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H I G H L I G H T S

• A novel beta titanium alloy Ti-4733
with different α phase morphologies
was developed.

• The Ti-4733 alloy revealed more refined
microstructures than the Ti-5553
resulting in enhanced tensile proper-
ties.

• The BASCA microstructures contain a
combination of large lamellar α colo-
nies, acicular αs and discontinuous αGB

phases.
• The BASCA-processed Ti-4733 alloy ex-
hibited a high elongation and relatively
high strength.
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A novel beta titanium alloy Ti-4Al-7Mo-3Cr-3V (Ti-4733) was developed and the effect of its microstructure on
the tensile properties was investigated and compared with the one of the commercial titanium alloy Ti-5553.
Various alpha phasemorphologies, namely globular, lamellar, acicular and a combination of them,were obtained
as a result of the various heat treatments towhich both the alloyswere subjected. Although the alpha phasemor-
phology for a given heat treatmentwas similar in both the alloys, the obtainedmicrostructurewas generally finer
in the Ti-4733 alloy than in the Ti-5553 alloy, leading to enhanced tensile properties. The results showed that the
microstructures with solely fine acicular alpha precipitates exhibited the highest tensile strength. While the
highest reduction of areawas derived in case of globular-acicularmorphology, themaximum elongationwas ob-
served inmicrostructures containing lamellar-acicular alpha phase. Furthermore, for both the alloys the best bal-
ance between strength and ductility occurred in microstructures with a combination of globular and acicular
alpha phase. The fractography analysis carried out on the tensile tested specimens showed a completely ductile
fracture in case of globular-acicular morphology, ductile-transgranular brittle for lamellar-acicular morphology,
and ductile-intergranular brittle for fully acicular α phase morphology.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Nearβ and β titanium alloys have a great potential to be used in sev-
eral fields, such as aerospace, biomedical and automotive industries as
they offer high strength to weight ratios and very attractive combina-
tions of strength, toughness and fatigue resistance [1,2]. The Ti-Al-Mo-
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V-Cr composition is an important alloy system inwhich severalβ titani-
um alloyswere introduced and used in commercial applications [3]. The
most popular example is the Ti-5553 alloy that is a high strength β tita-
nium alloy with chemical composition of Ti–5Al–5Mo–5V–3Cr (wt%).
This alloy was primarily designed for high-strength forging applications
as an improved version of the Russian alloy VT22 (Ti–5.7Al–5.1V–
4.8Mo–1Cr–1Fe) on account of improved properties and deep
hardenability over large thickness compared to the VT22. The Ti–5553
alloy proved also to be a better alternative than the Ti-10-2-3 alloy in
some applications [3]. Beta titanium alloys are typically formed in the
solution treated condition because they are ductile, with a low strength
in the range 700–1000 MPa. They can subsequently be heat treated to
gain very high strength levels up to 1200–1600MPa.While themetasta-
ble β alloys generally display better coldworkability when compared to
α and α + β titanium alloys, unfortunately the cold workability of the
most common high strength β titanium alloys, such as the Ti-5553, is
not too high. This can be considered as a drawback for the Ti-5553
alloy restricting its application to bulk structures.

Recently, a new Ti-4Al-7Mo-3V-3Cr (Ti-4733) alloy, which contains
almost the same primary alloying elements as the Ti-5553 alloy,was de-
signed through the theoretical d-electron method with the aim of im-
proving the alloy cold workability at room temperature [4]. This alloy
was reported to exhibit high compressive strength (~1400 MPa) and
excellent compressive deformability (~35%) in the solution treated con-
dition.However, as a newly designed alloy, the effect of subsequent heat
treatment on itsmicrostructure andmechanical properties has not been
studied yet as well as the correlation between the microstructure and
the mechanical properties. In particular, it is worth to investigate if a
higher level of strength can be achieved in this alloy, still preserving
an acceptable ductility.

High levels of strength can be attained in the β titanium alloys
through an aging heat treatment resulting in the precipitation of a fine
secondaryα phase [5]. Either the decrease in size or the increase in vol-
ume fraction of the secondary α phase improves the strength of the β
titanium alloys [6]. However, in general, if the strength increases more
than a certain level, the ductility may reduce. For example, the Ti-
5553 alloy shows strengths up to 1517 MPa, but it is not used at this
strength level due to its poor ductility [3]. On the other hand, the ductil-
ity is strongly dependent upon the prior β grain size, and reduces with
increasing the solution temperature or the β grain size. In addition to
the β grain size, the morphology of the primary α phase can affect the
ductility of the β titanium alloys [7].

In addition to conventional solution treating and aging process,
several heat treatment schedules have been designed in β titanium
alloys to attain specific goals. For example, a particular processing
method including Beta Annealing followed by Slow Cooling and
Aging (BASCA) was developed to maximize the fracture toughness

while maintaining a relatively high degree of strength in the conven-
tional Ti-5553 alloy [8]. Although themicrostructure andmechanical
properties of the conventionally solution treated and aged Ti-5553
alloy have been vastly investigated over the past few years [3,9,10],
the microstructural evolution during the BASCA process has not
been studied systematically.

The present work aims at studying the microstructural evolution of
the Ti-4733 alloy as a result of different heat treatment cycles with an
emphasis on the BASCA process and comparing them with the ones of
the conventional Ti-5553 alloy. The effect of different microstructural
morphologies on the mechanical properties of both the alloys is also
critically discussed. This work provides an insight into the feasibility of
attaining a good combination of strength and ductility in the Ti-4733
alloy and shows that this alloy can be a potential candidate to extend
the engineering applications of the Ti-5553 alloy.

2. Experimental procedure

The new β titanium alloy Ti-4Al-7Mo-3V-3Cr (Ti-4733) was de-
signed based on the commercial β titanium alloy known as Ti-5553
with the aim of controlling the cold deformation mechanisms. The de-
tails of alloy design strategy were presented elsewhere [4].

Ti-4733 and Ti-5553 ingots were melted twice by vacuum arc melt-
ing process to ensure chemical homogeneity. The ingots were prepared
by melting pure elements. The ingots were then forged at 1100 °C and
subsequently rolled to a 20-mm thick plate at 750 °C. The microstruc-
ture of the as-rolled alloys is shown in Fig. 1. Themicrostructures consist
of both α and β phases in a deformed and elongated shape. The chem-
ical composition of the alloys is given in Table 1. The β transition tem-
perature (Tβ) of the Ti-4733 and Ti-5553 alloys measured by
metallographic method are 860 and 870 °C, respectively.

Samples were cut from both the alloys and five heat treatment cy-
cles, namely β solution treatment (β-ST), α/β solution treatment (αβ-
ST), β solution treatment and aging (β-STA), α/β solution treatment
and aging (αβ-STA), and BASCA,were carried out on them. The schemes
of these heat treatment cycles are shown in Fig. 2. All the heat treatment
cycles were conducted in the electric resistance furnace in air. The solu-
tion treatments were performed at 810 °C (50 °C below the Tβ) and

Fig. 1. Optical microstructure of the as-rolled specimens for the a) Ti-4733 and b) Ti-5553 alloys.

Table 1
Chemical composition of the investigated alloys (wt%).

Alloy Al Mo V Cr Ti

Ti-4733 3.9 6.8 3.0 2.9 Balance
Ti-5553 5.2 4.8 4.7 2.9 Balance
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910 °C (50 °C above the Tβ) for 30 min, followed by water quenching.
For both the alloys the solution treatments were performed in a same
condition. As shown in Fig.2(b and c), the STA process consisted of
two stages of solution treatment at αβ or β phase regions followed by
aging at 600 °C for 6 h. For this purpose, two furnaceswere used, namely
one for the solution treatment and another for the aging. This means
that after the solution treatment in the first furnace, the samples were
quickly placed (step cooled) in the second furnace set at the aging tem-
perature. The average cooling rate from the solution temperature to the
aging onewasmeasured to be approximately 25 °C/s. To investigate the
effect of the aging temperature on the morphology of the secondary α
phase, one of the specimenswas step cooled to 700 °C, and after holding
at this temperature for 60 min water quenched (Fig. 2c).

The BASCA parameters were selected according to the original pro-
cess introduced by Boeing for processing large components of airplanes
aiming at improving the part fracture toughness [8]. As seen in the
scheme of the BASCA heat treatment in Fig. 2(d), the samples were
heated up to 900 °C and, after holding at this temperature for 1.5 h,
slowly (2 °C/min) cooled down to 607 °C. After holding at 607 °C for
8 h, the sampleswere furnace cooled down to room temperature. To in-
vestigate the microstructure evolution during the BASCA process, two
specimens were quenched in water after slow cooling down to 800
and 600 °C, respectively (Fig. 2d).

The specimens for microstructure observations were polished with
80–3000 grid SiC paper in water, followed by chemical polishing. A
modified Kroll's reagent (6 ml HF + 18 ml HNO3 + 76 ml H2O) was
employed to reveal the microstructures. The microstructural observa-
tions were carried out on an optical Olympus microscope and a
TESCAN, MIRA3 Scanning Electron Microscope (SEM) in back scattered
electron (BSE) and secondary electron (SE) imaging modes. The elec-
tron microscope was operated at 20 kV. The area fraction of the α
phasewasmeasured using the Clemex image analysis software. The cal-
culation was performed based on several SEMmicrographs from differ-
ent positions of each sample.

Themechanical propertieswere evaluated by uniaxial tensile testing
of ASTM-E8 standard specimens at room temperature. Flat tensile spec-
imens with gage length 25 mm, width 6 mm and thickness 3 mmwere
machined along the rolling direction. Tensile tests were carried out on
an Instron 8502 testing machine at a constant cross-head speed of
2 mm/min so that the initial strain rate was 1.3 × 10−3 s−1.

3. Results and discussion

3.1. Solution treated microstructures

The optical microstructures of the alloys in β-ST and αβ-ST condi-
tions are shown in Fig. 3. It can be seen that the microstructure is fully
recrystallized after the solution treatment above the beta transus tem-
perature of the alloys. According to Fig. 3(a and b) both the alloys in
the β-ST condition show a single β phase microstructure with large
equiaxed grains estimated to be 148 μm and 135 μm for the Ti-4733
and Ti-5553 alloys, respectively. According to Eq. (1) [11], themolybde-
num equivalent (Moeq) and, consequently, the beta transus tempera-
ture of Ti-4733 is lower than that of the Ti-5553 alloy, which is in
agreement with the metallographic observation of Tβ. It was reported
[12] that for β titanium alloys the recrystallization temperature is
close to Tβ and with a decrease in Tβ the recrystallization temperature
decreases. Therefore, we expect a lower recrystallization temperature
for the Ti-4733 alloy due to its lower Tβ. The recrystallization of the de-
formed β grains is fully completed in both alloys in the β-ST condition,
leading to an immediate grain growth. This can explain the difference
in the grain size of the two β-ST alloys.

Moeq ¼ 1:00 Mo½ # þ 0:28 Nb½ # þ 0:22 Ta½ # þ 0:67 V½ # þ 1:60 Cr½ #
þ 2:90 Fe½ #−1:00 Al½ # ð1Þ

As shown in Fig. 3(c and d), after an α/β solution treatment the mi-
crostructure of the two alloys consists of small β grains (0.9 μm for the

Fig. 2. Scheme of the heat treatment cycles applied in this study a) αβ-ST and β-ST b) αβ-STA c) β-STA and d) BASCA.
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Ti-4733 and 1.7 μm for the Ti-5553 alloy) and a significant amount of
globular primary α (αp) phases. The globular αp phases have 0.5 μm
and 1 μm average diameter in the Ti-4733 and Ti-5553 alloys, respec-
tively. The volume fraction of the αp phase after solution treatment at
810 °C for 30 min was found to be 32% for Ti-4733 and 26% for Ti-
5553 (Table 2). In β titanium alloys, this type of microstructure can be
obtained by processing them at Tβ-50 °C to Tβ-100 °C followed by α/β
solution treatment [13]. Weiss and Ding et al. [14,15] showed that
both the low and high angle sub-boundaries were formed across the
α plates during hot working. Subsequent hot working provides a driv-
ing force that enables some β phase to penetrate into the α phase
along the α/α sub-boundaries causing the separation into individual α
grains [16]. The splitting of the sub-grainsmay be one of the fragmenta-
tion mechanisms for lamellar α leading to a globular morphology. The
primary α phase located at the β grain boundaries (Fig. 3c) can limit
the recrystallization and growth of the β phase due to its pinning effect.
Asmentioned before, theαp particles in the Ti-4733 alloy have a smaller
size and higher volume fraction than those in the Ti-5553 leading to
more effective hindering of the grain growth and consequently smaller
β grain size in the αβ-ST Ti-4733 alloy.

3.2. Solution treated and aged (STA) microstructures

The microstructures of the two alloys after the β-STA process are
shown in Fig. 4. As it can be seen, the acicular αs phases with a large

aspect ratio formed during the aging. Since all the β grains are
completely decorated with theαs precipitates and there is no precipita-
tion free zone through themicrostructure of theβ-STA specimens, it can
be concluded that the precipitation process was completed. In the mi-
crostructures shown in Fig. 4, three variants of α precipitates arranged
in form of triangles can be observed. This particular arrangement of α
precipitates has often been associated with variant selection of the pre-
cipitates in order to accommodate the inherent as well as the transfor-
mational strains [17,18].

As seen in Fig. 4, theαs precipitates in the Ti-5553 alloy (1–4 μm)are
much longer compared to the Ti-4733 alloy (0.3–1 μm). According to
Table 2, the average volume fraction of theαs phase in theβ-STAmicro-
structure was found to be about 36% for Ti-4733 and 40% for Ti-5553.
This may be attributed to the higher stability of the Ti-4733 alloy
resulting in a reduced driving force for the nucleation and growth of
the αs phase during aging. The higher stability of the Ti-4733 alloy de-
pends on its chemical composition, resulting in a lower transus temper-
ature. According to Fig. 3(a and b), the β solution treatment results in
coarse β grains without any primary α phase and, therefore, the least
stable βmatrix the greatest driving forcewill be available for its decom-
position during the subsequent aging [19]. This leads to a faster second-
aryα (αs) phase precipitation,meaning theαs phases in β-STA samples
would be coarser than those of the αβ-STA samples at similar aging
conditions.

To investigate the effect of higher aging temperatures on the forma-
tion process ofα phase, another type of heat treatment was applied, in-
cluding solution treatment at β phase region and aging at 700 °C. In the
Ti-4733 alloy sample step-cooled from 910 °C to 700 °C and aged only
for 1 h at this temperature, considerable amounts of α precipitates
with a totally different morphology can be observed (Fig. 5). According
to Fig. 5, theα phase appears to form strings of aligned precipitates sim-
ilar to the published results on the Ti-5553 alloy [20]. In thismicrostruc-
ture, prior β grain boundaries are decorated by serrated α precipitates
(Fig. 5). Within the grains the mentioned strings are observed to have

Table 2
The volume fraction of the alpha phase in different microstructures.

Alloy Volume fraction (%) αβ-ST β-STA αβ-STA BASCA

Ti-4733 Total α 31.6 ± 2 35.8 ± 1.5 49.2 ± 2.3 42.6 ± 1.7
Secondary α 0 35.8 ± 1.5 17.5 ± 1.8 14.1 ± 1

Ti-5553 Total α 26.4 ± 1 40.4 ± 1.7 47.3 ± 2 51.9 ± 1.5
Secondary α 0 40.4 ± 1.7 20.7 ± 1.5 14.4 ± 1.1

Fig. 3. Optical micrographs of the β-ST specimens for the a) Ti-4733 and b) Ti-5553 alloys and BSE SEM micrographs of the αβ-ST specimens for the c) Ti-4733 and d) Ti-5553 alloys.
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preferred morphological orientations. Three main string orientations
with an angle of about 60° are visible in Fig. 5. As shown in Fig. 5 with
arrow, the strings consist of individual α precipitates with a chevron
like morphology. The two arms of the chevrons are approximately
1–3 μm in length.

In comparison to 700 °C, precipitates formed during aging at 600 °C
are much finer (even after 6 h) and more densely distributed as well as
have an absolutely different acicular morphology (Fig. 4). Even though
more undercooling increases the driving force for nucleation of α
phase and provides more nucleation sites, the observed change in the
α phase morphology seems to be a result of other phenomena.

Furthermore, in contrast to aging at 700 °C, there was no evidence of in-
tergranular αs growing in adjacent regions.

In previous literature [21,22] such an abrupt change in α phase
morphology, volume fraction and growth kinetics was directly
linked to the monotectoid reaction that occurs in some β titanium
alloys. According to Nag [23], above and below the monotectoid
isotherm, the α precipitates are in equilibrium with the solute lean
and solute rich β phases, respectively. In order to maintain an overall
mass balance, the volume fraction ofα in equilibriumwith the richer
β phase has to be much more than that with the leaner β phase. Also,
the fineness of the α precipitates below the monotectoid
temperature suggests that the α nucleation could be assisted by
the leaner phase. In β-STA conditions, the resulting microstructures
indicate that a refinement took place during the aging below a
certain temperature in the range of 600–700 °C. In fact, this
temperature range seems to encompass a transition from larger
string-like microstructure to a much more refined acicular α
microstructure.

The microstructure of the two alloys after the αβ-STA condition are
shown in Fig. 6. Similar toαβ-ST condition, inαβ-STA samples the prima-
ryα globules are present in the βmatrix. Besides the globular αp phases,
the secondaryα phases with acicular shape form during the aging. These
αs precipitates are usually of 0.2–0.5 μm in length, which are much finer
than those of the β-STA specimens. The presence ofαp phase determines
the stability of the remained β phase or the driving force for secondary α
precipitation. The precipitation of primary α phase during the solution
treatment below the Tβ, results in a more stable remained β matrix. In
fact, the effect of αp precipitation is to enrich the βmatrix by β stabilizer
elements and to somehowdeplete theα stabilizers. Therefore, theαβ so-
lution treatment can lower the propensity of the remainedβmatrix to de-
compose and thus reduces the driving force for theα phase precipitation
during the subsequent aging. Furthermore, the size of prior β grains
(1.5 μm for Ti-4733 and 2.2 μm for Ti-5553 alloy) can also limit the max-
imum size of the αs phases. Therefore, the small size of αs precipitates in

Fig. 4. BSE SEM micrographs of the β-STA specimens for the (a and b) Ti-4733 and (c and d) Ti-5553 alloys.

Fig. 5.Optical microstructure of the Ti-4733 alloy after step cooling from 910 °C to 700 °C,
holding for 60 min and then water quenching.
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αβ-STA specimens compared with β-STA specimens can be described
based on the above scenario. It is also obvious from Fig. 6 and that the
αs precipitates in the Ti-4733 alloy are much finer than those in the Ti-

5553 which similar to β-STA condition can be contributed to higher sta-
bility of the Ti-4733 alloy. Furthermore, the higher stability of the β
phase after the αβ solution treatment of the Ti-4733 alloy leads a lower

Fig. 6. SE SEM micrographs of the αβ-STA specimens for the (a and b) Ti-4733 and (c and d) Ti-5553 alloys.

Fig. 7. SE SEM micrographs of the BASCA specimens for the (a and b) Ti-4733 and (c and d) Ti-5553 alloys.
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volume fraction of the αs phase to precipitate in the αβ-STA sample
(Table 2).

3.3. Beta annealed, slow cooled and aged (BASCA) microstructures

The SEM micrographs of the two alloys after BASCA process are
shown in Fig. 7. The lamellar inter and intra-granular α phases as
colonies with different morphological orientations along with discon-
tinuous grain boundaryα (αGB), are observed in the BASCAmicrostruc-
tures. Also, there are somefineαs precipitateswith acicularmorphology
between the primary α colonies.

By comparing the microstructures of the Ti-4733 and Ti-5553 alloys
in Fig. 7, it is observed that the BASCA-treated Ti-4733 alloy tends to
have more refined microstructure with a lower volume fraction of the
α phase compared with Ti-5553 alloy (Table 2). This could be a result
of the higher stability of the Ti-4733 alloy.

To investigate themicrostructural evolutions during the BASCA heat
treatment, samples from different stages of this process were analyzed.
Slow cooling from solution temperature is a critical part of the BASCA
process because can result in the formation of large α laths. To observe
the effect of a slow cooling rate, specimens were cooled to 800 °C and
600 °C at a rate of 2 °C/min after annealing at 900 °C.

Fig. 8 shows the optical microstructure of the Ti-4733 alloy after slow
cooling to 800 °C. It can be seen that theβ grain boundaries are decorated
by globularα precipitates acting as a precursor for nucleation and growth
of intergranularα laths. These lamellar side plates form by branching out
from αGB globes as shown in Fig. 8b. No lamellar α plates nucleating di-
rectly on β/β grain boundaries were detected in the microstructure. In
fact, the formation of lamellarα colonies is not possible without the pres-
ence of a parentαGB. This observation is in accordancewith a previous lit-
erature work [24]. These intergranular plates grow in a group resulting in
the formation of a colony of parallel α plates. Higher magnification in
Fig. 8(b) shows that α laths are not always present at both sides of the
grain boundaries. Such orientation relationships between the α laths

and β grains have already been observed in the Ti-5553 alloy [23] and
in someα/β titanium alloys [25]. Some intragranular plates also nucleate
in the interior of the β grains and grow as a group of parallel plates re-
maining stacked in a parallel mode within a given packet.

At lower cooling rates, laths that nucleate early at higher
temperatures coarsen with the temperature reduction. Fig. 8c shows
the optical microstructure of a sample that was slow cooled from the
solutionizing temperature to 600 °C and then water quenched. Its mi-
crostructure presents grain boundary α (αGB) and large volumes of in-
tergranular and intragranular α laths. Intergranular α laths are formed
in the form of many parallel plates growing towards the grain interior.
They have short length and don't form the large colonies observed in
common α/β titanium alloys. Intragranular α phases are also observed
within the β matrix as plates growing in three preferred orientations.
Furthermore, as seen in Fig. 8(c), there are some regions within the β
grains where noα precipitates are detected, pointing out that the equi-
librium volume fraction ofα has not yet been achieved by cooling down
to 600 °C. Therefore, further aging at this temperature (around 600 °C)
can lead to theα precipitation over the entireβmatrix. It is important to
note that, because of the slow diffusion at low temperatures, the nucle-
ation of secondary α precipitates can only occur with long aging treat-
ments at low temperatures such as 600 °C.

Based on the observations, the sequence of microstructural evolu-
tion during the BASCA process can be summarized as follows:

1) The globular αGB precipitates form at the grain boundaries with
starting the slow cooling from the solution temperature.

2) The intergranular α colonies initially nucleate on the αGB grow in-
side the grains with a lamellar morphology.

3) The intragranular α colonies nucleate and grow inside the grains
with lamellar morphology.

4) At the end of the cooling stage, there would be some precipitate free
zones inside the grains. With aging at 607 °C for a long time, the αs

precipitates with acicular morphology form in these zones.

Fig. 8. Optical microstructure of the Ti-4733 alloy after slow cooling (2 °C/min) from 900 °C to (a and b) 800 °C, (c) 600 °C.
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3.4. Mechanical properties

The tensile properties of the five different heat treatment conditions
of the β-ST, αβ-ST, β-STA, αβ-STA and BASCA are shown in Fig. 9. As
seen, both of the alloys exhibit a lower strength but higher ductility in
the β-ST and αβ-ST conditions compared with the β-STA and αβ-STA
conditions. Both of the alloys show higher strength and ductility in the
αβ-ST condition than those in the β-ST samples. The higher strength
of the αβ-ST samples is supposed to originate from the globular αp

phase which can lead to an increase in the strength. Furthermore, it
has been reported [5] that the αp phase has a direct influence on the
ductility. In both solution treated conditions, the tensile properties of
the Ti-4733 alloy are higher than those of the Ti-5553. Generally, the
mechanical properties of a single β phase titanium alloy depend on
the stability of the β phase determining its deformation mechanisms.
It has been reported [26,27] that a combination of the slip and formation
of themartensite improves themechanical properties. The Ti-4733 alloy
was developed in a way to exhibit the formation of deformation-
inducedmartensite alongwith the dislocation slip as a combined defor-
mation mechanism resulting in enhanced mechanical properties [4]. A
detailed study on the design procedure and deformation mechanism
of the Ti-4733 alloy in the single β phase condition can be found in
Ref. [4]. However, due to the presence of the α phase in theαβ-ST con-
dition, the stability of the β matrix is increased so that can lead to
change in the deformation mechanism of β phase from the
deformation-inducedmartensite to the slip. In fact, the tensile behavior
of αβ-ST samples is mainly controlled by the αp phase characteristics.

Generally, the deformation behavior of the α phase in a β titanium
alloy and its effect on the mechanical properties is strongly dependent
on its size and morphology. In β titanium alloys, the acicular αs precip-
itates are much harder than the β phase because of their fine scale.
These precipitates hardly deform and produce a high number ofα/β in-
terfaces act as dislocation barriers [28,29]. On the other hand, the lamel-
lar α, αp and αGB phases are softer than the αs and large enough to
deform by slipping and shearing mechanisms so that the dislocations
can be activated and accumulated within them [30]. It was recently
demonstrated [30] that in large lamellar α phase, in addition to the
slip of dislocations the twinning can be also activated during the defor-
mation leading to an improved elongation of the lamellar microstruc-
ture during the tension. The highest yield strength of 1204 MPa and

ultimate tensile strength of 1276 MPa are achieved in the Ti-4733
alloy and for the β-STA condition thanks to the developed fine acicular
αs phases. The fineαs phase produced during the aging can act as a dis-
location barrier leading to a significant increase in the alloy strength. As
shown in Fig. 4, the width and length of the αs precipitates in the Ti-
4733 alloy are smaller than those in the Ti-5553 alloy. This difference
in the αs size arising from the higher stability of the Ti-4733 alloy, can
explain why the Ti-4733 alloy shows a higher strength level in the β-
STA condition. Meanwhile, the volume fraction of the αs phase in the
Ti-5553 alloy is higher than that of the Ti-4733 (Table 2). This indicates
that the size ofαs precipitates, has a stronger effect on the strength than
their volume fraction.

Although theβ grain size in the β-STA specimens is quite larger than
that of the αβ-STA specimens, the strength of the β-STA specimens is
higher than that of the αβ-STA specimens. This can be attributed to
the strong strengthening effect of the αs precipitates in comparison
with the β grain size effect. To this regard, some previous studies [32]
showed that in the aged β titanium alloys the tensile strength can be
considered independent from the β grain size. Furthermore, it is
worth to mention that while the total volume fraction of the α phase
in theαβ-STAmicrostructures is higher than that in the β-STA, the vol-
ume fraction of the αs in the β-STA microstructures is higher (Table 2).
This indicates that the α phase morphology has a more important role
than its volume fraction in the strengthening of alloy.

As mentioned before, the solution treatment within the β phase re-
gion results in the least stable composition and the highest driving force
for the precipitation of theα phase leading subsequently to large size of
αs. On the contrary, according to Fig. 6, for both the alloys the size of the
αs precipitates in the αβ-STA specimens (0.2–0.5 μm) is much finer
than that of the β-STA specimens (1–4 μm). The solution treatment
within the α/β phase region results in a more stable the β matrix and
a reduced driving force for the nucleation and growth of the α phase
during the subsequent aging.

It can be seen that for both the alloys the ductility of the αβ-STA
specimens is higher than that of the β-STA specimens. The higher duc-
tility of the αβ-STA specimens is attributed to the presence of the pri-
mary α phase. It was reported in [33] that the presence of αp can
improve the tensile ductility. In addition, the small sized prior the β
grains give a contribution in improving the ductility of theαβ-STA spec-
imens. The small β grain size can reduce the slip length and increase the

Fig. 9. Tensile properties of the Ti-4733 and Ti-5553 alloys including a) yield strength (YS), b) ultimate tensile strength (UTS), c) elongation to failure (EL) and d) reduction of area (RA)
after the different heat treatment cycles.
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crack nucleation resistance, thus improving the tensile ductility [34].
However, the strength level in the αβ-STA condition is relatively
lower than that of the β-STA condition. This can be attributed to the re-
ciprocal effect of the size and volume fraction of the secondary α phase
in theαβ-STA andβ-STA conditions. In theαβ-STA condition themicro-
structure contains both very fine acicular αs precipitates, which have a
significant effect on the strengthening, and large globular αp phases
with lower strengthening potential compared to the acicularαs precip-
itates. In contrast, the β-STA microstructure contains only acicular αs

precipitates but with larger size than those of the αβ-STA. In fact, the
size of the αs precipitates and the volume fraction of the αp phase,
which are dependent on the solution treatment and aging conditions,
determine the alloy final strength. In addition, the αβ-STA specimens
tend to show an interesting tensile property balance (above 1200 MPa
of ultimate strength with 10% of elongation).

According to Fig. 9c, in comparison to both theβ-STA andαβ-STA con-
ditions, the BASCA specimens exhibit higher elongation. This can be at-
tributed to the coarse α-laths (Fig. 8c) resulting from the slow cooling
employed in the BASCA process. According to Table 2 it can be seen that
a considerable amount of the α phase in the BASCA samples is related
to the lamellar α formed during the slow cooling. Although these coarse
lamellar α phases can enhance the elongation of the BASCA specimens
compared with the STA specimens, but they have a relatively poor hard-
ening effect leading to lower strength levels. Despite the presence of
coarse α-laths, the BASCA specimens show a tensile strength higher
than 1100MPa arising from the formation of secondary acicularα phases
during the subsequent aging. In fact, the lamellarα phase determines the
elongation of the BASCA specimens while the acicular α phase deter-
mines their strength. As shown in Fig. 9, the elongation of the Ti-5553
alloy in the BASCA condition is higher than that of the Ti-4733 that arises
from its larger lamellarα phase and higher volume fraction of the lamel-
lar α. However, with almost same volume fraction of the αs precipitates,
the strength of the Ti-5553 alloy is lower than that of the Ti-4733 because
of its larger acicular αs phase. However, it should be noted that these

microstructural features are strongly dependent on the BASCA process
parameters. In this study, we used the standard parameters of the Ti-
5553 BASCA processing for both the alloys. Therefore, thanks to the opti-
mization of the process parameters for the Ti-4733 alloy wemay achieve
even better mechanical properties.

It is worth to mention that despite the higher elongation of the
BASCA specimens, these specimens show a lower reduction of area
than that of the αβ-STA. The higher reduction of area in the αβ-STA
condition may be attributed to the presence of globular αp and small
the β grain size providingmore isotropic deformation behavior. In con-
trast, in the BASCAmicrostructure the lamellarα colonies form in a very
large area (i.e. initial β grains) and are aligned in preferred orientations
across all grains so that a high level of deformation heterogeneity can be
occurred during the one-dimensional deformation. However, more de-
tailed investigation should be done regarding the textural effect of the
lamellar α on the mechanical anisotropy.

In addition, it can be concluded that in almost all heat treatment con-
ditions, the Ti-4733 alloy exhibits higher mechanical properties com-
pared with those of the Ti-5553. Meanwhile, the Ti-4733 alloy shows
an enhanced cold deformability at room temperature in the single-
phase solution treated condition [4]. This indicates that the Ti-4733
alloy can be used in applications including not only bulk structures
but also plate or sheet products thanks to the achieved strength and
ductility.

3.5. Fractography

To identify the effect of the α phase morphology on the fracture
mechanisms, some solution treated and aged specimens were selected
for the fractography analysis. Fig. 10 shows the fracture surface of the
β-STA samples after the tensile test. As can be seen, both the alloys ex-
hibit a mixed mode of intergranular brittle fracture with facet surfaces
and intergranular cracks (as shown with arrows in Fig. 10a and
c) besides minor ductile fracture with shallow dimples. Since the

Fig. 10. Fracture surfaces of the (a and b) Ti-4733 and (c and d) Ti-5553 alloys in the β-STA condition.
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strength of the αs precipitates is higher than that of the β matrix, the
strain in theβ phasewould be higher than in theαs during deformation.
This inhomogeneity in the strain can lead to the formation of micro-
voids at the α/β interface. The micro-voids could coalescence and
grow into the micro-cracks. This phenomenon was previously reported
for the Ti-5553 alloy [31]. According to Fig. 10(b), the dimples are shal-
low and nonuniform in size. Since theαs precipitates have different ori-
entations relative to the loading axis during the tensile test, the voids
associated with them can acquire very different sizes.

The lower ductility in the β-STA condition is due to the grain bound-
aryαfilm and the largeβ grain size. The grain boundaryαprovides long
soft zones that deform preferentially during deformation so that high
stress concentrations and localized strains developed at triple junctions
and resulted in separation of grains as shown in Fig. 10. Therefore, the
intergranular brittle portion of the fracture surface is caused by the

αGB and large β grains while the ductile portion of the fracture surface
results from the αs precipitates.

Fractographs of the αβ-STA specimens in Fig. 11 show a completely
ductile fracture mode. Fine and deep dimples associated with ductile
fracture are visible in Fig. 11. Itwas showed that the dominant deforma-
tion mode for theαβ-STA condition is the strain localization in the ma-
trix leading to voids at the interface between the agedmatrix and theαp

phase. These voids could coalescence and grow up along the grain
boundary of the αp during the tensile test [7]. The cracks that initiate
from the different αp particles can meet each other by the shearing in
the region between them. In fact, the αp phase plays a key role in the
fracture behavior of the αβ-STA microstructures. The reason is that
the αp phase can change the crack propagation direction.

It is worth tomention that although theαGB is formed in theαβ-STA
specimens (Fig. 6), the ductility is not reduced. The tensile ductility is

Fig. 12. Fracture surface of the (a and b) Ti-4733 and (c and d) Ti-5553 alloys in the BASCA condition.

Fig. 11. Fracture surface of the (a) Ti-4733 and (b) Ti-5553 alloys in the αβ-STA condition.
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mainly determined by the resistance to crack nucleation that is strongly
dependent on the effective slip length parallel to the grain boundary α
layers, and the small the β grain size of the αβ-STA microstructure
can greatly reduce the slip length and therefore increase the crack nu-
cleation resistance [35].

Fig. 12 shows the fracture surface of the BASCA samples after the
tensile test. As can be seen, both the alloys exhibit a combination of duc-
tile fracture with deep dimples and transgranular brittle fracture with
some cracks (shown with arrows in Fig. 12b). It has been reported
[38] that in the lamellar microstructures the cracks are much more lia-
ble to initiate at and propagate from the tips of thin microstructures
that are the stress concentration regions. The high undulation depth
on the fracture surface of the BASCA samples (Fig. 12), indicates the
large deflection of crack path. In fact, the higher elongation of the
BASCA samples compared with the STA samples arises from the pres-
ence of large lamellar α colonies. In general, the size of the lamellar α
colonies, thickness of the α lamellae and size of the grain boundary α
phase determine the alloy fracture behavior. In the Ti-5553 alloy, the
lower stability of the β phase results in the growing of the α lamellar
colonies, α lamellae and grain boundary α phase.

It is well known that the Ti-5553 alloy exhibits a higher fracture
toughness when processed under BASCA conditions in compared to
other processing routes, such as the conventional STA [8]. Although
the fracture toughness of the samples was not measured in this study,
some microstructural features can be useful to qualitatively describe
the higher fracture toughness of the BASCA processed samples. It was
showed that when the energy needed for the α lamellar fracture is
higher than that needed for crossing colonies, the crack changes direc-
tions causing crack branching, zigzagging and secondary crack creation
[36,37]. This process requires additional energy and can result in in-
creased fracture toughness in the material [38].

The plastic zone of the crack tip is another factor in controlling the
fracture behavior. The bigger the size of the plastic zone the higher the
fracture toughness. According to Fan et al. [38] larger acicularα precip-
itates increase the plastic zone at the crack tip. They showed that the nu-
cleation of dislocations from the crack tip across the smaller α phase
leads to strain localization. Thus, it would significantly reduce the size
of the plastic zone of the crack tip. The fact that the average size of the
secondary α precipitates in the BASCA microstructure is much larger
than that of the STA microstructures (Figs. 7, 6 and 4), can be another
reason for the higher fracture toughness of the BASCA processed
samples.

Generally, the αGB has a critical importance due to its effect on the
ductility [34,35,39]. Two aspects of αGB can affect the fracture behavior
of materials, namely its width and continuity [40]. As mentioned before
(Fig. 7), there is a significant amount ofαGB phase in themicrostructure
of the BASCA samples. However, this αGB phase exhibits a zigzag and
discontinuous morphology as can be observed in Fig. 7. The discontinu-
ity of theαGB arises from the slow cooling during the BASCA process. In
fact, during the slow cooling large and isolated globular αGB particles
form (Fig. 8b) and, subsequently, lead to a discontinuous grain bound-
ary α phase. The propagation of crack will be more difficult through a
discontinuous α layer compared to continuous α layer. Therefore, de-
spite the presence of large amount ofαGB, it doesn't reduce the ductility
significantly due to its discontinuousmorphology. In addition, the three
different and specificmorphological aspects of large lamellarα colonies,
larger acicular αs precipitates and discontinuous αGB are the main rea-
sons of the higher fracture toughness in the BASCA microstructures.

4. Conclusions

In the present study, different morphologies of α phase were devel-
oped in a new beta titanium alloy, Ti-4733, through different heat treat-
ments. Their microstructural evolution and effect on the tensile
properties were investigated and compared with the ones of the com-
mercial Ti-5553 alloy. The main results can be summarized as follows:

1) Although both the Ti-4733 and Ti-5553 alloys exhibit similar micro-
structures after a given heat treatment, in all the tested conditions
the Ti-4733 alloy revealed more refined microstructures than the
Ti-5553 resulting in enhanced tensile properties.

2) In the β-STA condition both the alloys exhibit a microstructure con-
taining acicular αs precipitates in the β matrix leading to high
strength and low tensile ductility. The fractography of the β-STA
specimens showed that the fracture mode was a combination of in-
tergranular brittle and ductile fracture.

3) To achieve fine acicularαs precipitates in the β-STAmicrostructures,
the sample should be aged below themonotectoid temperature that
is between 600 and 700 °C for the Ti-4733 alloywhereas aging above
themonotectoid temperature results in a large chevron typeαphase
morphology.

4) In the αβ-STA condition both the alloys exhibit a bimodal micro-
structure with globularαp and fine acicularαs phases. The presence
of these two morphologies results in good balance of strength and
ductility. A completely dimpled ductile fracture was detected in
the αβ-STA specimens.

5) The BASCA heat treatment results in amicrostructurewith combina-
tion of αGB and lamellar α phase colonies formed during the slow
cooling and fine acicular αs precipitates formed during the subse-
quent aging. The BASCA-processed specimens exhibit a high elonga-
tion and relatively high strength. The fracture mode in BASCA
specimens was found to be a combination of ductile and
transgranular brittle fracture.
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