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a b s t r a c t

The dynamic globularization kinetics of Ti–6.5Al–1.5Zr–3.5Mo–0.3Si alloy with a colony alpha microstruc-
ture during deformation at temperature range of 920–980 ◦C and strain rate range of 0.01–10 s−1 was
quantitatively characterized and investigated. The results show that both the globularization fraction
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and globularized grain size were sensitive to deformation conditions. At temperature higher than 950 ◦C,
strain rates higher than 0.1 s−1 and true strain around 3, enhanced grain refinement was achieved through
dynamic globularization. The refined structure shows improved superplasticity characteristics including
near fully equaxied alpha grains around 1 �m, discontinues beta phase and high dislocation density at the
globularized grain boundaries. The dynamic globularization kinetics characteristic was associated with

that c
inetics
train

deformation mechanism

. Introduction

Titanium alloys, particularly two phase titanium alloys have
een widely used as advanced structural materials in aeronautic
pplications. Especially, the alloy with a nominal composition of
i–6.5Al–1.5Zr–3.5Mo–0.3Si (named TC11 alloy), developed on the
asis of the Russia alloy VT9, is a typical two phase alloy and has
ow been the most widely used titanium alloy in aerospace field

n China to produce the compressor discs and blades. Due to the
dditions of beta isomorphous element Mo, neutral element Zr
nd beta eutectoid elements Si into Ti–6Al base, TC11 alloy has a
igher strength, better creep resistance and more excellent ther-
al stability, especially at elevated temperatures compared with

onventional Ti–6Al–4V alloy [1,2]
The lamellar microstructure associated with as-cast or beta-

rocessed two phase titanium alloys has been found to break up
r globularize both dynamically during deformation and statically
uring post deformation annealing in the alpha/beta phase field,
hich plays a key role in development of desired microstructure

or final forming or service. Therefore, the globularization process
as received considerable attention [3–7].

Many studies have investigated dynamic globularization of two

hase titanium alloys. In early works, Kaybyshev et al. [8–10] stud-

ed the evolution of platelike microstructure during superplastic
eformation (at strain rates in order of 10−3 s−1) in the alpha/beta
ange of VT9 alloy at a qualitative level. The dynamic globular-

∗ Corresponding author. Tel.: +86 24 83978266 fax: +86 24 23906831.
E-mail address: shzhang@imr.ac.cn (S.-H. Zhang).
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ontrols the dynamic globularization process.
© 2009 Elsevier B.V. All rights reserved.

ization process was found to be governed by the alpha → beta
transformation and the development of grain boundary sliding.
Semiatin et al. [11,12] observed that the dynamic globulariza-
tion of Ti–6Al–4V alloy with colony alpha structure occurred
at strain rate lower than 0.01 s−1; strains around of the order
of 0.75–1.0 and 2–2.5 were required respectively for ‘initiation’
and competition of dynamic globularization. Later study [13–15]
indicated that the dependence of dynamic globularization kinet-
ics on test temperature and initial microstructure appeared to
be complex. Recently submicron grain structure was achieved
by warm deformation of Ti–6Al–4V alloy at low temperature
(550 ◦C) and low strain rate (0.001 s−1) as a result of dynamic
globularization [16]. It can be found that the former researches
were focused on globularization behavior at low strain rate or
warm temperature. However, most thermomechanical processing
of two phase titanium alloys for ingot breakdown on hammer or
hydraulic press in industry was carried out under high temper-
ature and high strain rate (above 0.01 s−1) conditions. Although
the most recently research by Park et al. [17] showed enhanced
superplasticity by dynamic globularization at high strain rate
(0.1 s−1) for Ti–6Al–4V alloy with martensite microstructure, quan-
titative analysis of dynamic globularization kinetics was still
unclear under such conditions for alloys with colony alpha struc-
ture.

The object of present work is to quantitatively investigate
−1
dynamic globularization kinetics at strain rates higher than 0.01 s

of TC11 alloy with a colony alpha structure. In addition, the
optimum processing parameters are determined within experi-
mental conditions corresponding to significantly grain refinement
by dynamic globularization.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shzhang@imr.ac.cn
dx.doi.org/10.1016/j.jallcom.2009.02.059
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Fig. 1. Colony alpha structure of the heat treated wrought bars.

. Experimental procedures

The chemical compositions (wt.%) of TC11 alloy used in this investigation are
s follows: 6.17 Al, 3.41 Mo, 1.77 Zr, 0.285 Si, 0.054 Fe, 0.014 C, 0.01 N, 0.0006 H,
.100 O, and balance Ti. The � transus temperature was measured about 1020 ◦C.
he received wrought bars with a diameter of 10 mm were heated to 1040 ◦C, held
or 30 min followed by furnace cooling. The initial microstructure of the heat treated

aterial is given in Fig. 1. The microstructure shows a colony alpha structure con-
isting of lamellar alpha colonies in prior coarse � grains (average grain size about
00 �m), a grain boundary alpha layer (in thickness of 5 �m) and continuous beta

ayers in between the colony alpha lamellae (in thickness of 3 �m), which has a
ypical microstructure characteristic before cogging process in alpha/beta phase
eld.
Compression specimens machined from the heat treated bars were subjected
o 30–80% isothermal hot compression tests on a Gleeble 3500 thermal simula-
or in the temperature range 920–980 ◦C and strain rate range 0.01–10 s−1. The
pecimens were heated to test temperatures at a heating speed of 5 ◦C/s, held
or 3 min, compressed to the given reduction and then water quenched to room
emperature.

ig. 2. Optical micrographs of structure developed in specimens compressed at temperat
nd d) 0.01 s−1.
Compounds 480 (2009) 922–927 923

The deformed specimens were sectioned parallel to the compression axis for
microstructural analysis. The samples for optical metallographic examination were
made by mechanically polished and etched with a solution consisting of 10 pct
HF, 20 pct HNO3 and 60 pct H2O. Because of the inhomogeneous deformation and
non-uniform strain distribution in the compressed specimens, FEM was applied
to calculate the local strains for microstructure observation. Since the beta phase
transforms during cooling, it was mainly the primary alpha phase, which governs
the structure type of the alloy, was studied. Globularization behavior of the alpha
lamellae was then quantified using moderate magnification optical photographs by
a quantitative metallographic image analysis system considering alpha phase with
the aspect (length/width) ratio lower than 2 as a globular.

3. Results and discussion

3.1. Characterization of dynamic globularization kinetics

Micrographs at test temperatures of 920 ◦C and 980 ◦C at a large
strain in Fig. 2 showed: partially globularization with fine glob-
ularized grains at low temperature (920 ◦C) and high strain rate
(0.1 s−1); near fully globularization with fine globularized grains
at high temperature (980 ◦C) and high strain rate (0.1 s−1); fully
globularized structure with coarser alpha grains at low strain rates
(0.01 s−1) at both temperatures.

Quantitative measurements of the fraction globularized as a
function of strain and globularized grain size at different strain rates
and temperatures are summarized in Figs. 3 and 4. It revealed that
a critical strain is needed for globularization initiation and both
globularization fraction and globularized alpha grain size are very
sensitive to deformation conditions.

It can be found in Fig. 3 that the globularization fraction
increases with strain in a sigmoid way and it assumes that the
globularized fraction f follows an Avrami type equation:
fg = 1 − exp[−k · (ε − εc)n] (1)

Non-linear curve fitting using Eq. (1) shows a good agreement
with the experimental results seen in Fig. 3. Thus, the critical strain

ures of (a and c) 920 ◦C or (b and d) 980 ◦C and strain rates of (a and b) 0.1 s−1 or (c
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Fig. 3. Globularization fraction versus strain at different deformation co

to be εc in Eq. (1)) for initiation of globularization and the strain
eeded fully globularization (εf) was then predicted respectively
sing Eq. (1). The result is shown in Table 1.

.2. Analysis of the critical strain

It reveals that a critical strain for initiation of globularization
etween 0.42–0.65 for all deformation conditions is needed (in

ig. 3) and the value shows relatively weak dependence on defor-
ation temperature and strain rate (seen from Table 1). The same

henomenon was also found in [13] for Ti–6Al–4V alloy, although
he critical strain reported is a little higher (∼1.0) because of dif-

ig. 4. Globularized grain size at different deformation conditions (a) measured in
his study and (b) presented in the literature.
ns (dot—experimentally measured data, line—fitted result using Eq. (1)).

ference in alloys and the initial structures. In addition, the critical
strain is much higher than peak strain (generally lower than 0.1)
on the flow stress curves [13]. This phenomenon has big difference
from general dynamic recrystallization (DRX) process, for which
the critical strain is lower (less than the peak strain) and strongly
dependent on deformation conditions. Thus, dynamic globulariza-
tion may have different mechanism with DRX. During DRX process,
critical strain is corresponding to critical dislocation density needed
for new grain nucleation. Thus the critical strain value has strong
dependence on deformation temperature and strain rate which
affects the dynamic recovery behavior and dislocation density.
While, for dynamic globularization involving a reduction in the
aspect ratio of the plates, as suggested in [18], it can be interpreted
in terms of geometric recrystallization, during which intraphase

boundary forms as the first step instead of nucleation of new grains.
The process is controlled by dislocation glide and therefore the lim-
ited sensitivity of critical strain to deformation temperature and
strain rate may be rationalized on the basis that cumulative effect
of the dislocation glide processes is related to strain magnitude per

Table 1
Determined kinetic strain values using Eq. (1).

T, ◦C ε̇, s−1 εc εf

920 0.01 0.5 2.45
0.1 0.6 4.25
1 0.63 6.66

10 0.65 4.23

950 0.01 0.45 2.23
0.1 0.5 2.93
1 0.55 3.07

10 0.58 3.05

980 0.01 0.42 2.10
0.1 0.5 2.67
1 0.52 2.76

10 0.55 2.88
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Fig. 5. Calculated kinetics rate as a functio

e. It is also found that a large fraction of the lamellae has rotated
o orientations perpendicular to the compression axis [18] at the
ritical strain levels needed for onset of dynamic globularization. It
uggests that the reorientation of lamellae (in the form of lamellae
inking) also accounts for larger critical strain levels needed before
lobularization initiation.

.3. Effect of deformation conditions on the globularized fraction

Seen from Fig. 3 and Table 1, the evolution of globularized frac-
ion versus strain shows significantly dependence on deformation
onditions. The globularization kinetics rate versus strain can be
efined as:

= ∂fg
∂ε

(2)

The calculated kinetics rate versus strain curves is shown in
ig. 5. The kinetics rate increases with decreasing strain rate, espe-
ially when the strain rate decreasing from 0.1 to 0.01 s−1 (also seen
n Fig. 2). While, the dependence of kinetics on strain rate is not
ignificant when strain rate is higher than 0.1 s−1 (in Figs. 5a and
). The dependent of kinetics on temperature (in Figs. 5b and 3) is
eak at strain rate 0.01 s−1 and at higher temperatures at 0.1 s−1

ut with sharp decreasing when temperature drops from 950 to
20 ◦C. The kinetics rate then determines the dependence trend of

f on deformation conditions (shown in Table 1). The sensitivity of
lobularization kinetics on strain rate and temperature with sharp
hange, which is in contrast with the result in [8], could suggest that
he dynamic recovery may play a significant role in globularization
rocess which controls formation of intraphase boundary as a first

Fig. 6. TEM observations of alpha plate deformed at stra
train at (a) 980 ◦C and (b) 0.1 and 0.01 s−1.

step for globularization in the mechanism proposed by Weiss et al.
[18].

It is also noted that the kinetics rate first increases and then
decreases with strain increasing and has a peek value at a strain
corresponding to 40–60% globularization. The same phenomenon
has been reported in DRX process and was interpreted by a result
of competition between the new grain nucleation rate and grain
growth rate. As discussed above, there is no new grain nucleation
during dynamic globularization. So, the decrease of kinetics speed
after the peak value may be caused by reduction of aspect ratio
of lamellae after certain amount of globularization which makes
the continue fragmentation of lamellae more difficult. Another
important reason may be that much part of deformation is exerted
on globularized phase because of easier deformation ability of
equiaxed grains than lamellae. Deformation mechanism analysis
by Kim [19] also found that the grain boundary sliding of globular-
ized grains took place after heavy deformation of Ti–6Al–4V alloy
with colony alpha structures.

3.4. Effect deformation conditions on globularized grain size

The measured grain size of globularized alpha phase at differ-
ent deformation conditions is shown in Fig. 4. It can be seen that
the sharp change occurs in globularized grain size when the strain
rate decreases from 0.1 s−1. The globularized grain size in the strain

rate range of 0.1–10 s−1 has a slight increase with temperature and
remains around 1 �m. However, when the strain rate decreases to
0.01 s−1, there is a sharp increase of globularized grain size with
temperature up to 6 �m. When strain rate decreases further, even
coarser globularized grain was found for Ti–6Al–4V alloy [5]. As

in rate of (a) 0.01 s−1 or (b) 0.1 s−1 at strain of 0.69.
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Fig. 7. Microstructure observations of the globularized structure in specimen d

roposed in [18], during globularization process, grooves formed
n the surface of the alpha plates either by surface tension related
ffects or shear localization within the plates may serve to frag-
ent the plates into nearly equiaxed regions via penetration of

eta phase, with the diameter approximately equal to the plate
hickness. However, as seen in Fig. 6, very close plate thickness
both around 0.4 �m) is found before globularization deformed at
he same temperature and at strain rate 0.1 and 0.01 s−1, respec-
ively but with sharp difference in globularized grain size. So the
ragment of alpha plates may indeed occur as suggested in [18],
he globualrized grain size may not essentially equal to the plate
hickness, and it is dependent on the aspect ratio of the fragment
hich finally becomes globular driven by surface energy. It can be

een from Fig. 6b, at strain rate 0.1 s−1, the length of fragment is
imilar to plate thickness and the finally globularized grain size is
ore or less close to plate thickness. However, when deformed at

.01 s−1(Fig. 6a), the length of fragment is larger than plate thick-
ess, thus a globularized grain size bigger than plate thickness could
e readily anticipated. This difference in aspect ratio of plate frag-
ent is caused by different dynamic recovery rate at two different

train rates. At higher strain rate, more dislocations are produced
nd the dislocation walls are denser due to poorer recovery rate
nd dislocations can still be found in short fragment formed by two
djacent dislocation walls in Fig. 6b. While at low strain rate, due
o fast recovery rate, dislocation gliding and annihilation are easier,
ess amount of dislocation walls are formed, and nearly no disloca-
ions can be found in the relatively longer plate fragment in Fig. 6a.

hen the deformation continues, the dislocation walls transfer to
ntraphaser boundaries and form lamellar fragment with different
spect ratios and finally different globular sizes.

.5. Enhanced grain refinement through dynamic globularization

From kinetics analysis above, the optimal deformation condi-
ions for globularization is 950–980 ◦C and 0.1–1 s−1, under which
ear fully equiaxed microstructure with grain size around 1 �m can
e achieved with a strain over 3. Meanwhile, the globularization
inetics is weakly dependent on deformation conditions within the
ptimum processing window. Decrease in globularized grain size
ith strain rate increasing was also found for Ti–6Al–4V alloy with
colony alpha structure in [5], but the globularized fraction was

oo low to form a macro refined structure due to limited compres-
ion deformation. Though the refined globularized microstructure

as been reported obtained by deformation at warm temperature
nd low strain rate for colony structure [16] or at hot tempera-
ure and higher strain rate for martensite structure [17], this is the
rst time that the refined globularized microstructure is achieved
nder high temperature and higher strain rate conditions for colony
ed at 980 ◦C and 0.1 s−1 with a strain of 2.9 (a) SEM image and (b) TEM image.

structure at large strains (over 3). Because of thermal inertia in
large billets, colony structures are most often produced even using
water quenching after single beta processing. Thus the present find-
ing should have more practical significance for cogging process
of two phase titanium alloys in industry. As deformation time is
very low at such higher strain rates, the interpretation of this near
fully globularized microstructure is not enough by the reported
mechanisms in [8–10] and [18] consisting of processes including
intraphase boundaries formation and phase transformation which
are time consuming. Thus, other globularization mechanisms for
alloys deformed at higher strain rates deserve further study.

The SEM and TEM observation of the refined structure achieved
via large strain deformation at 980 ◦C and 0.1 s−1 is shown in Fig. 7,
and similar characteristic to research result in [17] for martensite
structure can be found: discontinuously distributed beta phase due
to dynamic recrystallization and high dislocation density at the
globularized grain boundaries (indicated by the arrow in Fig. 7b).
Thus according to the result in [17], this microstructure should
also have improved superplasticity which is more favorable for the
finally isothermal die forging.

4. Conclusion

Dynamic globularization kinetics of TC11 alloy has been studied
in the temperature range of 920–980 ◦C and strain rate range of
0.01–10 s−1. The following conclusions have bee drawn from the
results of this investigation.

(1) The dynamic globularization kinetics TC11 alloy is sensitive to
deformation conditions and follows an Avrami type sigmoid
equation versus strain.

(2) Critical strains around 0.42–0.65 are needed for globularization
initiation for all deformation conditions, and both globular-
ization kinetics rate and globualrized grain size increase with
increasing temperature and decreasing strain rate with sharp
change at strain rate lower than 0.1 s−1and temperature lower
than 950 ◦C.

(3) Refined equiaxed structure can be achieved at the optimum pro-
cessing parameters of 950–980 ◦C and 0.1–1 s−1 with a strain
about or over 3, which is favorable for practical industry appli-
cation.
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