and Malinov et al. in
Til5Mo2.6Nb3Al0.2Si alloy [12].

3.2.2 Low Temperature Aging

During aging of B-Ti alloys at relatively low aging tem-
peratures, intermediate decomposition products (® or B)
are formed, as shown in Fig. 2. For solute-lean (low Mogg)
alloys (e.g. Til1.5Mo6Zr4.5Zn, Til0V2Fe3Al, Til5-3), the
following is the phase transformation sequence:

B—B+o—P+ot+a—B+a (2)

For solute-rich (high  Mogg) alloys (e.g.
Ti3AI8V6CrdMo4Zr), the transformation sequence is

B—B+p —B+p+a—Pp+to (3)

It takes a long time to complete the transformation
sequence if the aging temperature is particularly low;
transformation to microstructure consisting of only
equilibrium phases o and B may not be realised.

The morphology of ® phase can be either cuboids or
ellipsoids, depending on the alloy composition. The ® phase
has attracted special attention because it causes severe
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Table 1 Details of important B-Ti alloys

Alloy composition Commercial name Molybdenum Actual and potential applications
equivalent (Mogg)
Ti6V6Mo5.7Fe2.7Al TIMETAL 125 24 High-strength fasteners
Til3V11Cr3Al B 120 VCA 23 Airframe, landing gear, springs
Ti4.5Fe6.8Mol.5Al TIMETAL LCB 18 Spring suspension applications in automotive sector
Til5V3CrIMo0.5Nb3A13Sn0.5Zr VT 35 16 High strength, airframe castings
Ti3Al8V6CrdModZr Beta C 16 Oil fields, springs, fasteners
Ti8V8Mo2Fe3Al 8-8-2-3 15 High strength forgings
Til5Mo2.6Nb3Al0.2Si TIMETAL 21S 13 High temperature applications involving
oxidation/corrosion resistance
Til5V3Cr3Sn3Al 15-3 12 Sheet, plate, airframe castings
Til1.5Mo6Zr4.55n Beta III 12 Ballistic protection, springs/torsion rods
Til5Mo2.6Nb3Al10.2Si 10-2-3 9.5 High strength forgings
Ti5SAI5Mo5V3Cr 5-5-5-3 8.2 Aircraft landing gear
Ti5V5MolCrlFe5Al VT 22 8.0 High strength forgings
|
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embrittlement of the material. The well-developed coherent
o particles are sheared during deformation causing intense
slip localization and early fracture with little or no ductility
[2, 13, 14]. Solute-rich B-Ti alloys exhibit phase separation
reaction in which the B phase splits into two different pha-
ses—solute-rich § and solute-lean ' (Eq. 3).

3.2.3 Duplex aging

The treatment consists of low temperature aging for long
time, followed by high temperature aging for short time.
The actual temperatures and times chosen for the two steps
have to be optimised for the specific alloy composition.
During the low temperature aging, § transforms to B + ®
(solute-lean alloys) or B + B’ (solute-rich alloys). Reaction
is driven to cross the first C-curve in Fig. 2. It takes a long
time at the low aging temperature to cross the second and
third C-curve. Hence a second step involving aging at a
high temperature is carried out to complete the transfor-
mation B+ o/fp+ ' - P+ o+ o/f in a relatively
short time.

4 Progress Made in Recent Years in Heat
Treatment of §-Ti Alloys

4.1 Sub-transus Solution Treatment

Solution treatment of B-Ti alloys can be carried out either at
a temperature higher than the B-solvus (super-transus
solution treatment) or lower than the B-solvus (sub-transus
solution treatment). By carrying out solution treatment
below the B-transus temperature, primary o can be brought
into the microstructure of B-Ti alloys. The presence of
primary o hinders the growth of B grains. Solution treatment
in the super-transus range leads to coarsening of 3 grain
size. The adverse effects of coarse grain size in B-Ti alloys
are well documented. Accordingly there is interest in
studies on sub-transus treatment. The size, quantity and
morphology of the primary alpha influence the mechanical
properties, providing an important avenue to optimize the
mechanical behaviour of the alloys. Li et al. [15] experi-
mented with the high strength Ti6CrSMo5V4Al alloy
investigating into the effect of solution treatment on evo-
lution of microstructure and development of mechanical
properties. The authors reported that solution treatment in
the o + P range followed by aging led to a better strength-
ductility combination compared to solution treatment in the
B range following aging. Shashi Shekhar et al. [16] studied
the role played by solution treatment temperature on
development of microstructure and mechanical properties
in Ti5A15Mo5V3Cr alloy. They reported a finer grain size
after oo + P solution treatment compared to [ solution
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treatment. Further, o 4+ P solution treatment gave a better
strength-ductility combination compared to [ solution
treatment. Du et al. [17] carried out researches on the high
strength B-Ti alloy Ti3.5A15Mo6V3Cr2Sn0.5Fe to under-
stand the role played by solution treatment temperature in
influencing the microstructure and mechanical properties in
aged condition. Sub-transus solution treatment led to a finer
grain size of the B phase and a better strength-ductility
combination compared to solutionising in [ field. This was
found to be true, whether the preceding hot rolling was done
in the B range or o + P phase range. Srinivasu et al. [18]
carried out studies on effect of B/a. + B solution treatment
on TilOV2Fe3Al alloy in both § and o + f rolled condi-
tions. The % elongation values were much lower (< 1%) in
beta solution treated material, compared to alpha + beta
solution treated material, be it beta or alpha + beta rolling.
Unlike the results reported above for other f§ alloys, the YS
values of P rolled material were somewhat higher.

Devaraj et al. [19] carried out solution treatment of the
TilAI8VS5Fe (Til85) at different sub-transus temperatures
and evaluated tensile properties and high cycle fatigue
(HCF) life after aging. The condition corresponding to
solution treatment at temperature closest to B-transus gave
the highest yield strength and tensile strength values and
the authors attributed it to highest concentration of fine-
scale particles of secondary o uniformly distributed in 3
matrix. They also suggested that a hierarchical structure
composed of homogeneous distribution of primary o par-
ticles with micron scale dimensions and secondary o par-
ticles with nanoscale dimensions was conducive to
attainment of high strength.

It thus emerges that the solution treatment below 3
transus has its attractions. The B grain size is finer and this
contributes importantly to the observed improvement in the
strength-toughness combination. Processing consisting of
(1) hot working in o + P region (2) solution treatment in
o + P range and aging can be designed aiming at a
microstructure free from oy,. This is considered to be a very
important contributing factor to the improvement in the
ductility and is further discussed in Sect. 4.2. Further, it has
been reported [17] that a smaller B grain size is conducive to
refined size of secondary o. This could also be contributing
to the observed improvement in the strength-ductility
combination after the o + [ solution treatment. Solution
treatment below P transus has the attraction that it can be
adopted to produce bimodal (hierarchical) distribution of o
which promises to take the material to a higher strength
state. There is definite scope for further research in the area.

4.2 Duplex Aging

It has been reported in a number of publications that DA of
B-Ti alloys facilitates homogenous precipitation of o and
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improved behavior of material under unidirectional and
fatigue loading conditions. The investigations of Krug-
mann and Gregory [20] and Wagner and Gregory [21]
brought out that DA of the Ti3AlI8V6CrdMo4Zr alloy
resulted in o phase precipitating in a more homogeneous
manner. Schmidt [22] and El Chaikh et al. [23] demon-
strated that DA of B Ti3AI8V6CrdMo4Zr alloy resulted in
o precipitation in a finer and more homogeneous manner.
No precipitate free zones (PFZs) were seen in the
microstructure after DA. Further, there was a significant
reduction in oy, when DA was adopted. The authors
reported an enhancement in fatigue life resulting from DA.
The study of Furuhara et al. [24] on Til5-3 alloy brought
out that finer and more uniform distribution of o precipi-
tates occurred after DA than after single aging (SA). These
authors also reported that DA yielded higher hardness
levels. Ivasishin [25] imparted to Til5-3 alloy a preaging
treatment of 8 h at 300 °C followed by an aging treatment
of 450 and 538 °C and realized an increase in not only
strength values [0.2% Proof Strength (PS), Ultimate Ten-
sile Strength (UTS)] but also ductility values (% Elonga-
tion, % Reduction in Area). Wain et al. [26] observed that
aging in two steps helped in eliminating o, in Ti5SAlS-
Mo5V3Cr alloy [26]. Santhosh et al. [27] carried out
investigations on Til5-3 alloy to study the influence of DA
on the evolution of microstructure and development of

Fig. 3 TEM microstructures:
a single aged at 500 °C/10 h,
b duplex aged at 250 °C/
24 h + 500 °C/10 h [27]

mechanical properties. Their finding was that, DA resulted
in higher volume fraction of o phase and smaller a-particle
size. Shown in Fig. 3 are the transmission electron
microscopic images of the microstructure of Til5-3 alloy
in SA and DA conditions. They also reported that DA
resulted in elimination of PFZs from the microstructure and
suppression of o,p,. Santosh et al. reported an improved
strength-ductility combination after DA. Table 2 gives the
results of tensile tests conducted under two conditions on a
comparative basis. It can be seen that there is an
improvement of both strength and ductility after DA. The
authors also reported a manifold improvement in HCF life
in DA condition over the SA condition. Table 3 gives the
results of HCF testing with stress ratio (R) = —0.1 for the
two conditions. Similar improvement was noted in fatigue
testing carried out at R = 40.3 [28].

It emerges from a review of the published literature that
DA leads to finer o-particle size, more homogenous pre-
cipitation of alpha and increased volume fraction of o
phase compared to SA. A number of workers

[24-26, 29-32] have reported formation of an intermediate
phase (omega  or beta prime B') during aging at relatively
low temperatures (200—450 °C). The first of the two steps
in DA is hence believed to be resulting in the formation of
/P’ particles uniformly dispersed all over the volume of
the material. There is consensus among researchers that

Table 2 Results of tensile testing conducted in single and duplex aged conditions (Til5-3 alloy) [28]

Heat treatment

0.2% proof strength (MPa) Ultimate tensile strength (MPa) % Elongation % Reduction in area

Single aged (500 °C/10 h) 1131
Duplex aged (300 °C/10 h + 500 °C/10 h) 1168

1193 7.5 31.0
1226 8.6 34.5
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Table 3 Results of HCF testing of Til5-3 alloy with stress ratio
R = —0.1 in SA and DA conditions [28]

S. SA No. of cycles to DA No. of cycles to

no. (MPa) break (MPa) break

1 715 29,090 715 144,590
23,660 141,200
27,090 144,590
27,709 168,440

2 695 34,700 695 155,857
35,990 153,076
31,420 157,530
37,490 156,160

3 675 42,890 675 202,260
47,660 219,780
47,170 212,430
49,210 189,290

4 655 66,200 655 468,200
60,520 432,460
46,170 518,840
62,580 485,560

this intermediate phase is instrumental for providing large
number of nuclei for precipitation of o phase during the
second step of DA. The larger density and smaller size of o
particles and the more uniform distribution of o phase
reported by different workers after DA can thus be
understood.

There is a distinct improvement of strength after
switching over to DA, as evidenced by the studies of dif-
ferent researchers. Du et al. [33] have confirmed applica-
bility of the following equation for B-Ti alloys

o  fos/das (4)

where ¢ is the proof strength of the alloy and fus is the
fraction of area occupied by secondary o particles with size
dos. Duplex aging results in an enhancement of volume
fraction of secondary o, as discussed above. This means an
enhancement in the area fraction fos. As also discussed
above, DA results in finer particle size of secondary o
From Eq. (4), it then emerges that DA leads to an increased
c.

The grain boundary alpha (o) promotes intergranular
fracture and thus results in lowering the tensile ductility of
B-alloys [33—41]. There is evidence that DA suppresses olgp,
in different P alloys. DA is hence expected to result in an
improvement of ductility on this count. The improved
strength-ductility combination after DA reported by Iva-
sishin [25] and Santhosh et al. [27] can thus be explained.
The oy, also plays an adverse role under fatigue loading
conditions. In B-Ti alloys, under cyclic loading conditions,
nucleation of fracture occurs along grain boundaries
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decorated with o and oriented with an inclination of 45° to
the axis of loading [36]. The oy, at such grain boundaries
will serve as preferred sites for localization of slip and
fracture initiation. Nucleation of cracks in subsurface
regions has been reported in beta alloys under fatigue
loading conditions [22]. Crack nucleation at subsurface is
attributed to well-developed oy, in Ti alloys with a high B-
stabilizer content such as B-C [22]. With o, getting largely
suppressed when DA is carried out, premature initiation of
cracks at such boundaries does not occur; consequence is
an increase in fatigue life.

PFZs are seen in the microstructure of -Ti alloys under
certain conditions of aging. Hardness of the material within
the zones is much less than that in the areas where pre-
cipitation occurs. The PFZs accordingly act as sites for
strain localization during loading [42—45]. The presence of
PFZs is expected to be responsible for the relatively low
values of ductility observed in SA condition. Schmidt [22]
and El Chaikh [23] emphasized the deleterious effect of
PFZs on the HCF life of Ti3AI8V6CrdMo4Zr alloy. San-
thosh et al. [46] made similar observations with reference
to Til5-3 alloy. It is possible that slip localization in PFZs
leads to premature nucleation of cracks under fatigue
loading conditions. Duplex aging yields a microstructure
free from PFZs, as reported by Schmidt [22], El Chaikh
[23] and Santhosh et al. [46]. The improved ductility under
monotonic loading conditions and the improved fatigue life
after DA reported by different workers can thus be
understood.

4.3 Rate of Heating (AT/At) to Aging Temperature

The influence of AT/At on decomposition of B phase in
metastable B-Ti alloys was investigated by several
researchers. Boyer and Lutjering were among the first to
report that AT/At had an essential role to play in B-Ti
alloys [47]. Ivasishin et al. [29] carried out studies on
decomposition of B phase in Ti4.5Fe6.8Mol.5A1 and
Ti5V5Mol1Crl1Fe5Al alloys. They reported that a low AT/
At of 0.25 K s~ resulted in a fine and uniform presence of
o phase; on the other hand, a high heating rate of 20 K s~
led to a relatively non-uniform and coarse precipitates. The
authors also studied the influence of AT/At on decompo-
sition of B phase in Til5-3 alloy. A low AT/At of 0.01
K s led to a fine and uniform presence of o phase; on the
other hand, for a high AT/At of 0.25 K s™', o precipitated
in a comparatively coarse and non-uniform manner [29].
Studies of Wu et al. [48] also brought out morphological
difference in o precipitation in Ti-15-3 alloy after heating
to the aging temperature of 600 °C at two different AT/At
values—10 and 150 °C/min. Higher levels of hardness
were obtained for AT/At = 10 °C/min and this was attrib-
uted to finer precipitation of o phase. The authors
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Fig. 4 Effect of AT/At on B- A
decomposition process and
precipitation of o-phase
(schematic)

High heating rate

Temperature

B + 0gb + Onon-uniform within grains

Aging temperature

Low heating rate

B + &/p'+ ouniform

Bol

v

concluded that a low AT/At resulted in a fine and uniform
precipitation, whereas a high AT/At gave sharply con-
trasted results.

Wain et al. [26] studied the effect of AT/At on o phase
precipitation in Ti5AISMoSV3Cr alloy; the authors con-
cluded that a low heating rate led to substantial refinement.
The alloy was also studied by Contrepois et al. [49],
investigating into the effect AT/At on o precipitation; the
authors came out with similar conclusions.

Pande et al. [50] carried out studies on the effect of AT/
At on hardening caused by precipitation of o phase Ti 15-3
alloy. The samples were either heated to the aging tem-
perature (500 °C) at a rate of 5 °C/min or directly charged
into a furnace operating at 500 °C. Response to aging was
examined by analysing the microstructure and carrying out
tensile testing to measure the strength. A refined
microstructure was obtained for the case of AT/At of 5 °C/
min, compared to direct charging. Further, the 0.2% PS and
UTS values were somewhat higher for the samples sub-
jected to AT/At of 5 °C/min, compared to those directly
charged. The higher strength values obtained for samples
subjected to lower heating rate were believed to be arising
from significantly finer microstructure. No significant
effect of cooling rate was observed, however, when DA
was adopted. The microstructure as well as the mechanical
properties were largely comparable.

There is a common belief that the effect of cooling rate
is important for the formation of intermediate phases (® or
B') at lower temperatures when lower cooling rates are
adopted. Particles of the intermediate phase act as prefer-
ential sites for o [24, 30, 51-53], as already discussed in
Sect. 4.2, and evolution of o phase in a finely distributed
manner is the consequence. When relatively high cooling
rates are used, intermediate phase does not form; the

Time

consequence is a coarse microstructure. The transition
between low and high cooling rates depends on the specific
alloy [25]. The finer scale microstructure observed in
samples subjected to a lower AT/At, is responsible for the
attainment of higher strength levels. Shown schematically
in Fig. 4 is effect of AT/At on the f-decomposition process
and precipitation of o-phase. Pre-aging step (first step
aging) in DA causes the occurrence of the
metastable (precursor) phase which then plays the role of
providing sites for preferential nucleation of o. This
explains why Pande et al. observed no effect of AT/At on
microstructure and mechanical properties of Til5-3 ally
when DA was adopted.

5 Conclusions

Over the last three decades, metastable B-Ti alloys have
been the subject of research by many groups all over the
world. Their emergence has been responsible for the steep
increase in the usage of titanium in the airframe. Heat
treatment is an important step in the manufacture of
products of these alloys. There has been increased under-
standing of their heat treatment, leading to a better com-
mercial exploitation. Sub-transus (o 4+ B)  solution
treatment seems to be an attractive proposition for realizing
a better combination of strength and ductility. Evolution of
intermediate decomposition products during aging at low
temperatures can be exploited through duplex aging to
achieve a finer and more homogenous o phase in the
microstructure with resultant improvement of mechanical
properties under monotonic and fatigue loading conditions.
The rate of heating to aging temperature has proved to be
an important processing variable, having a very significant
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effect on the structure and mechanical properties in the
aged condition.
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