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a b s t r a c t

This work focuses on a series of microstructural predictions regarding the dynamic recrystallization
(DRX) behavior, change in grain size and dislocation density. Additionally, this study includes the pre-
diction of the room-temperature-strength and the processing map characterization of Ti-6Al-4V alloy
after forging in the (aþb) region. The experimental tests of the forgings reveal that the mechanism of
microstructural conversion depends on the testing conditions. That is, superplastic behavior is exhibited
at lower strain rates and higher temperatures. With an increasing strain rate and decreasing tempera-
ture, DRX occurs in a continuous manner. A set of constitutive equations that model the microstructural
evolution, processing map characteristics and room temperature strengths is established by optimization
of experimental data, followed by implementation into the DEFORM-3D software package. There is
satisfactory agreement between the experimental and simulated results. Thus, a series of constitutive
models (established in this work) is found to enable the reliable prediction of properties of Ti-6Al-4V
alloy after forging in the (aþb) region.

1. Introduction

During hot deformation of metallic alloys, dynamic recovery
(DRV) and dynamic recrystallization (DRX) occur thereby resulting
in microstructural conversion [1]. The types of DRX process include
(1) discontinuous dynamic recrystallization (DDRX), in which new
grains are formed by heterogeneous nucleation and growth pro-
cesses, and (2) continuous dynamic recrystallization (CDRX), in
which subgrains with low-angle boundaries are formed that sub-
sequently evolve into grains with a high fraction of high-angle
boundaries, with increasing plastic strain.

Over the past few decades, phenomenological microstructure-
evolution models based on the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) formulation [2] have been developed. These
models succeeded in microstructural prediction during hot-
working [3e7]. Additionally, the Avrami approach often provides

reasonable results. However, these models are usually only applied
to specific or relatively narrow ranges with respect to the initial
microstructure conditions, testing temperatures, strain rate, and
strain. In addition, the physics-based models, such as the cellular-
automaton (CA) model, the Monte-Carlo technique, and phase-
field simulation have been developed over several years. These
models make it possible for developing numerical solutions of the
complex problems presented by microstructural evolution during
thermomechanical processing within a unified frame. Despite their
strengths, there are some drawbacks in that these models require
excessive computer power to formulate a solution and the
modeling is only applicable to selected local regions [8].

The Ti-6Al-4V alloy has been widely used for aerospace appli-
cations due to its excellent properties including high specific
strength, fracture toughness and corrosion resistance. With respect
to numerical modeling for microstructural prediction under hot
working of Ti alloys, a considerable number of studies have been
conducted [9e16] since in the 2000s. Among these reports, Ding
et al. [9] and Wu et al. [10] simulated the microstructures on the
basis of CA model. Furthermore, there are reports that the* Corresponding author.
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mesoscale and microscale internal state variables model can be
applied to microstructural prediction [11e13]. Sun et al. succeeded
in microstructural prediction for the TA15 alloy based on the
developed dislocation-density rate equation [11]. In addition, DRX
fraction and grain size have been also successfully predicted ac-
cording to the JMAK model [14e16]. With respect to evaluation of
hot forging property, processing map technique [17,18] based on
dynamic materials model (DMM) has been widely utilized for
optimization of the process conditions.

The present work focuses on a series of microstructural pre-
dictions (i.e., DRX behavior, the change in grain size and dislocation
density) and processing map characteristics for forgings of Ti-6Al-
4V alloy in combination with finite-element-method (FEM) anal-
ysis. In addition, the 0.2% proof strength (at room temperature)
after forging is also estimated on the basis of the simulated
microstructural factors and classical strengthening factors accord-
ing to the Hall-Petch relation, the Bailey-Hirsch relation, and simple
constituent-phase-mixture-rule. This work first experimentally
identifies the forging property and microstructural evolution of the
Ti-6Al-4V alloy with the equiaxed (aþb) starting microstructure.
Next, constitutive formulas for predicting the microstructural
evolution are established based on the optimization process from
the experimental results, followed by implementation into FEM
software (DEFORM-3D, v.10.2).

2. Experimental procedures

2.1. Isothermal forging test

The Ti-6Al-4V alloy (hereafter designated as Ti-64 alloy) in this
workwas a commercial-grade alloy with chemical compositions (in
wt.%) of 6.25 Al, 4.30 V, 0.20 O, 0.007 N, and the balance comprised
of Ti. The starting microstructure (as shown in Fig. 1) before
isothermal forging is an equiaxed (aþb) microstructure having an
average grain size of 2.25 mm for a phase. The b fraction for the
initial condition is 7%. Isothermal forging was performed using the
computer-aided ThermecMastor-Z equipment. During forging,
process temperatures were 700 "C, 800 "C, and 900 "C, while the
strain rates range from 10#3 s#1 to 10 s#1. Samples for forging were
prepared by electron discharge machining to dimensions with a
diameter of 8 mm and a height of 12 mm. Induction heating of a
specimen was carried out at 10 "C/s up to the testing temperature
and maintained for 60 s to ensure the forging had a uniform tem-
perature. The heat-up process was followed by forging at constant
strain rate and to a height true-strain of approximately 0.7. After a
compression test, the obtained stress-strain curves were corrected
by a friction correction (based on reports by Li et al. [19,20]) and

adiabatic correction (based on the report by Mataya and Sack-
schewsky [21]) in order to obtain accurate stress-strain curves.

2.2. Microstructural analysis

Microstructures were identified by conducting an electron back-
scatter diffraction (EBSD) analysis. In EBSD analysis, grain orienta-
tions were measured at step sizes of 0.12 mm and 0.20 mm, and the
EBSD data were post-processed by means of the TSL orientation
imagingmicroscopy (OIM) data analysis software. The grain sizes of
both high-angle-grains and low-angle-grains were measured using
this software. In addition, the fraction of the DRX grain was iden-
tified by counting the equiaxed-fine-grain in which the DRX
occurred.

2.3. Predictions of microstructures and forging properties combined
with FEM analysis

Forging properties of Ti-64 alloy with the equiaxed (aþb)
microstructure are analyzed by FEM utilizing the DEFORM-3D
software package (v. 10.2) through a user-defined subroutine. The
forging condition in the simulation is similar to the experimental
condition. In FEM simulation, the friction coefficient between the
die-tools and the workpiece was set as 0.7. Due to the symmetry of
the workpiece (with dimension of 8 mm in diameter and 12 mm in
height), a quarter of it was taken as the object and the constraint
was applied in the plane of symmetry. The data from the stress-
strain curves obtained in this work, after the corrections were
implemented, was programed into the FEM code.

The constitutive equations for modeling of microstructure and
mechanical properties are summarized in Section 4.

3. Results and discussion

3.1. Experimental results of forging properties of Ti-64 with the
equiaxed (aþb) starting microstructure

3.1.1. Stress-strain curves
Fig. 2 shows the stress-strain curves (tested at 700 "C, 800 "C,

and 900 "C and the strain rates of (a) 10#3 s#1, 10#2 s#1, 10#1 s#1 and
(b)1 s#1, 10 s#1) after corrections for friction and increasing tem-
peratures. Extensive flow softening is observed with an increasing
strain rate and decreasing testing temperature. For the testing
conditions at higher temperature and lower strain rates, a steady
stress state is exhibited. This steady state case implies that the DRV
or CDRX is the dominant mode for microstructural conversion.
Additionally, the continuous flow softening seen at lower temper-
atures and higher strain rates may be attributed to flow instability,
as already reported in research regarding hot deformation behavior
of Ti alloys [22].

Fig. 3 shows the relationship between the stress value at a true
strain of 0.1 and the strain rate in Log-Log scale. The slope of m
given by ds/d _ε from Fig. 3 corresponds to strain-rate sensitivity. The
m values are also illustrated in Fig. 3, revealing the linear re-
lationships at testing temperatures of 700 "C. Them value is seen to
be higher with an increasing temperature. At testing temperatures
of 800 "C and 900 "C, there are two slopes at the low strain rate
region and high strain rate region. The m value at 900 "C and the
lower strain rate region is noted to exceed 0.3, indicating the
occurrence of superplastic behavior.

The apparent activation energy Q for hot deformation is deter-
mined by assuming the strain rate follows an Arrhenius type
equation as follows:

Fig. 1. Initial microstructure of equiaxed (aþb) microstructure for hot compression test
shown by EBSD-phase map image (gray phase: a phase and black phase: b phase).



_ε ¼ Asn exp
!
#
Q
RT

"
(1)

where A is the material constant, R is gas constant, and n ¼ (1/m) is
the stress exponent. The estimated Q value (in the (aþb) region) in
this work is 341.7 kJ/mol, which is similar to the Q values previously
reported in Ti-64 alloy [22], but much greater than the self-

diffusion activation energy (153 kJ/mol) in b-titanium alloy [23].
The higher values of Q in this work than the Q (self-diffusion acti-
vation energy) are attributable to the occurrence of DRX of the a
phase.

3.1.2. Deformed microstructure after forging
The deformed microstructures are summarized in Fig. 4. The

microstructures of the a phase are given in the EBSD-grain
boundary maps (black line: high angle boundary, green line: low
angle boundary). In Fig. 4, the black phase corresponds to the b
phase. The microstructures having coarse equiaxed-grains are
observed at the testing conditions of 800 "C-10#3 s#1, 900 "C-
10#3 s#1 and 900" C-10#2 s#1. According to the m values, these
testing conditions correspond to the region where superplasticity
occurs. In other testing conditions, the microstructure consists of
the deformed grains (in elongated morphology) and fine equiaxed
DRX-grains, implying that the DRX is a dominant mode for
microstructural conversion. Herein, it can be seen that the fraction
of deformed grains (in the elongated morphology) tends to be
higher with an increasing strain rate and decreasing temperature.
Hereafter, the estimated DRX fractions would be applied to opti-
mization of the material parameter in the JMAK formula (as indi-
cated in section 4.1).

During deformation, a microstructure is recognized to have
evolved due to the occurrence of DRX or CDRX [22,24]. Typical
deformed microstructures during deformation at 700 "C-10 s#1 in
this work are given in Fig. 5. It can be observed that the subgrain
formation (surrounded by low angle boundary) is enhanced with
an increasing strain. Furthermore, from Fig. 5(d), the straining is
found to result in the formation of fine equiaxed grains with a high
angle boundary. Therefore, as similar to the case with other Ti al-
loys, the DRX in the Ti-64 alloy with an equiaxed (aþb) starting
microstructure is enhanced in a continuous manner and accom-
panied by subgrain formation and its subsequent rotation.

Hereafter, the Zener-Hollomon (Z) parameter given by

Z ¼ _εexp
!
Q
RT

"
(2)

(where R is the gas constant (8.314 J/(mol K)), T is the absolute
temperature and Q is the activation energy (341.7 kJ/mol) for hot
deformation in the (aþb) region), indicating the temperature
compensated strain rate parameter is used for kinetic analyzing.
Fig. 6 summarizes the relationship of DRX-grain size (for both low
angle grain and high angle grain) and Z parameter in Log-Log scale.
The average grain sizes were determined by measuring the sizes of
high-angle-boundary-grains and low-angle-boundary-grains,
respectively. Linear relationships are clearly seen for both high-
and low-angle-grains, indicating that the grain size itself is
dependent on the thermally activated process for controlling fine-
grains formation. Furthermore, there is the higher value in the
slope for high angle grains in the lower Z region (as shown in plots
with empty circle) because the size of the DRX-high-angle-grain in
this lower Z region is supposed to be strongly affected by grain
growth (under a static and dynamic-manner). From Fig. 6, the re-
lationships between the DRX grain size and Z parameter can be
summarized as follows:

dDRXðhigh angle grainÞðmmÞ ¼ 125:49Z#0:134ðLogðZÞ<15:2Þ (3)

dDRXðhigh angle grainÞðmmÞ ¼ 1:847Z#0:013ðLogðZÞ ' 15:2Þ (4)

and

Fig. 2. Corrected stress-strain curves at testing temperatures of 700 "C, 800 "C, 900 "C
and strain rates of (a) 10#3 s#1, 10#2 s#1, 10#1 s#1 and (b) 1 s#1, 10 s#1.

Fig. 3. Relationship between flow stress (at ε of 0.1) and strain rate in the log-log scale
at different testing temperatures.



dDRXðlow angle grainÞðmmÞ ¼ 4:004Z#0:061 (5)

3.1.3. Processing map
In order to characterize forging property, construction of the

processing maps according to the dynamic materials model [17,18]
is available. This model considers that the work piece is a power
dissipater and that the instant power dissipated for a given _ε con-
sists of two complementary parts: The G content and the J co-
content, which are related to the temperature rise and micro-
structural dissipation, respectively.

The efficiency of power dissipation h with normalizing the
instantaneous J with the maximum value of Jmax can be defined as:

h ¼ J
Jmax

¼ 2m
1þm

(6)

According to the criterion proposed by Ziegler [25], continuum
criterion for the occurrence of flow instability (xð_εÞ) is given by:

xð _εÞ ¼ vln½m=ð1þmÞ)
vln _ε

þm<0 (7)

in which the equation considers the principle of the maximum rate
of entropy production. Herein, flow instability occurs when xð_εÞ

Fig. 4. Microstructures (i.e, EBSD-grain boundary images) at the central location of specimen after compression test (at a height true strain of 0.7 and at different testing conditions).

Fig. 5. EBSD-grain boundary images (at central location of specimen) of Ti-64 alloy compressed at 700 "C-10 s#1 and at a height based on the true strains of (a) 0, (b) 0.1, (c) 0.35 and
(d) 0.7.



becomes negative while a value ranging from 0 to 1 for xð_εÞ is
judged to be metastable manner. The processing maps were iden-
tified by variation of h and xð _εÞ with deformation temperature and
strain rate.

Fig. 7 summarizes the processing maps (at a true strain of 0.6) of
the Ti-64 alloy with the equiaxed (aþb) starting microstructure.
Shaded areas represent the metastable domains (#1 < xð_εÞ < 0) or
the unstable domains (xð_εÞ < #1). The obtained processing map
characteristic is indeed similar to the case in the previous report on
Ti-64 alloy [26,27]. The optimum power dissipation efficiency for Ti
alloys can be estimated to be in the range of 40e50% based on the
correlation of optimum power dissipation efficiency in the dynamic
recrystallization domain with normalized stacking fault energy
(SFE) for various metals [17].

According to this consideration with the instability map, the
optimum processing window can be identified in the region at
strain rates less than 10#2 s#1 for all testing temperatures in which

the process window corresponds to superplastic deformation re-
gion. The relatively higher h values exhibiting stable- or
metastable-tendencies are also given at strain rates ranging from
10#1 s#1 to 10#2 s#1. In fact, this process window corresponds to the
region where DRX (dominated by continuous manner) frequently
occurs. In contrast, the region for temperatures below 750 "C and at
higher strain rate corresponds to the domain with the lower h and
unstable region, indicating that adiabatic shear banding deforma-
tion is dominant for this condition. Indeed, the localized defor-
mation zone with shear band formation is confirmed in the
deformed specimen tested at 700 "C-10 s#1. At the higher strain
rate region in Fig. 7, it can also be noted that the plastic deformation
proceeds from unstable manner to stable manner as the testing
temperature increases. This implies that the adiabatic effect de-
creases with increasing testing temperature, even though the lower
power dissipation efficiency remains at the higher strain rate
region.

4. Predictions of microstructures and forging properties by
FEM analysis combined with various constitutive laws

4.1. Microstructure predicted by FEM analysis combined with
various constitutive laws

In this study, the characteristic of DRX behavior is described by
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation in the
following [28]:

XDRX ¼ 1# exp

"

# bd *
!
ε# εc
ε0:5

"kd
#

ðε ' εcÞ (8)

where XDRX is the DRX fraction, bd and kd are material constants, ε is
the true strain, and εc is the critical strain for DRX initiation. The ε0.5
is calculated as:

ε0:5 ¼ a1dn10 _εm1 exp
!
Q1
RT

"
(9a)

bD ¼ b0 exp
!
#
Q2
RT

"
(9b)

where _ε is the strain rate, and a1, n1,m1, kd,Q1,Q2, and b0 arematerial
constants. The term d0(mm) is the initial grain size before defor-
mation. The critical strain (εc) is determined by the peak strain (εp)
(which is experimentally identified) as follows:

εc ¼ 0:8* εp (10)

And the critical strain (εc) is summarized by the relationship
with the Z parameter as follows:

εc ¼ C1Zn2 (11)

The material constants in the above equations are determined
on the basis of the minimization of the sum of the errors between
the experimental- and calculated data. The obtained material
constants are given in Table 1.

With respect to the modeling of the grain growth, the static
grain growth behavior is expressed in the following equation of Eq.

Fig. 6. Relationship between Zener-Hollomon (Z) parameter and the DRX a-grain size
for high angle grain and low angle grain. The sizes of high- and low-angle grains are
expressed by circle plots and square plots, respectively. The filled circle corresponds to
the DRX-grain-size and the hollow circle does the grain size affected by not only the
DRX behavior but also the dynamic grain growth behavior.

Fig. 7. Processing map for the Ti-6Al-4V alloy with the equiaxed (aþb) starting
microstructure, at a height true strain of 0.6. Shaded areas represent the metastable- or
the unstable domains.

Table 1
Material constants for the constitutive models of dynamic recrystallization.

a1 n1 m1 Q1 (J mol) kd b0 Q2 (J mol) C1 n2

0.354 0.0779 0.0361 15973 2 1.071 7008 0.0269 0.0191



(12) according to the Lifshitz-Slyosov-Wagner (LSW) theory [29].
The term da is grain size (mm) of aophase. The n value (in the
following) is set to 3 because of the deformation condition in this
work is in the (aþb) region.

dna # dna0 ¼ d3a # d3a0 ¼ Kdðt # t0Þ (12)

inwhich the subscript ‘0’ indicates the quantities at the initial stage
and Kd denotes the coarsening rate constant. The term Kd is defined
as the temperature dependent material constant and expressed as
following Arrhenius relationship:

Kd ¼ K0 exp
!
#
Qgbg

RT

"
(13)

in which K0 and Qgbg are the material constants.
It is well recognized that the grain growth rate in dynamic

conditions (under plastic deformation) is higher than that in static
conditions, due to the strain (or stress) induced effects. Therefore,
the dynamic grain growth rate of Kd

0 is defined by the multiplica-
tion with the weighting factor of n0. The term n0 is expressed as
following relationship with Z parameter:

n0 ¼ C2Zn3 (14)

and

K 0
d ¼ n0

#
K0 exp

!
#
Qgbg

RT

"$
(15)

Summarizing the above equations, the grain size of the a phase
(da(growth)) which considers the effect of grain growth can be
summarized as following relationship:

%
daðgrowthÞ

&3
¼

#
K0 exp

!
#
Qgbg

RT

"$
t þ n0

#
K0 exp

!
#
Qgbg

RT

"$
t

þ d30
(16)

In order to identify the material constants for modeling the
grain growth, the grain growth data was referred according to
Ref. [30] for static growth and Refs. [31,32] for dynamic growth,
followed by optimization of the material constants by non-linear

regression analysis. Additionally, the determined material con-
stants are given in Table 2.

Fig. 8 summarizes the relationship between the DRX fraction
and the true strain for the experimental result, when tested at
700 "C (shown by symbols) and the predicted result (shown by
solid line) according to Eq. (8). The results obtained are in a good
agreement with the experimental results. The change in the DRX
fraction is observed to be dependent on the strain, temperature and
strain rate. Additionally, the DRX kinetic curves are characterized
by an S-shape.

The microstructural evolution model (as stated above) has been
implemented into the finite-element software of DEFORM-3D (ver.
10.2) through a user-subroutine followed by simulation of
isothermal compression. Fig. 9 shows distributions of (a) effective
strain, (b) the predicted DRX ratio and (c) the predicted average
grain size (dave) of the a phase for compression at 900 "C-1 s#1 and
at the true strain height of 0.7. Herein, the dave is represented by:

dave ¼ XDRXdDRX þ ð1# XDRXÞd0 (17)

where d0 is initial grain size of a phase of 2.25 mm with consider-
ation of the grain growth in terms of Eq. (17).

As shown in Fig. 9(a), there is a heterogeneous distribution that
strains are locally accumulated especially at central region. Addi-
tionally, the less strain region, called the dead-zone, is seen in Re-
gion B. Herein, the effective strain in Region A reaches the value of
1.5, and there is a decrease from Region A to the Region C. Although
the distributions of effective strain rate and temperature are not
given in Fig. 9, heterogeneous distributions have been also
confirmed. With respect to the distribution of the DRX ratio
(Fig. 9(b)), DRX is found to have frequently occurred 70%e80% in
Region A, whereas no occurrence of DRX is in the dead-zone of the
Region B. The distribution of the DRX ratio is found to exhibit good
correlation with that of the effective strain (Fig. 9(a)). Moreover,
with respect to the grain size distribution (Fig. 9(c)), in correlation
with the result of the DRX ratio, the finer grain size is seen in Region
A where the DRX frequently occurs, while there are coarser size
distributions in Regions B and C.

For comparisonwith the experimental result, microstructures in
Regions A, B and C (expressed in Fig. 9), as observed by SEM, are
given in Fig. 10. The DRX accompanied by the fine-grain-formation
is seen to be frequently activated in Region A (Fig. 10(a)). On the
other hand, equiaxed grain-microstructure having the similar grain
size for the initial conditions is observed in Region B (Fig. 10(b)). In
addition, the microstructure in Region C exhibits coarser grained
microstructure than that in Region A. This reveals that the experi-
mental result is in good agreement with the simulated result
(Fig. 9). Thus, it can be found that the constitutive models in this
work allow to accurately predict the microstructural evolution.

Table 2
Material constants for the constitutive models of grain growth.

k0 Qgbg (J mol) C2 n3

2.62 * 107 220000 0.0093 0.233

Fig. 8. Predicted and experimental fraction of the DRX as a function of true strain. Testing temperatures of (a) 700 "C and (b) 800 "C, 900 "C.



4.2. Prediction of processing map characteristic

As abovementioned in Section 3.1.3, the efficiency of power
dissipation is expressed in Eq. (6) with parameter of the m value.
Hence, m is an important variable for predicting the efficiency of
power dissipation. The experimentally determined m values (at
true strains of 0.1 and 0.6) are summarized as a function of the Z
parameter (in log scale), as shown in Fig. 11. There are no apparent
changes in m with the change in true strain. Therefore, we can
judge that m is not influenced by the change in strain. The spline-
fitting curve by approximation (in a cubic polynomial) is also
indicated in Fig. 11, and the formula of this approximation is as
follows:

m ¼ #0:0044ðlog10ðZÞÞ
3 þ 0:2235ðlog10ðZÞÞ

2 # 3:824 log10ðZÞ
þ 22:169

(18)

In order to predict distributions of the processing map charac-
teristics, the constitutive equations of (6), (7) and (18) were
implemented in the DEFORM system. For predicting the processing
map characteristics, the m value in the simulation is set to be
constant value of 0.5 if the calculatedm value obtained by Eq. (18) is
above 0.5. Fig. 12(a)(b) illustrates the distributions of (a) the effi-
ciency of power dissipation, as calculated by Eq. (6), and (b) the
instability criteria, as evaluated by Eq. (7), which is forged for the
conditions at 900 "C-1 s#1. With respect to the instability criteria
(Fig. 12(b)), plastic deformation is found to occur in a metastable
manner in the vicinity of the central region, whereas, the stable
manner is given in the dead-zone region. This is due to the corre-
lation with the distribution of effective strain rate that the
extremely lower effective strain rate exhibits in the vicinity of the

dead-zone. When associated with the distribution of the effective
strain rate, it results in an apparent higher efficiency of power
dissipation in the vicinity of the dead-zone (edge of specimen)
region rather than that at the central region. However, this result
does not correlate with the distribution of the microstructures of
the DRX fraction and grain size (as shown in Fig. 9(b)(c)) since Eq.
(6) does not consider the effect of straining. Therefore, modification
of Eq. (6) is required in order to simulate the more reliable h, which
also considers the effect of straining. The modified efficiency of

Fig. 9. Distribution from the FEM analysis for (a) Effective strain, (b) DRX fraction and (c) Average grain size for the a phase at compression of 900 "C-1 s#1 and a height for the true
strain of 0.7.

Fig. 10. SEM micrographs of Ti-6Al-4V alloy after deformation of 900 "C-1s#1 and a height for the true strain of 0.7: (a) Region A, (b) Region B and (c) Region C in Fig. 9.

Fig. 11. Relationship between the strain rate sensitivity (m) and the Zener-Hollomon
(Z) parameter (in log scale) for the true strains of 0.1 and 0.6 based on an approxi-
mation curve.



power dissipation of h0 is herein defined as follows:

h0 ¼ h* f ðεÞ (19)

f ðεÞ ¼ 1# expð # εÞ (20)

where ε is effective strain.
In this equation, the efficiency of the power dissipation is

modified bymultiplyingwith the term f(ε)which is a similar type of
equation as the JMAK equation. Thus, the efficiency of the power
dissipation can contain the effect of the strain through the f(ε)
parameter. Fig. 12(c) and (d) show the distributions of the modified
efficiency of the power dissipation of h0 deformed at 900 "C-1 s#1

and 800 "C-1 s#1. Despite the difference when compared with the
distribution of h (in Fig. 12(a)), the good correlation can be seen
between h0 and the occurrence of dynamic recrystallization
(Fig. 9(b)). Therefore, in order to express the more reliable pro-
cessing map behavior, it seems reasonable to adopt the multipli-
cation of h by the term f(ε).

4.3. Room-temperature-strength (or hardness) after forging

During hot deformation, plastic deformation leads to the accu-
mulation of dislocations, while DRV annihilates dislocations. In this
study, the Kocks-Mecking equation (K-M model) [33] was
employed to describe the dislocation evolution. In the K-M model,
the dislocation accumulation rate (dr/dε) due to plastic deforma-
tion is proportional to r1=2, and the dislocation annihilation due to
thermal-activated-process of DRV is proportional to r. The equation
of K-M model is as follows:

dr
dε

¼ k1
ffiffiffi
r

p
# k2r (21)

where the first and the second term represent the dislocation
accumulation by work hardening and dislocation annihilation via
DRX, respectively. The terms k1 and k2 are the rates of dislocation
storage and dislocation annihilation via DRX, respectively. DRV is a
thermally activated process induced by dislocation-slip or climb;

hence, the parameter k2 in Eq. (21) is a function of the temperature
and strain rate and is expressed as follows:

k2 ¼ k0 _εm2#1 exp
!
#
QCL
RT

"
(22)

where the QCL is the activation energy for dislocation cross-slip and
recombination.

The macroscopic flow stress (s) during isothermal hot
compression is related to the average dislocation density, which
can be expressed by:

s ¼ 0:5mðTÞb
ffiffiffi
r

p
(23)

The parameter b is the burgers vector of the a phase (¼
2.95 * 10#10 m) and the parameter m(T) is the temperature
dependent shear modulus (GPa) [12];

mðTÞ ¼ 49:02#
5:821

e181=T # 1
(24)

The material constants were optimized on the basis of the cor-
rected experimental stress-strain curves by non-linear regression
analysis. Herein, the material parameters were determined by
assuming the parameter r0 (initial dislocation density) to be
1.0 * 1010 m#2. The determined material parameters of k1, k2, m2,
and QCL are 3.37 * 1011, 6.33 * 105, 0.937, and 39182 (J/mol)
respectively. The distribution of the dislocation density (r) esti-
mated by the above K-Mmodel in specimen compressed at 900 "C-
1 s#1 and at a height strain of 0.7 is shown in Fig. 13(a). Similar to
the distributions of the effective strain, the DRX ratio, and the
average grain size (from Fig. 9) shown in Fig. 13(a) exhibits het-
erogeneous distribution where the dislocation accumulates espe-
cially within the central region. The higher dislocation density
results in a higher stored energy, and leads to an enhancement of
the DRX. Hence, the good correlation between the distributions of
the dislocation density (r) (Fig.13(a)) and the DRX ratio (Fig. 9(b)) is
revealed.

As abovementioned, the typical microstructural evolutions of
the DRX, the grain size and the dislocation density were

Fig. 12. Distributions from the FEM analysis for (a) Efficiency of power dissipation, (b) Instability map, and (c), (d) Modified efficiency of power dissipation at testing conditions of
(a)(b)(c) 900 "C-1 s#1 and (d) 800 "C-1 s#1.



successfully predicted. Hereafter, by considering the above-
predicted microstructural data, we work to establish the model
for predicting the room temperature strength of the product after
forging. In estimation of the yield stress (0.2% proof stress) of the
forged product, the classical models of the Hall-Petch relation and
the Bailey-Hirsch relation were applied to the estimation of
strength. Regarding the effect of grain size on strength, the incre-
ment of yield stress (sH-P) according to Hall-Petch effect is
expressed as:

sH#P ¼ Kyd#0:5
a (25)

where Ky and da are the Hall-Petch coefficient and a-grains size,
respectively. According to previous reports revealing the Hall-Petch
effect of Ti-64 alloy [34e36], the Hall-Petch coefficient ranges from
0.135 MPa/(m#1/2) to 0.46 MPa/(m#1/2). This work estimates the
Hall-Petch relation with the coefficient of 0.25 MPa/(m#1/2). The
dislocation contribution to strengthening (sB-H), according to the
Bailey-Hirsch relation, is stated as follows:

sB#H ¼ 0:5mbr1=2 (26)

It can be summarized the microstructural effect on 0.2% proof
stress (s0.2) as follows:

s0:2 ¼ s0 þ sH#P þ sB#H (27)

where the s0 is the friction stress (¼ 760 MPa [36]). The estimated
0.2% proof stress after forging at 900 "C-1s#1 and at a height strain
of 0.7 is given in Fig.13(b), revealing the heterogeneous distribution
of strength. The highest proof stress of approximately 1180 MPa is
exhibited within the central region where the DRX is frequently
activated, while the lower proof stress around 1080 MPa is seen
within the dead-zone region (in upper- and downward-region in
specimen). In order to compare this simulated result with the
experimental strength in the forged specimen, the experimental
hardness results obtained by Vickers-hardness testing were con-
verted to a yield stress according to Hill's law [37]. The simulated
0.2% proof stress and the experimental yield stress (converted from
the Vickers hardness) at the locations along A-B and A0-B0, as
illustrated in Fig. 13(b), are summarized in Fig. 14. There is a dif-
ference of approximately 60 MPae70 MPa between the experi-
mental result and the simulated result. The effect of the b-fraction
on the change in strength is not considered in Eq. (27). As seen in
Fig. 10, the b-fraction is indeed different depending on location in a
compressed specimen, which is attributable to the difference in
temperature during deformation and the cooling rate after forging.
According to the relationship between the 0.2% proof stress and the
b-fraction [38], the effect of the b-fraction on the strength (sM-R)
can be expressed as following equation:

sM#R ¼ 940:7# 272:3 fb (28)

where the fb is b#fraction, and the right term of 940.7 MPa
corresponds to the 0.2% proof stress of a phase. In Fig.13, the results
after this modification into Eq. (27) are also given. From Fig. 13, we
can confirm that the modification with the effect of the b phase
results in close approximations to the experimental values. More-
over, a similar tendency regarding the change in the proof stress
along A-B and A0-B0 lines is observed for the experimental and the
simulated results. Hence, the room-temperature strength after
forging is found to be reasonably simulated by the association with
the classical models of the Hall-Petch relation, the Bailey-Hirsch
relation, and the simple mixture rule.

As abovementioned, the constitutive models embedded into the
DEFORM-3D platform were found to provide an approximate
agreement with the experimental results (e.g., microstructures,
processing map characteristic, and room temperature strength af-
ter forging). For additional, highly accurate prediction of the
microstructure, a further direction of this study will be to focus on
the appropriate combination of phenomenological models and
internal-variable-based constitutive models.

5. Summary

The present work focused on a series of predictions regarding
microstructures, DRX behavior, the change in grain size, and
dislocation density as well as the processing map characteristic
during forging of the Ti-64 alloy at temperatures in the (aþb) re-
gion, which is in combination with finite-element-method (FEM)

Fig. 13. Distributions from the FEM analysis of (a) Dislocation density and (b) 0.2% proof stress at room temperature after forging. Compression condition is 900 "C-1 s#1 and a
height of the true strain of 0.7.

Fig. 14. Experimental and simulated 0.2% proof stress along the A to B line and A0 to B0

line shown in Fig. 13.



analysis. The obtained results are as follows.

(1) Experimental study of the forging of the Ti-64 alloy at the
(aþb) region reveals that superplastic behavior is dominant
for a condition of lower strain rate and higher temperature,
whereas DRX under continuous method is dominant for the
relatively higher strain-rate, lower temperature region. The
relationship between the DRX grain size and Z parameter
exhibits a linear-relationship, indicating that the grain size
itself is dependent on the thermally activated process for
controlling fine-grains formation. The processing map ob-
tained in this work is in good agreement with the behavior of
the microstructural conversion. That is, a higher efficiency of
power dissipation (h) is given in the region where DRX
frequently occurs.

(2) Constitutive models for microstructural prediction, process-
ingmap characteristics and room temperature strength were
established through an optimization process (based on
experimental results) of the material parameters. The DRX
behavior could be reasonably expressed in terms of the JMAK
constitutive equation. The modified equation for efficiency of
the power dissipation enables the simulation to more reli-
ably correlate with the DRX behavior. Thus, the simulated
results according to these constitutive models are in good
agreement with the experimental results. Furthermore, it is
found that the strength at room temperature after forging
can be reasonably simulated by classical constitutive models
according to the Hall-Petch relation, the Bailey-Hirsch rela-
tion, and simple mixture rule. Additionally, this simulated
strength also exhibits satisfactory similarities with the
experimental results. Thus, a series of constitutive models, as
established in this work, is found to enable the reliable
prediction of microstructures and properties of Ti-6Al-4V
alloy after forging in the (aþb) region.
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