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Beta titanium alloys are increasingly the best choice for automotive and aerospace applications due to their
high performance-to-density ratio. Among these alloys, the TIMETAL Ti-LCB is already used in the
automotive industry because it presents excellent mechanical properties and a lower cost compared with
other Ti alloys. The current study deals with the characterization of the nucleation and growth of the �
phase in several thermomechanical processes, because the distribution and size of the � phase strongly
influence the mechanical properties of the resulting microstructures. Several heat treatments were con-
ducted after either cold rolling or annealing. The resulting microstructures were characterized by scanning
electron microscopy, transmission electron microscopy, x-ray diffraction, or electron backscatter diffrac-
tion. It was observed that the morphology and the volume fraction of the � phase are strongly dependent
on the holding temperature, on the heating or cooling rate, and on the � grain size.
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1. Introduction

Titanium alloys are used more and more for structural ap-
plications, mainly in the automotive and aerospace industries.
Thanks to their high performance-to-density ratio, Ti alloys
can bring about a reduction in weight of 40% while present-
ing comparable mechanical properties to some grades of steel.
Furthermore, metastable � grades present higher specific
strengths than other � or � + � grades. They also exhibit
excellent hardenability, cold deformability, and corrosion re-
sistance (Ref 1).

The aerospace industry is interested in these grades because
they can be good candidates for several parts of the low-
pressure compressor of turboengines (Ref 2). One of the criti-
cal design parameters of these parts is the fatigue resistance
under the regimes of both high-cycle fatigue (HCF) and low-
cycle fatigue. More precisely, in the HCF regimen the critical
parameter is the resistance to crack initiation under cycling
loading.

It is well documented that the final mechanical properties,
particularly the fatigue resistance, are strongly influenced by
several characteristics of the microstructure like grain size,
grain morphology, phase volume fraction, grain orientation,

and grain misorientation (Ref 2-4). Continuous � films at the �
grain boundaries can be deleterious for the mechanical prop-
erties (Ref 1, 5, 6) and must then be avoided by appropriate
heat or thermomechanical treatments. As a consequence, the
characterization and understanding of the precipitation se-
quence of the � phase as a function of the � prior grain size,
the holding temperature, and the heating or cooling rates are
of primary importance. It is, therefore, the purpose of the
current study to assess the nucleation and growth sequence of
the � phase during several thermomechanical treatments of
Ti-LCB.

2. Material and Experimental Procedure

The alloy was received from TIMET-Savoie as hot-rolled
rods that are 12 mm in diameter. Its chemical composition
is given in Table 1. The mean � transus temperature (T�)
was determined by metallography and x-ray diffraction as
805 °C ± 5 °C.

To generate different microstructures, several heat or ther-
momechanical treatments were designed. These treatments are
summarized in Fig. 1. To observe the influence of the � prior
grain size on � nucleation, the samples were first solution-
treated either at 810 °C for 5 min or at 850 °C for 1 h with a
heating rate of about 10 °C/s. These conditions bring about
grain sizes of 20 and 200 �m, respectively. They were then
water quenched at a cooling rate of about 250 °C/s to room
temperature and then reheated to the isothermal aging tempera-
ture, directly transferred to a bath at a lower temperature, or
continuously cooled. The isothermal aging below the � transus
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Table 1 Chemical composition of the investigated alloy

Alloy

Elements, wt.%

Ti Mo Fe Al O N C

Ti-LCB Bal. 6.46 4.26 1.47 0.21 0.008 0.07
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was conducted at 760 °C for 30 min or at 538 °C for 6 h. In the
case of continuous cooling, the cooling rate was 2 °C/min, and
the samples were water-quenched from 750 and 550 °C to
observe the evolution of the � nucleation and growth.

Finally, to favor the intragranular precipitation of the �
phase at the expense of the continuous films at the prior � grain
boundaries, several specimens were cold rolled after process-
ing in solution and then were annealed at several temperatures
for different times to activate the � precipitation and/or the �
recrystallization (Fig. 1d).

To reveal the microstructures for light microscopy and scan-
ning electron microscopy (SEM) observations, the specimens
were first polished with diamond paste down to 0.25 �m and
then were etched with a 10% HF-5% HNO3 solution for times
varying from 1 s to 1 min. Electron backscatter diffraction
(EBSD) and orientation imaging microscopy (OIM) were also
used to characterize the microstructures. In this case, polishing
for 4 h with a colloidal silica suspension was carried out as the
final polishing step. Observations were performed using a field
emission scanning electron microscope (FEG-SEM) operating
at 20 kV. Step size, ranging from 0.1 to 0.05 �m, was used. For
transmission electron microscopy (TEM) observations,
samples were thinned either by ion beam milling (for the two-
phase microstructures) at an incident angle of 10 °C and an
accelerating voltage of 4 kV, or by electropolishing (for the
single phase microstructures) in an electrolyte comprising 95
vol.% of acetic acid and 5 vol.% of perchloric acid at 14 °C and
a voltage of 22 to 25 V. The transmission electron microscope
operated at 300 kV.

3. Results

The microstructure shown in Fig. 2(a) corresponds to the
specimen placed in solution at 810 °C for 5 min, water-

quenched, and reheated to 760 °C for 30 min. The � grains (the
etched phase) are located both at the prior � grain boundaries
and within the � grains. Furthermore, they are quite fine (∼1
�m). For the sake of comparison, Fig. 2(b) shows the micro-
structure corresponding to the specimen aged at 760 °C for 30
min directly after treatment in solution at 810 °C. The volume
fraction of the � phase is significantly smaller than in the case
of the interrupted aging. The � phase can be found only at
some places on the � grain boundaries.

The EBSD band contrast map corresponding to the micro-
structure of Fig. 2(a) is given in Fig. 3. It can be seen that the
continuous film of � at the � grain boundaries results either
from the coalescence of several grains or from only one �
grain. Furthermore, a preferential growth along the prior �
grain boundaries is observed.

The orientation relationship between � and � was
determined for the � grains located at the � grain boundary
on Fig. 3. In agreement with the literature (Ref 7), the
Burgers relationship ({110}�//{0001}� and 〈111〉�//〈112̄0〉�)
is observed. However, this relationship is obeyed ran-
domly with one of the adjacent � grains without any apparent
rule.

Figure 4 presents the microstructures corresponding to in-
terrupted or direct aging at 538 °C for 6 h after treatment in
solution at 810 °C. These microstructures are much finer than
that for aging at 760 °C. Etching revealed a very fine structure
within the � grains. In the present case, the � phase grew as
very fine platelets oriented in well-defined directions in each �
grain. The � phase is also present as a continuous film at the �
grain boundaries. Furthermore, for this aging temperature,
there is no major difference between the two types of treat-
ments.

The microstructures obtained after continuous cooling in-
terrupted are given at 750 °C (Fig. 5a) and 550 °C (Fig. 5b). At
750 °C, the � phase has nucleated at the grain boundaries and
within the � grain as small platelets. These seem to coalesce at

Fig. 1 Schematic illustration of the different heat treatments: (a) interrupted isothermal aging, (b) direct isothermal aging, (c) continuous cooling,
(d) cold rolling and aging
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several places. At 550 °C, a second population of finer platelets
of � can be found between the larger platelets already observed
at 750 °C.

Figure 6 corresponds to the microstructures obtained after
treatment in solution at 850 °C for 1 h and continuous cooling
stopped at 750 °C (Fig. 6a) and 550 °C (Fig. 6b). The volume
fraction and the morphology of the � phase are very different
than those in the case of continuous cooling from 810 °C. At
750 °C, the � phase is more heterogeneously distributed and
can be mainly found close to the � grain boundaries. From a
continuous film along the grain boundaries, some � platelets
with well-defined orientations grew through the � grains. At
550 °C, the � phase also nucleated and grew within the �
grains as a second population of finer � platelets.

The typical microstructure of the specimen that is cold
rolled and annealed, as sketched in Fig. 1(d), is presented in
Fig. 7. Very fine grains of � are uniformly distributed within
the microstructure. However, the � phase did not recrystallize,
as illustrated by the elongated shape of the grains.

As shown in Fig. 8, TEM observations reveal the presence
of the nanometer � phase within the � phase. Figure 8(b)
shows that this last phase has a size of approximately 5 nm.
This phase can be observed after direct quenching from above
the � transus or after aging at lower temperatures. It is, thus,
worth noting that all of the microstructures are characterized by
the presence of three phases (i.e., �, �, and �).

4. Discussion

The parameters of the heat treatment influence several fea-
tures of the � phase that forms from the � grains after either
cooling down from above the � transus or reheating from room
temperature. The volume fraction, distribution, size, and mor-
phology of the � grains can vary in a large way.

It is well known that the volume fraction of the precipitated
� phase depends on aging temperature and time, respectively.
Using MTDATA, the equilibrium volume fraction of � has
been calculated for the Ti-LCB. At 750 °C, 20% of � should be
present, and 55% at 550 °C. Some of the microstructures pres-
ent such a proportion of � and �. This is the case for the con-
tinuously cooled specimens (i.e., the specimens aged at 538 °C
or the specimen interruptedly aged at 760 °C). However, a
large difference can be observed for the directly aged specimen
at 760 °C, enlightening the influence of the nucleation stage.

According to the literature (Ref 8, 9), two regimes of tem-
peratures can be distinguished. At a high temperature, around
750 °C, the decomposition of the � phase is principally char-
acterized by the precipitation of the � phase at the grain bound-
aries, while at lower temperatures (∼550 °C) intragranular �
precipitation is reported.

For the high temperatures, a continuous film is observed in
Fig. 2. Furthermore, as shown in Fig. 3, this film can result
from the coalescence of several � precipitates that nucleated
independently because the Burgers orientation relationship is
followed randomly with one or the other � grains. The con-
tinuously cooled specimen down to 750 °C also presents such
a continuous film of �. However, it is quite surprising that the
specimen that is directly aged at 760 °C (Fig. 2b) presents
a much smaller amount of � than this continuously cooled
specimen, while both specimens spent the same time at or
above 750 °C.

Fig. 2 Microstructures obtained by (a) interrupted aging at 760 °C for 30 min, (b) direct aging at 760 °C for 30 min, after the treatment in solution
at 810 °C for 5 min

Fig. 3 EBSD map of the microstructure of Fig. 2(a)
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Fig. 4 Microstructures obtained by (a) interrupted aging and (b) direct aging at 538 °C for 6 h, after the treatment in solution at 810 °C for 5 min

Fig. 5 Microstructures obtained by quenching from (a) 750 °C or (b) 550 °C after continuous cooling from 810 °C at 2 °C/min

Fig. 6 Microstructures obtained by quenching from (a) 750 °C or (b) 550 °C after continuous cooling from 850 °C at 2 °C/min
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Nevertheless, an intragranular precipitation of the � phase
is observed in the case of the interrupted aging at 760 °C
(Fig. 2a). It can be postulated, in agreement with the literature
(Ref 1), that the quenching to room temperature brings about
the formation of precursors that accelerate the nucleation
rate of the � phase. These precursors can be dislocations re-
sulting from the thermal stresses during quenching or meta-
stable � particles that are present in the Ti-LCB, as shown in
Fig. 8. This phase forms spontaneously during quenching
below a well-defined temperature (defined by the � start tem-
perature [�s]) through an athermal, displacive mechanism
(Ref 8). This temperature is around 350 °C for the Ti LCB
(Ref 8, 9). Prima et al. (Ref 10) have shown that the reversal
transformation of � to � during heating from room tempera-
ture generates some defects in the � matrix that can facilitate
the � nucleation. It is worth noting that the influence of the
heating rate on the formation of the � phase should, thus, be
elucidated.

The beneficial influence of defects on the � nucleation can
also be observed in Fig. 7. The dislocations resulting from the

cold-rolling stage seem to promote the intragranular nucleation
of � grains, leading to a very fine distribution of � grains
within the � matrix. However, this precipitation seems to
hinder the � recrystallization. As shown by Ivasishin et al. (Ref
11), the presence of some � grains completely hinders the �
recrystallization. Because the � phase is quite far from equi-
librium after quenching, the driving force for the � nucleation
during heating is larger than the driving force for the � recrys-
tallization. It can be postulated that the � nucleation depletes
the potential sites for the � recrystallization.

The second temperature range, at around 550 °C, is char-
acterized by the decomposition of the � phase as a thin con-
tinuous � film at the grain boundaries, followed by the intra-
granular � precipitation as fine platelets. Due to a high
nucleation rate, the microstructure is much finer. It is worth
noting that these platelets can be too small to deform plasti-
cally, thus acting as hard, undeformable particles (Ref 1). The
difference with holding at high temperature is that the interface
of the platelets formed at 538 °C seems to be flat. Malinov et
al. (Ref 12) showed that at approximately 500 °C the complete
� → � + � transformation necessitates much more time than at
a higher temperature. They explained this phenomenon by the
fact that, in this temperature range, the � → � + � phase
transformation is mainly controlled by the diffusion of molyb-
denum within the � phase.

Finally, another important parameter is the prior � grain
size, which depends on the temperature of the solution treat-
ment and time. Gil et al. (Ref 13) showed that a larger � grain
size leads to a smaller width for the � plates. Our results are in
agreement with those of this study, as shown in Fig. 5 and 6.
However, these figures tend to show that the inverse trend
prevails for the length of the platelets. Furthermore, Fig. 5 and
6 also show that the volume fraction of the � phase is higher in
the case of the solution treatment at 810 °C than that at 850 °C.
This difference results from the decrease of the starting tem-
perature of the � → � transformation with the increase of the
� grain size. Indeed, an increase of the � grain size leads to a
decrease of the � grain boundary surface area per unit volume
and, thus, to fewer nucleation sites for the � phase.

Fig. 7 Band contrast map of the microstructure of the specimen
annealed at 750 °C for 15 min after cold rolling of the � phase

Fig. 8 (a) TEM diffraction pattern obtained with �-near [113] zone axis, (b) dark-field image using � spot illustrating � size and distribution-zone
axis [122]�
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5. Conclusions

The nucleation and growth of the � phase in a two-phase �
metastable Ti alloy, the Ti-LCB, were studied after several heat
or thermomechanical treatments using light microscopy, SEM,
TEM, and EBSD-OIM. The following conclusions can be
drawn.

• At high temperature, the precipitation of the � phase is
observed at the � grain boundaries as a continuous film
that can result from the coalescence of several � grains.
These develop the Burgers orientation relationship with
respect to one of the adjacent � grains. At lower tempera-
tures, the � phase precipitates as intragranular thin plate-
lets.

• Interrupted aging is also characterized by an intragranular
precipitation thanks to the introduction of some precursors
during quenching and heating that increase the nucleation
rate of the � phase and provide a homogeneous distribu-
tion of this phase. This phenomenon is also observed in the
case of cold rolling, which strongly increases the density
of intragranular � grains. However, this intragranular
nucleation hinders the � recrystallization.

• Continuous cooling is characterized by an acicular precipi-
tation of the � phase. The larger � grain size leads to
thinner but longer � plates.
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