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Abstract: Microstructural development in hot working of TA1S5 titanium alloy with primary strip a structure was investigated with
the aim to globularize a strips. Results show that the mechanisms of morphology transformation are the same to the spheroidization
mechanisms of lamellar structure. Boundary splitting and termination migration are more important than coarsening due to the large
size of strip a. The a strips are stable in annealing due to the unfavorable geometrical orientation of intra-a boundaries, the large
thickness of strip and the geometrical stability of a particles. Predeformation and low speed deformation accelerate globularization of
a strips in the following ways: direct changing of particle shape, promotion of boundary splitting and termination migration by
increasing high angle grain boundaries and interfacial area, promotion of coarsening by forming dislocation structures. Large
predeformation combined with high temperature annealing is a feasible way to globularize strip a.
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1 Introduction

Titanium alloys have gained increasing applications
due to the high specific strength and good corrosion
resistance. Hot working is often employed to transform
the lamellar structure to equiaxed structure, so the
ductility and fatigue resistance can be improved. This is
commonly referred to globularization or spheroidization.
Globularization of lamellar structure occurs during
primary working, in which ingots are transformed to
semi-products by rotary forging or rolling [1]. The large
unidirectional elongation of work-piece will affect the
morphology of a phase. Some o phases may appear in
strip form with high aspect ratio (they are referred to as
strip a herein and after) under improper processing route.
To enhance the isotropy and fatigue resistance of
material, the strip o should be transformed to globular
ones.

By now, most work on the morphology
transformation of a phase was about the globularization
of lamellar a. It begins with the loss of coherency of o/
interfaces [2] and formation of boundaries across o

platelets by deformation [3]. The intra-a boundaries can
be subgrain boundaries produced by dynamic recovery or
high angle boundaries caused by dynamic
recrystallization [4,5]. The intra-a boundary creates
unstable dihedral angle with neighboring o/f interface.
To lessen surface tension, S phase wedges into a platelets
along the boundary so that the dihedral angle is reduced
and stabilized [6]. The so called thermal grooving splits
o platelets into particles with lower aspect ratio. a
lamellae can be further globularized by termination
migration and Ostwald ripening [6]. The first stage of
globularization is deformation induced. Meanwhile, the
second and third stages are diffusion controlled and time
dependent. So globularization occurs dynamically during
deformation and statically in the subsequent heat
treatment.

Globularization kinetics is sensitive to processing
parameters. Dynamically globularized fraction increases
with strain in a sigmoidal way [7]. A critical strain is
required for the initiation. The globularization rate
increases with increasing temperature and decreasing
strain rate. On the other hand, the statically globularized
fraction increases with the increase of time in an
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asymptotic way [8,9]. It increases with applied strain and
holding temperature but is less sensitive to strain rate.

Break-down of strip o may be similar to
globularization of lamellar a. However, a previous
work [10] suggested that break-down of a strips was so
sluggish that globularized structure was not observed at
80% reduction. This might be caused by the lack of
second and third stages, i.e., a strips may have already
broken into several grains but were not separated by S
phase. As the width of a strips is much larger than that of
o lamellae, the required time for static globularization is
much longer.

The morphology transformation can be speeded up
if the diffusion of solutes is accelerated, as both the
second and third stages are diffusion controlled. This can
be achieved by imposing low speed deformation at high
temperature. SEMIATIN et al [11] reported that dynamic
coarsening rates were enhanced by 5 times relative to
those for static coarsening. Also, it has been reported in
many alloys that fiber structure becomes globular after
superplastic deformation, which also occurs at a low
strain rate. The titanium alloy exhibits excellent
superplasticity. MOTYKA et al [12] have reported
spheroidization of predeformed lamellar a of Ti—6Al-4V
alloy during superplastic deformation. The a strips may
be broken down in the same way.

In this work, different hot working schemes were
used to globularize strip a phase produced in rolling. The
morphology transformation was quantitatively measured.
Feasible processing route for globularization of strip a
was proposed. The results can be used to improve the
microstructure of titanium alloy products.

2 Experimental

A near-a TA15 titanium alloy was employed in this
work. The as-received material was an 18 mm-diameter
hot rolled bar with measured chemical composition of
Ti—6.06A1-1.86Zr—2.08Mo—1.32V (mass fraction, %)
and p-transus temperature was 985 °C. The initial
structure consisted of about 50% primary o within
transformed f matrix, as shown in Fig. 1. The primary «
particles were elongated in the rolling direction.
Meanwhile, they had irregular cross sections. So, the a
particles were rod-like with the axis parallel to the rolling
direction. Herein and after, the a particle denotes the a
phase isolated by £ matrix. A a particle may contain
several a grains which cannot be differentiated by the
optical micrograph or SEM [13]. This was confirmed by
electron backscatter diffraction (EBSD) analysis (Fig. 2).
The crystal orientation varied in the a particle. There
existed boundaries inside a strips (black lines in Fig. 2).

Three working schemes were used to globularize
strip a.. The material was annealed at 930 and 970 °C for

0.5—16 h. The material was deformed at 930 °C to 40%
reduction at strain rate of 0.1 s”' and then annealed at
970 °C for 0.5-16 h. The material was deformed at
temperatures of 930 and 970 °C, strain rates of 1x10
and 1x10*s™! to true strains of 0.6, 1.2 and 1.8.
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Fig. 1 Optical micrograph of as received hot rolled bar:

(a) Axial section; (b) Cross section (The axial direction (rolling
direction) is horizontal in Fig. 1(a))

Fig. 2 Inverse pole figure map (a) and pole figures (b) of strip a

High temperature deformation was conducted on a
SANS CMT5205 electric universal testing machine. The
specimens were cylinders of 15 mm in diameter and
24 mm in height with the axis parallel to rolling direction.
They were heated to the deformation temperature at
12 °C/min, held for 15 min and compressed. The
constant anvil speed was used throughout deformation.
Here, the die speed was set to be 1.5x10% and
1.5%107* mm/s so that the average strain rate for different
height reductions was close to the set value.
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All the specimens were air cooled after hot working.
Secondary a would precipitate from £ matrix during
cooling. The transformed J matrix was easily
distinguished from primary o, which facilitated the
identification of o—f interfaces. Meanwhile, the cooling
rate was high enough to suppress the diffusional growth
of primary a.

Microstructure was observed on axial and equatorial
planes of the specimen, which corresponded to the axial
and cross sections of the rolled bar. The morphology of a
particle was characterized by its aspect ratio. It was
measured with micrographs taken on the axial section.
The a particle was rod-like with its major axis parallel to
compression axis, and the measured aspect ratio would
be close to its length-to-diameter ratio. A o particle with
aspect ratio above 2.5 was taken as strip a. The
lineal-path correlation function and two-point correlation
function were wused to characterize the spatial
arrangement of a particles [14]. The lineal-path
correlation function L(r, ) is defined as the probability
that a segment with length of  and orientation of £ is in a
single a particle. The two-point correlation function
Pyy(r, 0) is the possibility that a segment with length of r
and orientation of 6 begins and finishes in the a phase.
Pyy(r, 0) fulfills the following constraint:

lim R, (r,0)=f’ (1)
r—»

where f; is the volume fraction of a phase. Therefore, the
normalized correlation function B, (r,0)/f was
adopted. 6 was calculated relative to the major axis of the
o strip, i.e., 0°, when the segment was parallel to the a
strip.

3 Results and discussion

3.1 Microstructure evolution during heat treatment

In hot working, the phase transformation during
heating and cooling may affect the microstructure
significantly. a to f transformation occurs during
heating. For an isolated a particle, the dissolution rate is
inversely proportional to its radius. So, the small
particles with low aspect ratio were prone to dissolution
while the large strip a with less curved a—f interfaces
was left, as shown in Fig. 3(a). The width of the strip «
varied sharply on the axial section as some of them had
lathy cross section (left bottom of Fig. 3(a)). They
showed large width when the section plane was parallel
to their broad faces.

During cooling, the volume fraction of primary o
phases increases at a low cooling rate due to the epitaxial
growth of a particles. Both the length and width of «
strips are increased. The morphology changes little after
cooling. So, the effect of cooling is ignored in this work.

The morphology of a strips varied little after
annealing at 930 °C for 1 h (Fig. 3(b)). But the grooves
were more clearly observed on the strips, as indicated by
the red arrows in Fig. 3(b). This was because the kinetics
of boundary splitting was much higher than that of
Ostwald ripening and termination migration. PARK
et al [6] and STEFANSSON et al [15] reported that the
time required for boundary splitting was about 1 h in
two-phase region while the completion of termination
migration required tens of hours. Due to the morphology
of the strip, grooves were more clearly observed on axial
section.

section is shown on left bottom)
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Coarsening was significant after annealing for 4 h,
as shown in Fig. 3(c). The strip thickness on axial section
and the particle size on cross section increased while the
number of a particles dropped dramatically. On the other
hand, the density of the intra-a boundaries was greatly
reduced. EBSD measurement showed that the a—a
boundaries became straight and perpendicular to the
strips (Fig. 4). Moreover, 75% of the intra-a boundaries
were high angle grain boundaries (>15°). This promoted
the splitting of strip a. They were further broken into
several collinear a particles. Pairs of deep grooves were
also observed on the remnant short strips, resulting in a
necklace structure of a grains (Fig. 3(c)). Cross section
of strip @ became more equiaxed, which could also be
interpreted in terms of thermal grooving and termination
migration.

Fig. 4 Inverse pole figure map for specimen annealed at 930 °C
for4 h

On both axial and cross sections, the a—f interfaces
at the grooves become flat. The angle between the two
interfaces was about 120°. The o—a grain boundary
energy is similar to the o—f interfacial energy (about
0.4 J/m?) [16]. A steady triangle boundary structure had
already formed. Boundary splitting, which was driven by
the stabilizing of dihedral angle, finished after 4 h
holding.

With increasing holding time, o particles were
further coarsened, as shown in Fig. 3(d). However, some
short a strips still existed. Taking the vertexes at the
grooves as the locations of intra-a boundaries (this has
been validated by Fig. 4), the a strip consisted of grains
with low aspect ratio. Meanwhile, the particle size on the
cross section was close to the groove interval. It might be
deduced that a grains were nearly spherical in shape. As
a result, termination migration was negligible. Further
break-down of the connected a grains would be achieved
only by Ostwald ripening.

The microstructure evolution at a high annealing
temperature is shown in Fig. 5 (The micrographs on
cross section were not presented hereafter as they were

similar to those presented in Fig. 3). More a phases were
transformed at higher annealing temperatures. Some of
the « strips were broken down due to phase
transformation at the grooves. So, the average aspect
ratio decreased slightly. However, long a strips still took
a large fraction. Thermal grooving played a more
important role under short annealing time (Fig. 5(a)).
STEFANSSON et al [15] found that the boundary
splitting time for static globularization of Ti—6Al-4V
was reduced from 10 to 1 h when the annealing
temperature increased from 900 to 955 °C. Though the
high temperature promoted thermal grooving and
termination migration, strings of connected a grains still
existed after prolonged annealing (Fig. 5(b)). Thus, «
strips are more stable than wrought o lamellae.

Fig. 5 Microstructures developed after annealing at 970 °C for
0.5h (a) and 16 h (b)

The measured average aspect ratio and globularized
fraction are given in Fig. 6. Annealed at a relatively low
temperature (930 °C), the average aspect ratio and
globularized fraction varied slightly in the early stage
(The fluctuation might be caused by the error of
measurement). Then, it decreased sharply with time. On
the other hand, a rapid decrease in aspect ratio occurred
at 970 °C in the first 2 h. The globularized fraction also
increased sharply. This confirms that high annealing
temperature can greatly accelerate the boundary splitting.

It is interesting to notice that the globularized
fraction increased little during prolonged annealing and it
became close irrespective of temperature. So did the
average value and distribution of aspect ratio. Though
average aspect ratio was less than 3, the globularized
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fraction was below 50%. This suggests that
globularization by termination migration and coarsening
is very limited in current study. The break-down of «a
strips mainly depends on the structure of a strips, i.e., the
length and width of o strips as well as the intra-a
boundaries. These factors determine the boundary
splitting process. So, it is hard to obtain a fully
globularized structure by annealing. One reason that
limits the globularization during prolonged annealing
may be the geometry of a particles. o strips were
straight, which had relatively low surface area, so, they
were stable during coarsening.
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a5l «—970°C
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Time/h

Fig. 6 Variation of average aspect ratio and globularized

fraction during annealing

The spatial distribution of a particles was
characterized by the lineal-path correlation function and
two-point correlation function, as shown in Fig. 7. As the
lineal-path correlation function approaches the volume
fraction of a phases when r approaches 0, all the curves
are normalized according to the average a fraction.

After annealing at 930 °C, the lineal-path corre-
lation function along the major axis of the a strips varied
little with time. This meant that the particle size along
this direction did not change. A similar behavior was also

observed in the two-point correlation function (Fig. 7(b)).

Thus, the distribution of a particles varied little.

The lineal-path correlation function along the minor
axis dropped more slowly with longer holding time,
indicating significant increase in particle size along this
direction. The variation of two-point correlation function
was similar (Fig. 7(b)), in which the decreasing rate was
also related to the particle size. The two-point correlation
function reaches the steady state when the r is about the
average particle size. The particle size along the minor
axis increased by once after 16 h annealing. The
difference between the two directions diminished due to
coarsening.

After annealing at 970 °C, the variation of
lineal-path correlation function along the minor axis was

similar to that at 930 °C. The change along the major
axis was more significant. The lineal-path correlation
function dropped more quickly after annealing,
indicating the break-down of o strips. But the
discrepancy still existed after 16 h annealing.
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Fig. 7 Variation of lineal-path correlation function (a) and
two-point correlation function (b) during annealing

Globularization of strip o during annealing is
similar to static globularization of lamellar a. It is also
determined by three key factors: boundaries inside a
strips, splitting of a strips and coarsening of o particles.
As the work-piece had undergone large deformation,
there were plenty of a—a boundaries (Fig. 2). So,
boundary splitting and coarsening were important to
morphology  transformation.  Unlike the static
globularization of lamellar structure, the globularization
of strip @ was limited. The stability of strip a may be
attributed to the following factors.

1) Geometrical orientation of the intra-o boundaries
was unfavorable. A lot of boundaries randomly
distributed in o strips (Fig. 2). They gradually became
perpendicular to a strips and served as penetration routes
of f phase. This process was time consuming. Moreover,
lots of intra-a boundaries have been annihilated (Figs. 2
and 4).

2) The a strips were thick. STEFANSSON and
SEMIATIN [15] estimated the time for boundary
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splitting by the following equation:

(% Y
t_(0.86mAj )

where Y is the half thickness of the strip, m is the slope
of the penetrating boundary, 4 is a constant and » is the

coarsening exponent. n is about 3, as the coarsening
process is controlled by bulk diffusion (this will be
discussed in section 3.4). So, the time for boundary
splitting increases cubically with the thickness of a strip.
Meanwhile, the coarsening can further retard boundary
splitting. So, a lot of grooved strips existed after
prolonged annealing (Fig. 3(d)).

3) The geometry of the particles retarded the
termination migration. The straight a strips had relatively
low interfacial area. They were stable during coarsening.

3.2 Effect of predeformation

The globularization kinetics was greatly affected by
predeformation, as shown in Fig. 8. The average aspect
ratio reduced after predeformation. Then, it decreased
slightly during annealing. The variation of aspect ratio
after 1 h annealing was almost the same to that of
undeformed material. So did the globularized fraction.

4.0 1.0
: n — Predeformed
Aspect ratio 6— Undefofmed
. *— Predeformed | ¢
o 3.5 g:;ggfnzcd o— Undeforme ' 5
g 10.6 &
. o
g 3.0 3
% g
o i)
& o S
’ 10.2
2.0 . . . . . . . 10
0 2 4 6 8 10 12 14 16
Time/h

Fig. 8 Effect of predeformation on globularization kinetics

The microstructure of deformed specimen is given
in Fig. 9. The microstructural change was trivial after
deformation. So, a strips were not globularized
dynamically by deformation. However, some of the a
strips were kinked. The primary « phase is 3—4 times the
strength of f matrix [17]. Moreover, the as-received
material exhibited a strong {IOTO}a phase partial fiber
texture with fiber axis parallel to the rolling direction, as
shown in Fig. 2. The fiber texture is often produced in
extrusion, but also reported for cogging and radial
forging which have a similar strain path [13]. As the
c-axis of most grains was perpendicular to the rolling
direction, it was also perpendicular to compression axis.

Easy slip was only possible on prism planes [18]. The «
phase was in hard orientation. This resulted in
heterogeneous deformation in the material and the a
strips were prone to kinking. This phenomenon has
been reported in the globularization of lamellar
structure [18,19].

Fig. 9 Microstructure developed after deformation at 930 °C
and annealing at 970 °C for 0.5 h

The decrease in aspect ratio was caused by the
kinking of a strips. Apparently, the kinked o strips had
low aspect ratio. Moreover, the kinked strips had more
terminals (kinks served as terminals) and larger surface
area. They were more likely to evolve to isolated grains
by termination migration. That accounted for the fact that
more « strips were globularized after 4 h annealing. Also,
strain concentration occurred in the kinked areas. The
crystal defects promoted the splitting at the kinks. This
has been reported for the globularization of lamellar a of
titanium alloy [20].

Kinking resulted in more randomly distributed o
particles. The discrepancy between the correlation
functions along different directions decreased (Fig. 10).
Ly (r, 0) approached 0 more rapidly with r» after
predeformation (Fig. 10(a)). Thus, the residual long a
strips were reduced. The two-point correlation function
varied little with annealing time, suggesting that the
distribution of a particles was not changed during
annealing (Fig. 10 (b)).

3.3 Effect of low speed deformation

Typical microstructures after low speed deformation
are shown in Fig. 11. The a—f interface was relatively
smooth at temperature of 930 °C and strain rate of
1x107*s™" (Fig. 11(b)). Meanwhile, « strips were kinked
but less pancaked. By contrast, o strips were pancaked
and o—f interfaces were curved under other deformation
conditions. It may be deduced that superplastic
deformation occurred at 930 °C and strain rate of
1x10* s7' while dislocation activity was the main
deformation mechanism for other deformation conditions
in this work.
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Fig. 11 Microstructures developed after low speed deformatlon to strain of 1.2: (a) 930 °C, 1><10_3 ! (b) 930 °C, 1x10*s”

(¢) 970 °C, 1x10%s7!; (d) 970 °C, 1x107*s™"

The strain rate sensitivity (m value) was obtained by
isothermal compression tests (including strain rate jump
tests and constant strain rate compressions), as shown in
Fig. 12. Strain rate jump tests and constant strain rate
compressions gave similar results at low strain rates
(1x10*s'=1x107 s7"). The value of m was as high as
0.75 at 930 °C and 1x10™*s™", indicating the occurrence
of superplastic deformation [21]. It decreased sharply
with stram rate. m was about 0.35 at 1x10°s™" and 0.2 at
1x107%s ™" with the strain rate jump test. The governing
mechanism may be power law creep or dislocation
glide [11]. Strain rate sensitivity decreased with strain
increasing at strain rate of 1x10™*s™', which might be
attributed to the decrease of boundaries due to
coarsening. So, dislocation activity accounted for larger
fraction of deformation with increasing strain. At 970 °C,

0.8
Strainrate |, _ ggg 08
Jump test «—970°C
-
b~ 06 =
2 Constant strain @ — & =0.2
o rate test at 930 °C °— & =04
2 a—g=028
L
S 04f
B=
g
»n
021
-4.0 -3.5 -3.0 =2.5 -2.0
In(é/s™)

Fig. 12 Strain rate sensitivity determined from strain rate jump
test and constant strain rate compression
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the values of m were about 0.58 and 0.2 at strain rates of
1x10* s and 1x107 s™'. Strain rate sensitivity was
typical for superplastic deformation at 1x107* s
However, due to the rapid coarsening, more strain was
accommodated by dislocation movements. As a result,
pancaked a particles with curved boundaries were
observed (Fig. 11(d)).

The processing window for superplasticity was
narrow in this work. A lot of work reported superplastic
deformation at strain rate of 1x107 s~ for two-phase
titanium that alloy. For instance, SEMIATIN et al [11]
estimated that only 1% of the deformation was
accommodated by dislocation  glide/climb  for
ultrafine-grained Ti—6Al—4V alloy deformed at 900 °C
and 1x10°s™" while the other via grain boundary sliding.
Apparently, this is not the case in this work. This is
because the larger grain size and elongated grain
morphology prohibited the boundary sliding.

In the absence of superplastic deformation, the
compressive deformation along the major axis of a strips
was important for morphology change especially at
low temperature and high strain rate. At 930 °C and
1x107 s, « strips were pancaked or severely kinked
(Fig. 11(a)). Grooves were very limited on the strips. The
morphology change was attributed to the deformation of
o strips. The aspect ratio decreased with strain and then
increased (Fig. 13). The globularized fraction also
decreased after critical strain, as the a particles were
elongated perpendicular to the compression axis. Though
the faction of low aspect ratio o was over 80% at proper
strain, some of the a strips were kinked and compressed
instead of globularized.

6= 930 °C, 1x103g"! Globularized 1.0
¢—930°C, 1x107*s™! fraction
4=970°C, 1x10735”! |
5 :
5 g
2 S
= 151
g i 10.6 &
=
5] . '5
o Aspect ratio 0.4 5
g 3 =
z 3
- 10.2
2
! L L . 0
0 0.4 0.8 1.2 1.6 2.0

Strain

Fig. 13 Variation of aspect ratio and globularized fraction
during low speed deformation

With increasing deformation temperature (970 °C,
1x1073s™"), a particles were less deformed as the strain
partitioning between a and S phases increased with
decreasing a content. So, a strips were kinked but less
upset (Fig. 11(c)). Meanwhile, the deformation in f

matrix promoted thermal grooving due to the pipe
diffusion through crystal defects. There were deep
thermal grooves and observable boundaries inside the
kinked particles, indicating the acceleration in
globularization of a strips. So, both deformation and
thermal grooving affect the microstructure morphology.
As deformation induced morphology change was
weakened, the variation in aspect ratio was smaller
(Fig. 13).

With decreasing strain rate, thermal grooving,
termination migration and coarsening played more
important roles. The globularized fraction was over 60%
at a strain of 0.6, 970 °C and strain rate of 1x10™*s™!
(Fig. 13). Meanwhile, thickening of a strips was more
significant. As a result, strip kinking was not obvious
(Fig. 11(d)). The microstructure becomes stable. The
average aspect ratio varies little with strain.

The lineal-correlation functions along both
directions were changed by imposing strain. The
difference between the two correlation functions
decreased with strain and then increased (Fig. 14), which
was similar to the evolution of aspect ratio. So did the
two-point correction function (Fig. 15). Both the spatial
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Fig. 14 Variation of lineal-path correlation function during low
speed deformation: (a) 930 °C; (b) 970 °C
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Fig. 15 Variation of two point correlation function during low
speed deformation at 930 °C

distribution and morphology of « strips were changed by
deformation. The variation of the lineal-path correlation
function with strain was more significant at a low strain
rate due to additional coarsening (Fig. 14 (a)).

In superplastic deformation, a strips became kinked
instead of pancaked (Fig. 11(b)). Most of the strain was
accommodated by boundary sliding. Both a—f interfaces
and a—a grain boundaries were involved in superplastic
deformation. Rotation of a phase resulted in kinked and
random aligned o particles and promoted boundary
splitting and termination migration. Meanwhile,
coarsening was significant as the deformation time was
long. As a result, the aspect ratio decreased
monotonically with strain (The measured average aspect
ratio scattered because some kinked strips contacted each
other). Superplastic deformation also changed the spatial
distribution of a phase. The difference between
correlation functions along different directions was
greatly reduced with strain (Figs. 14 and 15). The
two-point correlation functions almost coincided at strain
of 1.8. Moreover, the rotation of a phase weakened the
texture, as shown in Fig. 16. The strong {IOTO}(Z phase
partial fiber texture was weakened with strain increasing.
So, the microstructure becomes more isotropic after
superplastic deformation.

Fig. 16 Pole figures of a phase {1010} after deformation at
930 °C and strain rate of 1x10™*s™ to strains of 0.6 (a) and
1.2 (b)

Both predeformation and low speed deformation
can promote the globularization of strip a. The roles of
deformation in morphology transformation are as
follows: 1) Deformation and kinking of a strips directly
change the morphology; 2) The increased high angle
grain boundaries and interfacial area due to strip kinking
promote boundary splitting and termination migration; 3)
The dislocation structures promote coarsening induced
globularization. Kinking of o strips greatly accelerates
the globularization process. So, deformation is important
to the break-down of long o strips. Moreover,
deformation also improves the spatial distribution of o
particles.

3.4 Coarsening during hot working

In annealing and low speed deformation, coarsening
is inevitable and it is also one of the most important
mechanisms of morphology transformation. Coarsening
may weaken the performance of work-piece. Therefore,
it is evaluated in this work. Coarsening of secondary
phases is known as Ostwald ripening. The Lifshitz—
Slyozov—Wagner (LSW) theory was used to quantify this
phenomenon. The evolution of particle size fulfilled the
following equation [22]:

=1 =Kt —ty) 3)

where 7 is the average particle radius, 7y is the initial
value at #,, and K is the coarsening rate constant. The
coarsening exponent 7 is 3 for bulk diffusion control and
4 for grain boundary diffusion control.

The classical LSW theory is developed for the
coarsening problem involving small fraction of spherical
particles. It may not be suitable for this work because the
a strips were rod-like. A a strip was composed of several
o grains with low aspect ratio (Figs. 2 and 4). These
grains gradually became isolated during annealing. The
section size of the strip a might be a proper parameter to
quantify coarsening, as it was close to the size of the
constituent grains. It was found that the measured
particle size distributions were essentially self-similar.
The average particle size measured from the cross
section was used to estimate the coarsening behavior.

The measured particle size is shown in Fig. 17. As
expected, coarsening was sluggish in annealing. But it
was greatly promoted by low speed deformation.
Predeformation did not affect the grain growth. The
crystal defects by predeformation could promote the
diffusion of solutes. The Ostwald ripening, which is
commonly governed by bulk diffusion through the f
matrix, should be speeded up. However, the annihilation
of crystal defects was fast at high temperature while the
diffusion controlled microstructure development was
sluggish. So, the microstructure coarsening was less
affected by predeformation.
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The coarsening exponent was determined to be 4—5
by fitting to the experimental data, as shown in Table 1.
On the other hand, WU et al [23] found that n was about
3 at 940 and 970 °C for the same material. The deviation
might be caused by the relatively short annealing time in
this work. A small fluctuation in the measured particle
size would result in great change in coarsening exponent
because grain growth is slow for two-phase titanium
alloy. The annealing time was as long as 60 h. So, the
result is more reliable. SEMIATIN et al [24] also
reported a coarsening exponent of about 3 for two-phase
Ti—6A1-4V alloy. So did the near § Til7 alloy [25].
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Fig. 17 Measured average particle size after hot working

Table 1 Coarsening exponents under different hot working

conditions
930 970 970 °C, 930 °C, 970° C,
°C °C predeformed  1x107*s'  1x107*s!
4.2 4.8 4.5 3.1 2.2

Coarsening exponent was 2—3 under low speed
deformation. Though the result indicated a behavior
controlled by bulk diffusion and interface migration,
SEMIATIN et al [11] suggested that it was also governed
by bulk diffusion.

Assuming the same coarsening exponent of 3, the
coarsening rate constant was enhanced by 15 times when
low speed deformation was imposed, as shown in
Table 2. It is higher than that reported by STEFANSSON
and SEMIATIN [15] (about 5 times). Static coarsening
rate (annealing), however, is close to that in their work
(57 pm’/h). SEMIATIN et al [13] suggested that
superplastic deformation suppressed the dislocation
activity. So, the coarsening rate was less than that

Table 2 Coarsening rates under different hot working
conditions (um*/h)

930 970 970 °C, 930 °C, 970 °C,
°C °C predeformed  1x107*s™'  1x107*s™!
5.90 4.64 4.50 73.2 81.9

expected. In this work, dislocation activity played a more
important role in deformation. This might accelerate the
diffusion of solutes in hot working.

3.5 Method of microstructure modification

Two particulars should be done to globularize o
strips: decreasing the stability of the strips and promoting
the splitting of strips. Both of them can be achieved by
low speed deformation. However, as they occur
simultaneously, it may need a long time (or a large
strain). For instance, the globularized fraction reached
about 80% at a strain of 1.8, 930 °C and 1x10 *s™". The
height reduction was more than 85% for compression.
Meanwhile, low speed deformation should be carried out
isothermally, which restrains its application. The
microstructure coarsening is also significant. So, low
speed deformation may not be a good method for
industrial application. The strip a may also be
globularized by severe plastic deformation, which is
commonly used to obtain ultrafine-grained material.
ZHAO et al [26] used equal channel angular pressing to
refine the primary a phase of two phase titanium alloy.
The initial particle size is comparable to that in this work.
However, that method can only handle small billet.

Combining hot deformation with annealing, the two
factors can also be fulfilled. Hot deformation is used to
kink the strips and create more boundaries inside. It is
better if the deformation temperature is lower and the
applied strain is larger. Meanwhile, annealing aims to
split the strips. A high annealing temperature is
recommended as it can thin the strips by phase
transformation and promote diffusion controlled splitting
process. Long time annealing is unnecessary because
boundary splitting takes place in the early stage of
annealing. Figure 18 shows the microstructure of a
specimen deformed at 600 °C and 0.1 s' to 40%
reduction and then held at 970 °C for 2 h. The
micrograph was taken at the center of the workpiece (the
large deformation zone). The o strips were well split
after hot working.

Fig. 18 Microstructure showing break-down of a strips by hot
working
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4 Conclusions

1) The globularization mechanisms of a strips
during hot working are the same to those of lamellar
structure. Due to the larger size of a strips, boundary
splitting and termination migration play more important
roles than coarsening.

2) The o strips can be broken down by high
temperature annealing. But it is hard to obtain fully
globularized structure by annealing. Stability of the «
strips is attributed to the unfavorable geometrical
orientation of intra-o. boundaries, the large thickness of
the strip as well as the geometrical stability of a
particles. Annealing does not change the distribution of o
particles.

3) Both predeformation and low speed deformation
accelerate the globularization of a strips. The roles of
deformation in morphology transformation include direct
change in shape by compressing and kinking the strips,
promotion of boundary splitting and
migration by increasing high angle grain boundaries and
interfacial area, promotion of coarsening by forming
dislocation structures. Deformation also results in
randomly distributed a particles.

4) Coarsening is significant during prolonged
annealing. Low speed deformation greatly promotes
grain growth. Predeformation does not affect the
coarsening process.

5) Break-down of o strips may be achieved by
imposing large strain in two phase region followed by
annealing in near f region.

termination
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