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Abstract: The dynamic spheroidization kinetics behavior of Ti—6.5AI-2Zr—1Mo—1V alloy with a lamellar initial microstructure was
studied by isothermal hot compression tests in the temperature range of 750-950 <C and strain rates of 0.001-10 s *. The results
show that the spheroidized fraction of alpha lamellae increases with the increase of temperature and the decrease of strain rate. The
spheroidization kinetics curves predicted by JMAK equation agree well with experimental ones. The corresponding SEM and TEM
observations indicate that the dynamic spheroidization process can be divided into two stages. The primary stage is boundary
splitting formed by two competing mechanisms which are dynamic recrystallization and mechanical twin. In the second stage, the
penetration of beta phase into the alpha/alpha grain boundaries is dominant, which is controlled in nature by diffusion of the chemical

elements such as Al, Mo and V.
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1 Introduction

The near alpha titanium alloy Ti—6.5AI-2Zr—-1Mo—
1V is extensively used in aerospace application. It can
work at about 500 <C and is the general alloy of bar
stock and sheet material. Because of the allotropic
transformation, this alloy can acquire a large variety of
microstructures with different alpha morphologies
depending on thermomechanical processing, such as
lamellar, equiaxed and duplex microstructure. The
conversion of lamellar microstructure to equiaxed
microstructure, called spheroidization, is the most
important in the hot working procedure. It is worth
noting that the lamellar microstructures have preferable
high-temperature stability and cannot be converted to
equiaxed microstructures only through heat treatment.
Consequently, large plastic deformation in alpha and
beta phases field is essential.

WEISS et al [1,2] proposed that spheroidization can
accomplish by the formation of low and high angle

alpha/alpha boundaries or shear bands, followed by
penetration of beta phase to complete the separation.
SESHACHARYULU et al [3-5] considered that
spheroidization process may also be regarded as a type of
dynamic recrystallization since it involves two
competitive processes, namely rate of nucleation and rate
of migration. SEMIATIN et al [6—8] have performed a
great deal of research on the spheroidization kinetics
behavior of Ti—6Al-4V titanium alloy. They have
assumed that the development of sub-boundaries within
alpha lamellae and dynamic coarsening process together
control the rate of dynamic spheroidization. More
recently, the Kkinetics of dynamic spheroidization in
titanium alloy with a lamellar microstructure has been
reported by many scholars [9—-11]. Some of them are
Ti—6.5A1-2Zr-1Mo-1V alloy [12-14].

The objective of this work is to research the
dynamic spheroidization kinetics behavior and clarify the
deformation mechanism during hot forging. For this
purpose, isothermal constant strain rate compression
experiments and corresponding microstructure
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examination of Ti—6.5AI-2Zr-1Mo—-1V alloy with a
lamellar initial microstructure were conducted in wide
ranges of temperature and strain rate to model the
dynamic spheroidization kinetics process. This study
may provide important theory foundation on designing
processing techniques and controlling microstructure
evolution.

2 Experimental

The material used in the present investigation has
the following chemical composition (mass fraction, %):
Al 6.3, Zr 1.97, Mo 14, V 14, O 0.08, N 0.01, Ti
balance. The beta transus temperature for the material is
approximately 990 <C. The raw material was beta
solution treated at 1020 <C for 30 min and then air
cooled to obtain lamellar microstructure with prior beta
grains of about 450 pm and lamellar alpha thickness of
1 pum (Fig. 1).

Fig. 1 Initial microstructures of Ti—6.5AI-2Zr-1Mo-1V alloy:
(a) OM; (b) SEM

The isothermal constant strain rate compression
experiments were carried out by THERMECMASTOR-Z
thermal simulation machine. Cylinder specimens of
8 mm in diameter and 12 mm in length were machined
with grooves of 0.2 mm in depth at both end faces to
store glass power lubricant for reducing friction. The
specimens were heated to test temperature at a heating
rate of 10 <C/s by vacuum induction heating, held for
210 s and compressed to the corresponding reduction,

followed by helium gas cooling to preserve the hot
deformed microstructure. The 50% height reduction tests
were performed at the temperatures of 750, 800, 850,
900 and 950 <C and the strain rates of 0.001, 0.01, 0.1, 1
and 10 s *. Other compressive tests with different height
reductions (3%, 5%, 8%, 13%, 20%, 30%, 40%, 60%
and 70%) were carried out at the temperatures of 850 <C
and 900 <C to obtain the spheroidization kinetics curves.

After the hot deformation, the compressed
specimens were sectioned parallel to the compression
axis by wire cutting for microstructure observation. The
metallographic samples were polished mechanically and
etched with a Kroll reagent of 2% HF, 4% HNO; and
94% H,O. All micrographs were taken from the large
deformation zone of the compressed samples on a
XJP-6A type microscope and estimated using
guantitative metallography analysis software.
Spheroidization was considered to be alpha phase
morphology with a aspect ratio (the ratio of length to
width) less than 3.

3 Results and discussion

3.1 Effects of hot deformation parameters on
spheroidization

The optical micrographs of Ti—6.5Al1-2Zr-1Mo—-1V
alloy at the true strain of 0.69 are presented in Fig. 2. It is
suggested that the strain rate and temperature both have
obvious effects on dynamic spheroidization. The
spheroidized fraction increases with strain rate
decreasing and temperature increasing. The initial
positions of dynamic spheroidization occur at or near the
prior beta grain boundaries (PBGD) and at kinks of the
alpha colonies, as the white arrows shown in Fig. 2.
Dynamic spheroidization within these two regions is
probably favored because of the deformation
incompatibilities between the prior beta grain boundary
and colony alpha phase [6].

Figure 3 shows the influence curves of strain rate
and temperature on the spheroidized fraction of alpha
lamellae at the true strain of 0.69. In Fig. 3(a), the
spheroidized fraction of alpha lamellae decreases with
the strain rate increasing. But it is worth noting that the
effect is more significant at 0.001-0.1 s* than at
0.1-10 s™*. This is because dynamic spheroidization is a
thermal activation process. At low temperatures or at
high strain rates, the diffusion rate is slow and the
diffusion time is insufficient. In Fig. 3(b) the slope of
line increases with decreasing strain rate at 10-0.1 s*
and is basically the same at strain rates of 0.1 and
0.01 s%, and then it has a slightly decline at 0.001 s .
These phenomena may be ascribed to the coarsening of
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Fig. 2 Microstructures of Ti—6.5AI-2Zr—1Mo-1V alloy deformed at true strain of 0.69: (a) 850 <C, 10 s %; (b) 850 <C, 0.1 s %;
(c) 850 T, 0.001 s°%; (d) 750 <C, 0.001 s°%; (e) 900 T, 0.001 s *; (f) 950 <C, 0.001 s * (compression direction is perpendicular to

horizontal axis)
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Fig. 3 Dependence of spheroidized fraction at true strain of 0.69 on strain rate (a) and temperature (b)

alpha grains at low strain rates (0.01 and 0.001 s™), as
shown in Fig. 4. The thickness of alpha lamellae and the
diameter of the spheroidized alpha grains both exhibit a
strong dependence on temperature at strain rates of 0.01

and 0.001 s, and the grain growth rate of 0.001 s 'is
significantly larger than that of 0.01 s *. The higher the
temperature and the lower the strain rate are, the larger
the lamellar and spheroidized alpha grains grow. PARK
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et al [15] found that the flow behavior of Ti—6.5Al-
2Sn—4Zr—2Mo-0.1Si alloy showed a noticeable
dependence on strain rate due to the competition between
dynamic spheroidization and dynamic coarsening. As
illustrated in Figs. 2(c), (e) and (f), the growth of alpha
grains results in the reducing of alpha/beta grains
interface. The coarsening rate of alpha grains further
increases because the migration rate in homophase
boundaries is higher than that in heterophase
boundaries [16,17]. Compared with low strain rates (0.01
and 0.001 s™), the thickness of alpha lamellae remains
the same with the initial microstructure at strain rates of
0.1-10 s *. SHELL et al [6] showed that the spheroidized
rate of alpha lamellae was the most rapid for the thinnest
alpha platelet among three transformed beta
microstructures of 0.25, 3 and 5 pum-thick alpha laths.
Thus, spheroidization rate in Fig. 3(b) decreases at strain
rates of 0.001and 0.01s .
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Fig. 4 Alpha grain size as function of deformation temperature

at true strain of 0.69: (a) Thickness of alpha lamellag;

(b) Diameter of spheroidized alpha grain

Figure 5 shows the microstructures of Ti—6.5Al-
2Zr—1Mo—1V alloy with various strains at 900 <C and
0.01 s, It can be seen that the degree of spheroidization
increases with the increase of true strain. During hot
deformation, the alpha lamellae paralleled to the

compression axis kink considerably and lamellae in other
orientations  rotate gradually to the direction
perpendicular to compression axis. Ultimately, all alpha
lamellae have distributed along the horizontal direction.
With increase in true strain to 0.69 (Fig. 5(d), it is
difficult to distinguish the primary beta grain boundaries
from the alpha lamellae. Even at the true strain as large
as 1.20 (Fig. 5(f), there are a large number of alpha
lamellae distributed along the horizontal direction with
high aspect ratio.

3.2 Dynamic spheroidization kinetics behavior

Typical spheroidization kinetics curves obtained at
deformation temperatures of 850 <C and 900 <C are
plotted in Fig. 6. It clearly demonstrates a typical
sigmoid type. At first they have a gestation period, and
then the spheroidized fraction increases rapidly with the
true strain. As the true strain approximately achieves 1.0,
the rates of the curves decrease obviously with the true
strain. This may attribute to the coarsening of the alpha
lamellae at high deformation temperature (Fig. 4(a)).
Figure 6 shows that the critical strain for initiation
spheroidization of Ti—6.5Al-2Zr-1Mo-1V alloy is in
the range of 0.20—0.40 which decreases with temperature
increasing and strain rate decreasing. This is due to that
the spheroidization of the alpha lamellae is a thermally
activated process with the diffusion of alloy elements at
the alpha/beta interface [18,19].

It is assumed that the dynamic spheroidized fraction
(fs) followed the IMAK type as Eq. (1):

f,=1—exp(—kt") 1)

where f; is the volume fraction of dynamic spheroidized
alpha lamellae, t is the deformation time of dynamic
spheroidization [t=(e—¢.)/ £], ¢ is the true strain, & is
the strain rate, ¢ is the critical strain for initiation of
dynamic spheroidization.

Taking natural logarithm to Eq. (1) on both sides,
we can obtain

In[ln(l_lfs ]:lzlnk+nln[g;g°j )

Put the experimental data into Eq. (2), it is found
that there has a good linear relationship between
In{In[1/(1—£)]} and In[(;—¢.)/ €], in which k and n are
fitting constants.

There is an empirical formula expressed as

Z=Aexp(Be.) 3

where A and B are constants.

With the calculation of experimental values, the
logarithm of Zener—Hollomon parameter (also called
temperature compensated strain rate parameter, Z) is
linear with the critical strain for initiation spheroidization
in Fig. 6. Then, the relationship between Zener—
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Fig. 5 Microstructures of Ti—6.5A1-2Zr—1Mo-1V alloy deformed at 900 <C and 0.01 s * with true strains of 0.14 (a), 0.22 (b),
0.36 (c), 0.69 (d), 0.92 (e) and 1.20 (f) (Compression direction is perpendicular to horizontal axis)
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Hollomon parameter and critical strain ¢, can be
expressed as follows:
InZ -51.322
Eo = 4)
29.707

Thus, the spheroidization kinetics of the alpha
lamellae in Ti—6.5AI-2Zr—-1Mo-1V alloy can be
described as

_(Inz —51.322) o2
f, =1-exp<—0.202

29.707
. (5)
&
in which Z is given by the Arrhenius equation:
5
7 = éexp M (6)
8.314T

where T is the thermodynamic temperature.

The calculated spheroidization kinetics curves are
shown in Fig. 7. The average error of experimental and
calculated values is 9.59%. This indicates that the
calculated values agree well with the experimental ones.
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Fig. 7 Calculated spheroidization Kkinetics curves of

Ti—6.5Al-2Zr-1Mo—1V alloy at temperatures of 850 <C (a)

and 900 <T (b)

This further demonstrates that the spheroidization
kinetics equation developed in this study can accurately
predict the spheroidization fraction as functions with the
strain, strain rate and temperature.

3.3 Mechanism of dynamic spheroidization

Figure 8 illustrates the SEM images of
Ti—6.5A1-2Zr—1Mo—-1V alloy deformed at 850 T and
0.01 s to a true strain of 0.69. As the white arrows
shown, the fragmentation and spheroidization of alpha
lamellae firstly appear at the boundaries of the primary
beta grains and the regions near different oriented colony
boundaries, where deformation easily happens. This is
because the alpha colony with the same alpha lamellar
orientation deforms wholly as a grain group, causing the
plastic deformation concentrate at the intersection of
different orientation colonies.

Spheroidized alpha

Spheroidized alpha

Fig. 8 SEM images of initial spheroidized positions of
Ti—6.5Al-2Zr—1Mo—1V alloy deformed at 850 <C and 0.01 s*
to true strain of 0.69 at boundary of primary beta grain (a) and
region near colony boundaries (b)

Further TEM micrographic examination of
Ti—6.5A1-2Zr—1Mo-1V alloy deformed to a true strain
of 0.69 in Fig. 9 reveals that dynamic recrystallization
and mechanical twin play important roles in the
spheroidization of the alpha lamellae. As shown in
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Fig. 9(a), sub-grains separate the alpha lamellae and
mostly run through the width direction, which causes the
grain sizes of the spheroidized alpha being similar to the
alpha lamellar spacing. Subsequently, high angle grain
boundaries come into being to complete the dynamic
recrystallization. Such behavior is often associated with
the continuous dynamic recrystallization (CDRX) [20].
CDRX may occur mainly at high temperatures
(850-900 <C) and low strain rates (0.001-0.1 s%). A
number of mechanical twins are observed within the
alpha lamellae in Fig. 9. They separate the long alpha
lamellae into several short segments. The number of
twins and the contribution of twinning to deformation
increase with increasing strain rate and decreasing
temperature. Mechanical twins usually appear at low
temperatures (750-850 <C) and high strain rates (0.1-
10 s 'Y). Reference [21] showed that twins and dislocation
networks occurred in the Ti—6.5AI-3.5M0-1.5Zr-0.3Si
alloy with a Widmanst&ten initial microstructure.
WYATT et al [22] performed the deformation
mechanisms and kinetics of time-dependent twinning in
a-Ti-1.6V alloy at four strain rates of 10*, 1072 107,
and 10°°s .

Fig. 9 TEM images of Ti—6.5Al-2Zr—1Mo—1V alloy
deformed to true strain of 0.69 indicating boundary splitting at
850 Tand0.1s*

The EDS results were used to analyze the element
contents in different regions at the interfaces of alpha and
beta phases in Fig. 10 and Table 1. It is found that the
dark gray alpha phase (Spectrum 4 in Fig. 10) is rich in
Al (5.40%) compared with the light gray beta phase of
4.26% (Spectrum 1 in Fig. 10). The beta stable elements
Mo and V are enriched in beta phases and diffuse along
the interfaces of alpha and beta phases. This is because
the arrangement of atoms at grain boundaries is irregular
and the diffusion rate of alloy elements such as Al, Mo
and V at grain boundaries is faster than those in interior
of grains. Thus, “cups” penetrated by beta phase along
the alpha/alpha grain boundaries are formed. They wedge
the alpha/alpha boundaries formed by sub-boundaries
and mechanical twins and separate the long alpha
lamellae into several parts with short rod or elliptical
shape which would spheroidize fully by the further
migration of the alloy elements.

Fig. 10 SEM image of Ti—6.5AI-2Zr—1Mo-1V alloy deformed
to true strain of 0.69 at 900 <C and 0.001 s*

Table 1 EDS results of spectra in Fig. 10
Mole fraction/%

Spectrum -
Al Ti \Y Zr Mo Total
1
SPECUM L 6 8746 348 251 229 100.00
(Beta phase)
Spectrum 3
427 89.95 250 190 1.38 100.00
(Interface)
Spectrum 4
540 92.64 1.96 100.00
(Alpha phase)

Obviously, the dynamic spheroidization process can
be divided into two stages. One is controlled by
boundary splitting which is associated with boundary
formation by dynamic recrystallization or mechanical
twin, the other is predominated by the penetration of beta
phase into the alpha/alpha grain boundaries. In the first
stage, the two mechanisms of dynamic recrystallization
and mechanical twin compete and complement each
other. With the decrease of deformation temperature and
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increase of strain rate, mechanical twins may play a more

important role owning to the decrease of dislocation slips.

The second stage is essentially the diffusion of chemical
elements such as Al, Mo and V. This is different with the
view of Weiss’s [1] which considered that alpha lamellae
break-up is caused by sub-boundary formation or heavily
localized shearing zones.

4 Conclusions

1) The dynamic spheroidized fraction of alpha
lamellae increases with temperature increasing and strain
rate decreasing. A critical strain for initiation of
spheroidization is 0.20-0.40 which decreases with the
decrease of strain rate and increase of temperature.

2) The spheroidization kinetics curve follows a
typical sigmoid type. An Avrami type equation which
agrees well with the experimental results is established to
accurately predict the spheroidization kinetics behavior.

3) Boundary splitting and the penetration of beta
phase are two main stages in the dynamic
spheroidization process. In the first stage, dynamic
recrystallization and mechanical twin compete with each
other. In the second stage, beta phase wedges the
alpha/alpha boundaries and separates the long alpha
lamellae into several parts.
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