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Abstract: A cellular automaton (CA) modeling of discontinuous dynamic recrystallization (DDRX) of a near-a Ti—6A1-2Zr—1Mo—
1V (TA15) isothermally compressed in the £ single phase field was presented. In the CA model, nucleation of the #DDRX and the
growth of recrystallized grains (re-grains) were considered and visibly simulated by the CA model. The driving force of re-grain
growth was provided by dislocation density accumulating around the grain boundaries. To verify the CA model, the predicted flow
stress by the CA model was compared with the experimental data. The comparison showed that the average relative errors were
10.2%, 10.1% and 6%, respectively, at 1.0, 0.1 and 0.01 s of 1020 °C, and were 10.2%, 11.35% and 7.5%, respectively, at 1.0, 0.1
and 0.01 s™' of 1050 °C. The CA model was further applied to predicting the average growth rate, average re-grain size and
recrystallization kinetics. The simulated results showed that the average growth rate increases with the increasing strain rate or
temperature, while the re-grain size increases with the decreasing strain rate; the volume fraction of recrystallization decreases with
the increasing strain rate or decreasing temperature.
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1 Introduction

The Ti—6Al-2Zr—1Mo—1V alloy (TA15) is a type of
titanium alloy that possesses a
combination of properties such as high strength and
toughness, low density, good corrosion resistance and
excellent high-temperature properties [1,2]. Therefore,
the TA1S5 alloy has been widely used in the aviation and
aerospace industry to produce the compressor blades and
compressor disks of gas turbine engines, as well as the
large front fans of modern jet engines. Hot working,
including isothermal processing, is the most applicable
forming process for the alloy [3]. During this process,
complex microstructural evolution takes place and, in
turn, significantly influences the deformation behavior of
the material as well as the mechanical properties [4].
Discontinuous dynamic recrystallization (DDRX) is a

near-o unique

common microstructural phenomenon for the alloy
deformed in the S single phase field. According to the
DDRX model proposed by STUWE and ORTNER [5],
the occurrence of DDRX is closely related to the
dislocation density in the matrix grains. A new
recrystallized nucleus appears once the dislocation
density in the matrix reaches a critical value. As the
deformation continues, the nucleus takes place growing.
The DDRX is sensitive to temperature, strain and
strain rate, and is easily affected by the non-uniform
deformation at the grain level. Furthermore, the DDRX
has an important effect on the grain size and morphology
evolution. Therefore, it is significant to investigate the
DDRX of titanium alloys deformed at high temperatures.
During the past years, many researchers have
carried out experimental investigations on the DDRX of
titanium alloys. OUYANG et al [1] investigated the
DDRX of the TA15 alloy at deformation temperature of
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1050-1100 °C and strain rate of 10°—1 s'. They
determined the critical condition for the onset of DDRX
during deformation of S single-phase field by
computation of the work hardening rate and inflection
point from the experimental stress—stain data. They also
investigated the nucleation of DDRX of the TA1S5 alloy
in the fsingle-phase field by hot compression and EBSD
(electron backscatter diffraction) technique [6]. DING
and GUO [7] investigated the microstructural evolution
of the Ti—6Al-4V titanium alloy during the
thermo-mechanical ~ processing. The  researchers’
experimental results indicated that the DDRX occurred
when the alloy was processed in the S single-phase field.
WANJARA et al [8] and VO et al [9] investigated the
effect of deformation conditions on the microstructural
evolution of the IMI834 alloy at different temperatures.
They found that some small £ recrystallized grains
(re-grains) were formed at previously existing £ grain
boundaries in the S single-phase field.

Apart from the aforementioned experimental
investigation on the DDRX of titanium alloys, various
numerical models have been proposed to investigate the
DDRX. SUN et al [10] developed an internal-state-
variable model to simulate the DDRX of the TA15 alloy
in the a+f two-phase field to investigate the softening
mechanism. FAN and YANG [11] established an
internal-state-variable-based self-consistent constitutive
model to predict the flow stress and the DDRX in the S
single-phase field during hot deformation. WANG et al
[12] investigated the DDRX of the Ti—6.5A1-3.5Mo—
1.5Zr—0.3Si alloy in the g single-phase field using finite
element simulation and compared the predicted results,
including the volume fraction of recrystallization and the
grain size, with the experimental measurements. DING
and GUO [7] modeled the DDRX of the Ti—6Al-4V
titanium alloy deformed in the f single-phase field by a
cellular automaton (CA) method. They used the CA
model to predict the flow stress of the alloy during
deformation. Moreover, they simulated quantitatively
and topographically the microstructural evolution. Some
other authors [13,14] also adopted the CA method to
simulate the DDRX of carbon steel or pure Cu by the CA
method.

However, there have been few studies conducted on
a numerical simulation of the DDRX of TAI1S5 titanium
alloy at the mesoscale, such as using a CA modeling.
Especially, there is little information concerning the CA
modeling of re-grained growth, dislocation density
evolution, recrystallization kinetics and the effects of
processing parameters on them.

Therefore, the objective of this study is to
investigate the DDRX of the TA1S5 alloy using the CA
modeling and physical experiment. First, a CA model

considering the nucleation, re-grains growth and the
dislocation density evolution was developed. Second, the
CA model was used to predict the growth rate of
re-grains, dislocation density and
recrystallization kinetics, and discuss the effects of
strain, strain rate and temperature on them. To verify the
predicted results, they were compared with the
experimental data.

re-grain = size,

2 CA model of DDRX

In this study, the Kocks—Mecking equation (K—-M
model) [15] was employed to describe the dislocation

evolution. The dislocation multiplication term is given
by

dp* = kJpé (D

where dp* is the increasing rate of the dislocation
density; £, is a constant representing the work hardening
effect; p is the dislocation density; & is the strain rate.
The dislocation annihilation term, which is realized
either by the glide of dislocations of opposite sign on the
same glide plane or by the combination of dislocation
glide, climb or cross slip on different glide planes, is
given by

dp™ =k, pé @)

where dp~ is the decreasing rate of the dislocation
density and &, is a function depending on the strain rate
and temperature that describes the thermally activated
process performed by dislocation glide, climb or
cross-slip. k, is expressed as [11]

ky = ks [éo eXp(Qact /(RT))]I/Q) (3)

where ky and o are fitting constants; &, is the initial
strain rate; O, is the activation energy of deformation; R
and 7 are the gas constant and thermodynamic
temperature, respectively. f-DDRX occurs in titanium
alloys when a critical condition, such as critical
dislocation density or strain, is met. The critical
dislocation density is usually considered to be an
effective index that indicates the occurrence of f-DDRX
at the grain level. Namely, f-DDRX occurs once the
dislocation density of a grain reaches a critical value p,
which is given by [16]

2026 )"
&
= = 4
P (3bslMﬂ2J @

where /1 is the grain boundary energy; b is the Burgers
vector; / is the average free distance of dislocation; M is
the boundary mobility; u is the shear modulus. f-DDRX
usually takes place via a nucleation and growth process.
The nuclei usually originate at zones comprising
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second-phase particles, grain boundaries or shear bands
[17]. The nucleation rate, 7, i.e., the number of nuclei
formed in the deformed matrix per unit time per unit
volume, is a function of both temperature and strain rate,
and is expressed as [16]

= Cléexp(—%j (5)

where C| is fitting constant. It is assumed that the DDRX
grain is spherical. During the growth process, the driving
force P can be expressed as

_%_ dEivol +dEisur
dr; dr,

1

P (6)
where dE'® is the change of volume energy; dES™ is
the change in the grain boundary energy. The value of
dE"" , which provides the driving force, is given by

dE' = dnr? (py = p, ) b ()

where p,, and p, are the dislocation densities of the
matrix grain and the re-grains, respectively. The value of
dE™  as a retarding force is given by

dEM = —8mr Adr ®

where » is the grain radius. x4 is the material shear
modulus and is taken to be [18]

5.821

—49.02-— 27
a exp(181/T) -1

9)
The grain boundary energy, 4, is a function of the

misorientation of adjacent subgrains; it can be calculated
by the Read—Shockley equation [19]:

A0 215°
A= 10
ﬂmi(l_mij, o<1s° (10)

Hm 011‘1

where A, is the grain boundary energy of the high-angle
boundary, which can be directly calculated as follows
[19]:
ub0,

A, =——7"1— 11

" 4n(1-v) (b
where 6, is the misorientation angle when the grain
boundary becomes a high-angle boundary (set to be 15°
in this study) and v is the Poisson ratio. It is assumed that
the driving force P is evenly distributed within the
grains; thus the driving pressure p is given by

P
p= (12)
Amr?

The growth of re-grains is achieved by the
migration of grain boundaries. The migration rate is a
function of the grain boundary mobility M and the

driving pressure p. M is defined by the following
equation:

M= bo Dy, exp(— Qdiffuj (13)
k0 RO

where 0 is the thickness of the characteristic boundary;
Dy, 1s the diffusion coefficient at 0 K; kg is Boltzmann
constant; Qg 18 the self-diffusion activation energy per
mole. The migration rate v is expressed by

v=Mp (14)

The macroscopic flow stress during isothermal hot
compression is related to the average dislocation density,
which can be expressed by [16]

o =0.5ub\p (15)

The average dislocation density is equal to the
average value over all the grains, which is expressed as

1 N
p=——pV (16)
Vtotal i=1
where p; and V; are the dislocation density and volume of
the ith grain, respectively; Viy, and N are the the total
volume and number of grains.

3 Experimental

A type of near-a titanium alloy, TA15, was used for
this study. The measured chemical compositions (mass
fraction, %) were 6.8Al, 1.7Mo, 2.2V, 2.0Zr, 0.25F¢,
0.38 others and Ti for the balance, as listed in Table 1.
The corresponding o to f transus temperature was 990
°C. The cylindrical specimens have dimensions of
12 mm in height and 8 mm in diameter and were
electro-discharged from the received machined material
(forged billet).

The isothermal compression experiments were
performed in a temperature range of 1020—1050 °C and
in a strain rate range of 0.01-1.0 s™' on a Gleeble—3800D
simulator. Prior to the deformation, each specimen was
held at the tested temperature for 10—15 min to ensure a
uniform temperature distribution throughout the
specimen. The deformation temperature was measured
by a thermocouple that was spot-welded to the center of
the specimen surface. To reduce the die friction and
ensure uniform deformation, two thin pieces of thallium
were affixed to the flat dies. All of the compression tests
were performed in an argon atmosphere. To preserve the
microstructure at high temperatures, the compressed
samples were water-quenched immediately after the
compression tests.

Following the hot compression experiments, each
sample was sectioned along the diameter direction at the
mid-length location and prepared metallographically
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using a standard polishing and etching technique. The
optical micrographs were shot at the magnification of
100 times near the mid-diameter position. At least five to
seven micrographs at each deformation condition were
used to estimate the average re-grain size and the
recrystallization volume fraction. The re-grains were
identified by classifying the grain aspect ratio and size.
In general, a grain with an aspect ratio less than 2.5 and
size less than that of the matrix was considered a new
re-grain. Assuming a spherical shape of each re-grain,
the radius 7, of the ith re-grain was calculated by
r,=./4;/m, where 4; is the equivalent area of the ith
grain. The average grain size (radius) (R) at each time

N
step could be obtained by <R>=%Zrl , where N is

total number of the grains. The volume fraction of the
recrystallization was calculated by f.=A4,./A4;, where f. is
the volume fraction, 4, is the total area of all re-grains in
a micrograph and A, is the corresponding area of the
micrograph.

4 Parameter determination

There are several parameters that must be
determined in the model. Several of these parameters are
physically meaningful and independent of strain, strain
rate or temperature, such as the Burgers vector b (a or
phase), grain boundary energy of the high-angle 7,
activation energy Q,. for nucleation, thickness of the
characteristic boundary J, diffusion coefficient Dy, at 0 K
and self-diffusion activation energy, Qg These values
were directly obtained and are listed in Table 1.

Other constants that must be determined by fitting
experimental data include the constant k; in Eq. (1),
which represents work hardening, constants ko and @ in
Eq. (3), which represent the softening effect, and the
nucleation constants C; and ¢ in Eq. (5).

The value of w was directly obtained from FAN and
YANG [11]. Constant k; in Eq. (1) represents the
increasing rate of dislocation density due to dislocation
multiplication, and constant &, in Eq. (2) represents the
dislocation annihilation induced by dislocation glide in
the same system or either dislocation climb or cross slip
between different systems. The values of &; and ky (in
Eq. (3)) can be determined by fitting the experimental
flow stress. In general, the dislocation generation can be
gradually balanced by the dislocation annihilation after
peak strain, which results in a steady stage. During this
stage, the flow stress does not change with strain and is

Table 1 Material constants used in the present study

Chuan WU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1819-1829

assumed to be equal to the peak stress. According to
Eq. (15), the order of magnitude of the dislocation
density in the matrix during steady state may be
estimated. Hence, the ratio of k| to k,, for the S phase can
be determined from the equivalence of Egs. (1), (2) and
(3). Then, the specific values of k; and ky, can be
estimated using an optimization approach, such as a
genetic algorithm (GA)-based objective optimization
technique [20]. The GA is used as a stochastic search
method based on evolution and genetics to search for the
effective solution. For the GA optimization method, an
objective function must be defined. In this study, the
objective function is defined as

O(x):%i(éub\/;—aj)z (17)
J

where p’ represents the average dislocation density at a

specific deformation condition j; Eubyp’ is the

corresponding predictive value of flow stress; ¢ is a
constant (¢ =0.5); n is the total number of all deformation
conditions; o is the corresponding measured value in
experiment. p’ can be obtained by the K—M equation
and can be rewritten as

. N . .
'BA] = ZZ[pi{(n—l)Ag +(k1 pz{(n—l)As -

7010 ) Ag} (18)
where p,:{nAg is the dislocation density of the ith grain
at strain nAe and deformation condition j; Ae is the strain
increment; N corresponds to the total number of steps
until the strain reaches its peak value; Z represents
£exp[Q, /(RT)]. The values of k; and kyy for the S
phase are listed in Table 2.

Based on the assumption of a spheroidal grain, the
volume fraction of recrystallization is approximately
equal to [16]

fro =i L2 (19)
3
where f,. and r are the volume fraction of

recrystallization and the average re-grain size measured
in experiments, respectively. Therefore, the value of n at
different deformation conditions can be determined.
According to Eq. (5), the values of C; and ¢ can be
obtained. The temperature-dependent shear modulus can
be described by Eq. (9).

ks/(FKTh R/(JK "mol ™) Y /(Jm?)

b/m

Qum/(I'mol™)  5Dg/(m*s™)  Qyd(kImol™)

1.38x107% 8.31 0.43

2.95x10710

153 5.4x107" 200
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Table 2 Fitting constants
kl/m_l k20 0] C1 1]
9x10° 1900 0.167 1.8x10% 1.34

5 Results and discussion

5.1 Morphological evolution

Figure 1 shows the morphological evolution of
FDDRX of the TAI1S alloy predicted by the CA
modeling, and its comparison with the experimental
observation. The comparisons show good agreement.
From Fig. 1, it can be seen that several new re-grains
(denoted by red boundaries) are preferably formed
around the S phase boundaries, although the S phase
boundaries are not apparent in the experimental images,
which may be due to the samples quenched with water
immediately after compression. From these figures,
it can also be observed that the re-grains nearly remain

equiaxed during deformation and that the average
re-grain size and the volume fraction of recrystallization
are sensitive to strain. The average re-grain size and the
volume fraction increases with the strain. The predicted
average diameter increases from 20 um to 100 pm and
the volume fraction increases from 10% to 40% when the
reduction increases from 20% to 60%. The re-grain size
and the volume fraction are also sensitive to strain rate
and temperature, which is discussed in sections 5.3 and
5.4.

5.2 Comparison of predicted with experimental flow

stresses

In order to verify the CA model, the predicted
stress—strain curves at different temperatures and strain
rates are compared with the experimental data, as shown
in Fig. 2. From Fig. 2(a), it can be seen that the predicted
flow stresses agree better with the experimental values at
strain rates of 1.0, 0.1 and 0.01 s”', the average relative

Fig. 1 Comparison of experimental (a, b, ¢) and predicted (d, e, f) microstructures of TA15 alloy under 1050 °C, 0.1 s ' with different

reduction amounts: (a, d) 20%; (b, e) 40%; (c, f) 60%
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Fig. 2 Comparison of predicted and experimental flow stress of
TA15 alloy under different deformation conditions: (a) 1020 °C;
(b) 1050 °C

errors are 10.2%, 10.1% and 6%, respectively. However,
there is a large difference between the predicted and
experimental results during the initial stages. Especially,
the difference increases with the increasing strain rate.
The difference may be caused by the following reasons.
First, the CA simulated process cannot make sure one to
one with the real deformation process during the initial
stage. Second, the experimental errors may be large in
the initial stage. Therefore, the differences between the
predicted and the experimental data are large.

The predicted stress also exhibits a stronger
dependence on temperature and strain rate, which
indicates that the predicted stress increases with the
increasing strain rate or decreasing temperature. It is also
clear that the predicted stress—strain curves consist of
two parts: work hardening and dynamic softening. For a
small strain (less than 0.03), the flow stress rapidly
increases to its peak value. After the peak stress, the
stress begins to decrease due to a softening effect caused
by the S-DDRX. The degree of the softening effect
varies with strain rate and temperature. In the f single-
phase field, the extent of softening increases with the
increasing strain rate or decreasing temperature, which
results from a higher volume fraction of recrystallization

at higher strain rates or lower temperatures.

Similarly, from Fig. 2(b), it can be seen that the
predicted flow stresses at 1050 °C and strain rate of 0.01,
0.1 and 1.0 s ' agree better with the experimental values
and the average relative errors are 7.5%, 11.35% and
10.2%, respectively. During the initial deformation
stages, the difference in flow stress between the
predicted and the experimental data is larger than that at
the steady stage.

5.3 Predicted recrystallization kinetics

The recrystallization kinetics of the TA15 alloy at
different temperatures and strain rates is predicted and
compared with the experimental results, as shown in
Figs. 3(a) and (b). From these figures, it can be seen that
the predicted volume fraction of recrystallization (f;)
increases with time (strain). The f,. increases slowly
during the initial deformation stages while it rapidly
increases with a further deformation, and finally tends to
be steady. The developing tendency of f. is determined
by the difference in the dislocation density between the
matrix and the re-grains, and the nucleation areas. At the
initial stages of recrystallization, the dislocation density
in the matrix grains does not reach a saturated value, and
the difference in the dislocation density between the
recrystallized and matrix grains is smaller. Therefore, the
driving force and the growth rate of re-grains are smaller,
which results in a slower increase of f.. As the strain
continues, the dislocation density in the matrix grains is
gradually close to a saturated value; the driving force and
the growth rate of re-grains gradually increase, which
results in a rapid increase of f.. As the strain further
continues, the dislocation density in the re-grains
increases while the driving force decreases. Thus the
growth rate of re-grains or the increasing rate of f.
decreases. It is also clear that the effect of strain rate or
temperature on f;. is significant. The value of f. increases
with increasing temperature or decreasing strain rate.

The predicted recrystallization kinetics of the TA15
alloy at 1020 °C is shown Fig. 3(a). It can be seen that
the predicted values agree better with the experimental
values at 0.1 and 1.0 s, while the difference becomes
much larger when the strain rate reduces to 0.01 s '. The
similar phenomenon can be observed at 1050 °C, as
shown in Fig. 3(b). This phenomenon can be explained
as follows. For the TA15 alloy deformed in the £ single-
phase field, the f. increases with the decreasing strain
rate. However, in this study, the sample was
water-quenched immediately after deformation. This
caused that the re-grain boundaries became blurred and
were difficult to be distinguished. Thus, the f,. measured
in experiments was much smaller than the real value,
and the difference between the predictions and the
experimental measurements became large.
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Fig. 3 Comparison of predicted recrystallization kinetics with
experimental measurements at different temperatures: (a) 1020
°C; (b) 1050 °C

5.4 Predicted growth rate and size of re-grains

The average growth rate of re-grains at different
temperatures and strain rates is shown in Fig. 4. During
the initial deformation stages (strain less than 0.03), the
dislocation density in the matrix grains is less than the
critical value; there are no new nuclei on the grain
boundaries, and the growth rate is close to zero. As the
deformation continues, the dislocation density in the
matrix grains is larger than the critical value, and new
nuclei begin to form. Due to the difference in dislocation
density between the recrystallized and matrix grains, the
re-grains begin to grow. At the strain peak (strain in a
range of 0.05-0.15), the driving force and the growth
rate of re-grain reach their maximum values. As the
deformation further continues, the dislocation density in
the re-grains continually increases while the dislocation
density in the matrix grains has reached a saturated value
and nearly remains unchangeable. Thus the growth rate
of re-grains decreases.

At the same temperature, the average growth rate of
re-grains increases with the increasing strain rate. This is
because the higher the strain rate is, the larger the

saturated dislocation density in the matrix grains is and
the larger the difference in the dislocation density
between the recrystallized and matrix grains becomes,
which results in a larger growth rate of the re-grains. At
the same strain rate, the average growth rate of re-grains
increases with the increasing temperature. Although the
driving force for re-grain growth decreases with
temperature, the mobility of re-grain boundaries
increases. Moreover, the increasing degree of the
boundary mobility is larger than that of the driving force
decreasing. Therefore, the average growth rate of
re-grains increases with temperature.

The predicted average radius of re-grains is
compared with the experimental data, as shown in Fig. 5.
From the Fig. 5, it can be seen that the comparison
agrees better at strain rates of 0.01 and 0.1 s™'. However,
at 1.0 s ', the predicted results do not agree well with the
experimental data. The reason causing the large
difference has been given in section 5.3. At the same
temperature, the average radius of re-grains decreases
with the increasing strain rate. Although the average
growth rate of re-grains increases with the increasing
strain rate, the growth time for re-grains reduces sharply.
Therefore, the average radius of re-grains decreases with
the increasing strain rate. At the same strain rate, the
average growth rate of the re-grains increases with
temperature. Therefore, the average radius of re-grains
increases with temperature within the same time. During
the initial deformation stage (strain less than 0.03), there
is no recrystallization and the average radius of re-grains
is zero. The average radius of re-grains rapidly increases
when the recrystallization takes place. However, the
change rate of the average radius of re-grain gradually
decreases with deformation. This is because the
dislocation density in the re-grains increases with strain
so that the difference in the dislocation density between
the recrystallized and matrix grains and the driving force
decrease. Thus the change rate decreases.

5.5 Dislocation density evolution

The evolution of average dislocation density in the
matrix and re-grains for the TA15 alloy at temperatures
of 1020 and 1050 °C is shown in Figs. 6 and 7,
respectively. From these figures, it can be seen that the
effects of temperature and strain rate on dislocation
density evolution are significant. At 1020 °C (see Fig. 6),
the saturated value of average dislocation density in
matrix grains increases from 0.5 x10"° to 3.0x10" m ™ as
the strain rate increases from 0.01 s™' to 1.0 s™'. This is
because the strain rate increases when there is no enough
time for the dislocation to glide, climb or cross slip, so
that more and more dislocations accumulate, which
results in the increase of dislocation density. Similarly, at
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Fig. 5 Comparison of predicted grain sizes with experimental data at different temperatures and strain rates: (a) 1020 °C; (b) 1050 °C



Chuan WU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1819-1829 1827

35
(a)
. 3or
v 25
=
220
2
v
= ] 5 -
=]
2
T 1.0} Matrix grain
- | Recrystallized grain
2 o5t / !f Equivalent dislocation
;"—__---_--_--'_'————
—y N i 1
0 0.15 0.30 0.45 0.60 0.75
True strain
35 ()
. 30f
£
a: 2N
=
£ 20
g
© 1.5f Matrix grain
&
B 1.0t
- Equivalent dislocation—
a8 05 Recrystallized grain—___
0 0.15 030 045 060 075
True strain
35
(c) Matrix grain
L 3or s
= Equivalent dislocation
b 2SF
=
220}
g
= 1.5F
=]
2
E 1.0p Recrystallized grain
a8 0.5
0 0.15 0.30 0.45 0.60 0.75

True strain

Fig. 6 Evolution of dislocation density in matrix and
recrystallized grains at 1020 °C and different strain rates: (a)
0.01s";(6)0.1s";(c)1.0s"

1050 °C, the saturated value of average dislocation
density increases from 0.4x10" to 2.9x10"°, as shown in
Fig. 7. At the same strain rate, the average dislocation
density in the matrix grains decreases with the increasing
temperature. This is because the higher the temperature
is, the easier the climb or cross slip of dislocations takes
place, which reduces the dislocation density.

For the re-grains, the average dislocation density
increases with the deformation. During the initial stages,
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Fig. 7 Evolution of dislocation density in matrix and
recrystallized grains at 1050 °C and different strain rates: (a)
0.01s;(5)0.1s5";(c)1.0s"

the recrystallization does not take place and the
dislocation density is much low (near zero). The
dislocation density in the re-grains gradually increases
due to the work hardening effect. The difference in the
dislocation density between the matrix and re-grains
decreases. As the deformation continues, the dislocation
density in the re-grains gradually tends to be a saturated
value. At a lower strain rate, the difference in the
dislocation density between the matrix and re-grains is
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lower due to the lower dislocation density in the matrix
grains.

During the initial stages, the recrystallizated
phenomenon does not take place. Therefore, the
equivalent dislocation density (volume average over the
dislocation density in the matrix and re-grains) is equal
to the dislocation density in the matrix grains. As the
deformation further continues, the new nuclei begin to
appear at the grain boundaries and to grow. At the same
time, the matrix grains with relatively high dislocation
density are consumed by the re-grains with a lower
dislocation density. Thus, the equivalent dislocation
density of the system decreases. Moreover, the volume
fraction of recrystallization and the dislocation density
gradually increase. Thus, the equivalent dislocation
density tends to be steady. Especially at lower strain rates
of 0.01 s' and 0.1 s', the saturated dislocation density
in the re-grains is close to the value of matrix grains, so
that the equivalent dislocation density nearly remains
unchangeable.

6 Conclusions

1) The S-DDRX of TA1S5 titanium alloy at high
temperatures modeled by the CA method,
considering the recrystallization nucleation and
subsequent growth.

2) The parameters in the CA model were determined
by fitting the experimental flow stress in the f single
phase field.

3) To verify the CA model, the predicted flow stress

compared with the experimental data. The
comparison showed that the average relative errors
between them were 10.2%, 10.1% and 6%, respectively,
at 1.0, 0.1 and 0.01 s' and 1020 °C, and were 10.2%,
11.35% and 7.5%, respectively, at 1.0, 0.1 and 0.01 st
and 1050 °C, which shows that the CA model is reliable.

4) The CA model was further used to predict the
re-grain size, growth rate, and recrystallization kinetics,
and they were compared with the experimental
measurements. The results showed that the average
growth rate increased with the increasing strain rate or
temperature, while the re-grain size increases with the
decreasing strain rate; the fraction of
recrystallization decreases with the increasing strain rate
or decreasing temperature.

was

was
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