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Abstract The dependence of a-phase size on flow stress was
characterized by a proposed kinetic model during dynamic
recrystallization (DRX) steady state in Ti60 alloy. Accord-
ing to the isothermal compression tests, the influence of
deformation parameters on the steady-state flow stress was
analyzed and the constitutive equation was established to
predict the steady-state flow stress under different defor-
mation temperatures and strain rates. A power-law rela-
tionship between the DRX average grain size and steady-
state flow stress with an exponent of —2 is obtained from the
dynamic balance during DRX steady state. The effect of
deformation parameters on o-phase size was observed
through the microstructure after deformation, and the
applicability of the model for Ti60 alloy was verified by the
comparison between predicted and experimental data.

Keywords Dynamic recrystallization; Steady state; Grain
size; Ti60 alloy; Hot deformation

1 Introduction

Titanium alloys have been extensively applied in aerospace
industries due to their attractive combination of properties
such as low density, high specific strength, excellent frac-
ture toughness, superior corrosion and erosion resistance
[1, 2]. In order to satisfy the requirements of the enhanced
properties for aero-engine, near-o high-temperature tita-
nium alloys which can be stably serviced for long time at
elevated temperature have been explored competitively all
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over the world in recent years [3, 4]. Dynamic recrystal-
lization (DRX) is an effective method which can lead to a
significant grain refinement during hot deformation and
enhance the mechanical properties of metal and alloys
[5-7]. As previous researches suggested that the steady-
state grain size becomes independent of the initial grain
size and is significantly dependent on the deformation
conditions once DRX reaches a steady state at large strain
[8-10]. A significant control of microstructural morpholo-
gies and mechanical properties of the final components can
be achieved through appropriate selection of thermome-
chanical processing parameters, if the relationship between
processing parameters and the DRX steady-state grain size
is determined [11].

Ti60 alloy is a newly developed high-temperature Ti-
alloy designed as an engine material to work at the tem-
perature up to 600 °C. In recent years, the influence of
processing parameters on flow behavior and the evolution
of microstructures of Ti60 alloy have been discussed in a
large number of researches [12—-14]. However, little work
about the evolution of the grain size in the steady state
during the hot deformation of titanium alloys has been
conducted. In present work, a kinetic model was estab-
lished to quantitatively describe the relationship between
average o-phase size and steady-state flow stress. And the
applicability of the model for the Ti60 alloy was verified
based on the data of isothermal hot compression tests at
different deformation temperatures and strain rates.

2 Experimental
The material used in this investigation was Ti60 high-

temperature Ti-alloy with the following chemical compo-
sitions: 6.14 wt% Al, 3.68 wt% Sn, 3.43 wt% Zr,
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0.52 wt% Mo, 0.40 wt% Nb, 0.55 wt% Si, 0.96 wt% Ta
and balance Ti. The [ transus temperature of the alloy was
measured to be 1318 K by using the metallographic
observation method. Cylindrical specimens with a diameter
of 8 mm and a height of 12 mm were machined from the
as-received bar alloy. The original microstructure of the
specimen is composed of the equiaxed alpha phases uni-
formly distributed in beta transformed matrix, as shown in
Fig. 1. Isothermal compression tests were carried out on a
Gleeble-3500 thermomechanical simulator at the defor-
mation temperature range of 1233-1353 K, the strain rate
range of 0.001-10.000 s~', and the height reduction of
50 %. All the specimens were heated with a constant
heating rate of 5 K-s~!, soaked for 5 min to eliminate the
thermal gradient, and then compressed under a constant
strain rate to the desired deformation degree. The true
stress—strain curves were recorded automatically from
load—stroke data in the hot compression process. Then,
some typical compressed specimens were sectioned along
the compression direction for metallographic examination.
After being polished mechanically and etched in the
Kroll’s reagent, the exposed surfaces were observed by
optical microscope (OM, OLYMPUS-PM3).

3 Results and discussion
3.1 Flow behavior

The typical true stress—strain curves of the Ti60 alloy under
different deformation temperatures and strain rates are
shown in Fig. 2. The characteristics of the flow curves are
significantly dependent on the deformation parameters. The
flow stress, the value of stress in the true stress—strain curves,
is sensitive to temperature and strain rate, and decreases with
the increase in temperature and the decrease in strain rate. As
seen in the Fig. 2, the flow stress of Ti60 alloy rapidly
increases to a maximum value (peak stress) and then

200 pm

Fig. 1 OM image of initial microstructure of Ti60 alloy
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gradually falls toward a relatively steady state, which can be
concerned as the typical flow curve of DRX. At the begin-
ning, stress increases constantly with the strain, and the
feature of work hardening is observed. When strain reaches a
certain value, the stress decreases as well as the alloy softens,
since high strain energy accumulates too much inside the
alloy, resulting in DRX. After an initial period of strain
hardening, steady-state flow sets in at a strain, and the flow
stress becomes steady due to the dynamic balance between
softening and work hardening. And it is obvious that the
variation of flow stress with strain becomes almost smooth
and appears to be a steady state at a true strain of 0.6 for the
isothermal compressed Ti60 alloy.

3.2 Constitutive equations for steady-state flow
behavior

The correlation between the flow stress, strain rate and
deformation temperature during hot deformation at a given
strain can be expressed by an equation known as the
Arrhenius-type relation as follows [15]:

§ = AF(0) exp(~Q/RT) (1)

And the stress function of F(o) is defined by the
following three forms:

F(o)=0d" (0o <0.8) (2)
F(o) =exp(fo) (oo >1.2) (3)
F(o) = sinh(axo)"  (for all o) (4)

where ¢1is the strain rate (sfl), o is the flow stress (MPa), Q is the
apparent activation energy for hot deformation (kJ-mol "), R is
the gas constant, 7'is the deformation temperature (K), n and n,
are the stress exponents, A, « and f3 are the material constants.
According to Eq. (1), € can be described as:

é = A[sinh(ao)]"exp(—Q/RT) (5)

Equation (5) can effectively describe the dependence of
the temperature and strain rate on the steady-state flow
stress. In general, the combined effects of deformation
temperature and strain rate on the flow stress of alloys can
be characterized by the Zener—Hollomon (Z) parameter,
which can be expressed as [16]:

Z = éexp(—Q/RT) = A[sinh(a0o)]" (6)

Then, the flow stress can be written as a function of Z
parameter, and the relation between them is as follows:

1l Z%—O— Z%—H
o=-In< [— —
o A A

According to these equations, after calculating the
material constants (o, n, Q and A), the flow stress is then

1
2

(7)
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Fig. 2 Typical flow curves obtained from isothermal compression of Ti60 alloy at different temperatures: a 1233 K, b 1263 K, ¢ 1293 K, and

d 1333 K

obtained. These material constants can be obtained from
the slopes of the liner fitting of relevant parameters, as
seen in the Figs. 3 and 4. And the values of the above
material constants at the strain of 0.6 are listed in
Table 1. By substituting the values into Eq. (7), the
steady-state flow stress (o) of Ti60 alloy can be
calculated by the constitutive equation as:

200ra - 1233K, £=0.051
1263 K, =0.058
160 L 1293 K, p=0.074

1333 K, $=0.089
1363 K, =0.092

A 4>

In@/s™)

Fig. 3 Relationship between a ¢ and Iné, and b Ino and Iné
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Figure 5 shows the flow stress of steady state in isothermal
compression tests of the Ti60 alloy. As seen, the steady-
state flow stress decreases with temperature increasing and

6 b = 1233K,n=3.735
* 1263 K, n,=3.591
A 1293 K, n,=3.643
5L v 1333 K, n=3.739
£ <1363 K, n,=3.756
3
Z 4t
3L
2 1 1 1 1 1
-8 -6 —4 -2 0 2 4
In(e/s™)
@ Springer



854

H. Li et al.

a . 1233K,n=2425 5P B a+p
1263 K, n=2.529 o T A
51 21293 K. 2850 0=118.81 kJ'mol”" | O=412.36 kl-mol™!
v 1333 K, n=2.671 2L <«
<1363 K, n=2.719 * 0.001s™ /
ot |+ 00105
§ > § 1140.100s!
g g v 1.000 s7!
£ 0r 2, [€1000053 —a
_] | _1 | PR ‘/I/.
_2 1 _2 Il Il 1 1 1
-8 -6 -4 -2 0 2 4 0.72 0.74 0.76 0.78 0.80 0.82
In@/s™) T 10° K-
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Table 1 Material constants at a strain of 0.6
Phase field BIMPa™! n a/MPa™! n 0/(kJ-mol™1) InA
o+ B 0.061 3.656 0.0167 2.566 412.36 36.19
B 0.091 3.747 0.0242 2.672 118.81 7.89
200 shown to be simply related to deformation stress for a
. number of metals and minerals. This state can be charac-
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Fig. 5 Measured (solid line) and predicated (dotted line) steady-state
flow stress in isothermal compression of Ti60 alloy

strain rate decreasing. And the flow stress decreases much
more slightly with the increase in deformation temperature
at low strain rates than at high strain rate. On the other
hand, above the B transus temperature of Ti60 alloy, the
steady flow stresses scarcely vary with the deformation
temperature at low strain rates. The similar phenomenon
was also observed in some other titanium alloys [17].

3.3 Steady-state grain size determination
It is well known that a steady state can develop during large

strain deformation when DRX occurs. The steady-state
grain size during DRX by grain boundary migration is

@ Springer

terized by a constant flow stress () and a constant average
grain size (D). Derby [18] documented that these two
parameters can be related to each other via a power-law
relationship if the stress and the grain size are normalized
by the shear modulus () and the Burgers vector length (b),
respectively:

o K

w = Oy ©)
where K denotes a constant usually within the range from 1
to 10. In the present paper, the prediction for the evolution
of grain size is based on the assumption that the grains
expand in spherical shape. The Gibbs free energy change
during nucleation is composed of two main terms. One is
volumetric and represents the energy difference due to the
elimination of the dislocations and preexisting grain
boundaries by formation of the nucleus. The second term
represents the energy rise by creation of additional grain
boundary [19]. The global Gibbs free energy change (AG)
is expressed by:

AG = —P - 4nr*dr + y - 8mrdr (10)

where P is the unit volumetric energy change, y is the grain
boundary energy, and r is the radius of the grain. The grain
boundary energy is a function of the misorientation of
adjacent subgrains. The grain boundary energy of high
angle boundary can be directly calculated by the Read—
Shockley equation [20]
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Fig. 6 OM images of Ti60 alloy at different temperatures and strain rates: a 1233 K, 0.001 s_l; b 1263 K, 0.001 s_l; ¢ 1233 K, 0.010 s_l;

d 1263 K, 0.010 s™%; e 1233 K, 0.100 s™%; £ 1263 K, 0.100 s~ !

ub0
v Zm (11)

where b is the burgers vector and v and 0 are respectively
Poisson’s ratio and misorientation when the grain boundary
becomes a high angle boundary (taken as 15°).

The unit volumetric energy change (P) depends on the
dislocation density in the matrix and can be estimated as
follows [11]:

pP= %pubz (12)

where p is the dislocation density in the matrix. And u is a
temperature-dependent shear modulus (GPa), in form of [21]:

5.821

At steady state, the volumetric energy change is equal to
the surface energy of the nucleus. Therefore, Eq. (10) can
be written as:

AG =0 (14)
By combining the equations above, the radius of the
grain can be expressed as:
4y

r= b (15)

In the one-parameter approach of Kocks and Mecking
[22], the KM model, ¢ is expressed in terms of the
dislocation density (p):

o = Maub./p (16)

where a is Taylor constant and M is the average Taylor
factor which relates the macroscopically imposed strain to
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the total slip on all active glide systems in the grains. As
reported before [23-25], the variation of M can be included
in the model and was considered as constant for simplicity
in this study. Then the relationship between the grain size
(D) and the steady-state flow stress can be described by:

D = §yM*a*us (17)

From Eq. (17), it can be seen that the average grain size
is inversely proportional to the steady-state stress (o).
And the derivational relationship between the flow stress
and average grain size is similar to the Derby law. In the
steady-state stage, the work hardening, the dynamic
recovery and the DRX are in a dynamic balance, so that
the stored energy maintains a constant value. As a result,
DRX grain size (D) no longer changes with strain
increasing. According to the constitutive equation, the
steady-state flow stress (o) increases as the increasing of
Z value which indicating an increase in stored energy.
Consequently, the DRX average grain size (D) decreases
because nucleation rate increases faster than growth rate
[10].

Figure 6 shows the microstructures of specimens com-
pressed in o + P phase field at different strain rates. As
seen, the morphology of o phase is an equiaxed structure,
and o phase is uniformly distributed in the matrix, which
characterizes the progress of DRX. And the size of o phase
is sensitive to the deformation conditions, which increases
with deformation temperature increasing and strain rate
decreasing. In order to verify the prediction accuracy of the
above inverse power law, the relationship between the
diameter of the o phase and the steady-state flow stress at
the deformation temperature of 1233 and 1263 K was
analyzed, as shown in Fig. 7. As seen, the result of the
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Fig. 7 Relationship between average grain size (D) and steady-state
stress (0.%)

proposed model is in a good coincidence with the experi-
mental result. And it indicates that the relationship among
the size of grain or phase, steady-state flow stress and the
deformation parameters during DRX steady state in Ti60
alloy can be relatively well described by the model.

4 Conclusion

The isothermal compression tests of Ti60 alloy were con-
ducted to investigate the dependence of o-phase size on
flow stress during DRX steady state. The constitutive
equation was established to describe the effect of defor-
mation conditions on the steady-state flow stress, which
decreases with temperature increasing and strain rate
decreasing. The correlation between DRX average grain
size and steady-state flow stress is described by a power-
law relationship with an exponent of —2. And the model
could be well used to predict the average o-phase size
during the DRX in Ti60 alloy.
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