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Abstract: To clarify the globularization mechanism and model of the O-phase lamellae of Ti,AINb-based alloys during deformation

at elevated temperatures, the hot deformation behavior and microstructure evolution of Ti-22AI-25Nb (at%) alloy during hot

compression deformation in (a,+0O+B2) region were investigated. The results show that the flow softening is relevant to the dynamic

globularization of O-phase lamellae and the flow instability including 45° shear deformation, 45° shear cracking and micro-cracks.

The deformation constitutive model based on the exponential law was established and the deformation activation energy was

calculated to be 831 kJ-mol™. The globularization of O-phase lamellae is hard to occur at low temperatures or at high strain rates due

to slow diffusion rate or insufficient diffusion time. The main globularization mechanism is the kink and shear of the O-phase

lamellae, which is confirmed to be a dynamic recrystallization behavior. The dynamic globularization kinetics was also studied,

which is sensitive to deformation conditions including deformation temperatures and strain rates and follows an Avrami type

sigmoid equation.
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In recent years, Ti,AlNb-based alloys have been
extensively used in aerospace field due to their attractive
properties such as low density, high strength-to-density,
good oxidation resistance and nonmagnetic property'' . A
Ti,AINb-based alloy with the composition of Ti-22A1-25Nb
(at%) is an important member of this alloy group, which has
been proved to have good mechanical properties at room
and elevated temperatures'>.,

Due to limited formability of the alloy at room
temperature, it is advisable to form them into desired
shapes at elevated temperatures. For some aerospace
components with complex geometries and intricate designs,
the forming temperature is often set over 930 °C'), which is
in (a,+O+B2) phase region in Ti-Al-Nb ternary phase
diagram!”®. When deforming in this phase region, Ti,AINb-
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based alloys may exhibit strong microstructure instability
induced by dynamic phase transformation, coarsening and
globularization of O-phase lamellae, etc., which may lead
to substantial changes in the initial mechanical properties,
such as the yield strength and creep resistance'™. Hence, the
phenomenological and mechanistic descriptions of such
microstructural changes is of significance whether from
scientific or engineering perspectives'”’. For Ti,AINb-based
alloys, the static instability of the O-phase during the
elevated-temperature exposure has been examined both
experimentally and theoretically!"”'" 1B qualita-
tively characterized the coarsening, fragmentation, and
globularization of the O-phase lamellae during elevated-
temperature deformation. However, the globularization
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model of the O-phase lamellae has not been quantitatively

Foundation item: National Natural Science Foundation of China (51505323, 51504163)
Corresponding author: Lin Peng, Ph. D., Lecturer, College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, P. R. China, ,

E-mail: linpeng@tyut.edu.cn

Copyright © 2018, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.



Lin Peng et al. / Rare Metal Materials and Engineering, 2018, 47(2): 0416-0422

studied until now.

The purpose of the present study is to investigate the hot
deformation behavior and microstructure evolution of
Ti-22A1-25Nb  (at%)
deformation,
mechanism and model of the O-phase lamellae during
deformation in (a,+O+B2) phase region. It is expected that
the results can provide a good guideline for microstructure

alloy during hot compression

aiming at clarifying the globularization

control during hot forming of this alloy group.

1 Experiment

The experimental Ti-22AI1-25Nb (at%) alloy was provided
by Central Iron and Steel Research Institute (CISRI) in the
form of a bar with a diameter of 85 mm. The chemical
analysis showed that the composition of the alloy is in good
agreement with the nominal composition (Table 1). The
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conventional techniques. The microstructure of compressed
specimens was directly observed by scanning electron
microscope (SEM) and transmission electron microscope
(TEM). The globularization behavior of O-phase lamellae
was then quantified using moderate magnification SEM by a
quantitative  metallographic
(Image-pro plus 5.0) considering O-phase morphology with

image analysis  system

the Feret ratio (Feretmax/Feretmin) lower than 2.5 as
globular.

2 Results and Discussion

2.1 Flow behavior

The stress-strain curves of the alloy deformed at various
temperatures and strain rates are shown in Fig.2.

Table 1 Chemical composition of Ti-22A1-25Nb alloy (at%)
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Cylindrical specimens with 8§ mm in height and 12 mm in
diameter were machined along the compression axis on the
low-speed wire electrical discharge machine. In order that the
friction could be reduced during the compression tests,
concentric grooves of 0.2 mm in depth were machined at
both ends of the specimens to effectively facilitate the
retention of the glass lubricant. The hot compression tests
were carried out on a Gleebe-3500 thermo-mechanical
simulator at temperatures of 930, 950 and 970 °C, and strain
rates of 0.001, 0.01, 0.1 and 1 s”". The height reduction was
set as 10%, 30%, 50% and 70%. Deformed specimens were
axially sectioned parallel to the compression axis and the cut
surface was prepared for metallographic examination using Fig.1 Microstructure of the as-received Ti-22A1-25Nb alloy
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Fig.2 Stress-strain curves of alloy deformed at various temperatures and strain rates of 0.001 s™ (a), 0.01 s (b), 0.1 s (c), and 1 s (d)
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First, the flow stress increases sharply to a peak with
strain increasing at the beginning of deformation, and then
decreases with the strain further increasing. This behavior

11,12
L2109 common

is termed as discontinuous yielding
phenomenon for many titanium alloys. The strain for the
peak stress is in the range of 0.01~0.04 and increases with
increase in the strain rate or decrease in the deformation
temperature. The variation of the peak stress and the
corresponding strain confirms the strong sensitivity of the
flow stress to strain rate and deformation temperature,
which is associated with the microstructure changes during
deformation.

Discontinuous yielding is attributed to the generation of
new mobile dislocations from grain boundary sources, and
this effect depends on both type and concentration of
phase stabilizing elements''>"*!. The discontinuous yielding
phenomenon of the alloy was observed obviously as the
strain rate increased, in accordance with the results for
Ti-10V-2Fe-3Al (wt%) alloy and Ti-4Al-4Mo-2Sn-0.5Si
(wt%) alloy by Robertson and Meshan'"". This behavior
often results from competition between the work-hardening
and dynamic softening. The propagation and piling of
dislocations result in the work-hardening effect, which is
much stronger than the dynamic softening effect at the
beginning of deformation. After the flow stress reaches a
peak value, the dynamic softening effect becomes superior
to the work hardening effect, leading to the decrease of
flow stress with the strain increasing.

In addition, flow softening occurs after the flow stress
reaches the peak value and exhibits significant oscillatory
flow at higher strain rates and lower temperatures. The
adiabatic shear band at an angle of 45° to the compression
axis emerges when the alloy is compressed at strain rate of
1 s' and height reduction of 50% (Fig.3a). The
micro-cracks are also seen in Fig.3b when the alloy is
compressed at 930 °C and strain rate of 1 s™. Therefore,
those broad oscillations should be induced by this instable

deformation!'®

. The flow softening rate is also more
apparent during low temperature and high strain rate
deformation. It is because Ti,AINb-based alloys have low
thermal conductivity, leading to inadequate heat dissipation
during hot working and thus a significant local temperature
rise appears, especially at low temperatures or high strain
rates. Therefore, the local temperature rise plays a dominant
role in the flow softening. Moreover, the dynamic
recrystallization or recovery, voids and cracks formation,
etc. can also result in flow softening. Therefore, the
deformation mechanism of the alloy can not be accurately
determined in terms of only the shapes of the stress-strain
curves because different microstructural mechanisms of hot
deformation may result in similar stress-strain behaviors.
Furthermore, the flow stress of Ti-22Al1-25Nb (at%) alloy
decreases very quickly when the strain rate is low, as shown
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Fig.3 Shear bands at an angle of 45° to the compression

axis (a, a;) and micro-cracks (b)

in Fig.2a and 2b, and the decreasing rate increases with the
deformation temperature increasing. This phenomenon is
different from the traditional titanium alloys, such as Ti60""!
and TC21"® alloys, of which the stress keeps nearly a
constant when the alloys are compressed at low strain rates
(0.001 and 0.01 s™). This may be related to the dynamic
globularization of the O-phase lamellae during deformation.
The details about the dynamic globularization of the
O-phase lamellae will be discussed subsequently.

2.2 Constitutive model of deformation

The dependence of the flow stress on strain rate and
temperature can be expressed in the forms of an Arrhenius
kinetic rate equation!'”":

&=Ac"exp(-Q/RT) (1N
Where 4 is the material constant, ¢ is the strain rate (s™), Q
is the apparent activation energy for deformation (kJ-mol™),
o is the flow stress (MPa), T is the absolute deformation
temperature (K), R is the gas constant (8.3145 J/mol-K) and n
is the stress exponent.

Relationship between the peak flow stress and strain rate
in (a,+0O+B2) region during hot deformation are shown in
Fig.4a. The stress exponent 7 is calculated from the inverse
of the slope of the Ino-Ing& plot. n is equal to 5.7 by linear
regression based on the Origin8.0 software. Fig.4b shows the
peak flow stress in dependence of the deformation
temperature at different strain rates. The estimated value of
the average activation energy (Q) for Ti-22A1-25Nb alloy in
(a,+O+B2) region is calculated as 831 kJmol'. O of
Ti,AINb-based alloys has been examined for the creep
deformation, ranging from 250~450 kJ-mol™ **! smaller
than that of this study. Seshacharyulu™' indicated that the
high activation energy is related to the breakup or
globularization of lamellar phases.

Fig.5 shows that both factors exist for the current alloy.
The higher activation energy means the more difficult
activation of the deformation for the alloy. The constitutive
equation can be described as:

£=7x10""c>" exp(-831/RT) 2)
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Fig.5 Globularization of the O-phase lamellae and shear breakup

at an angle 45° to the compression axis (inset)

The effect of deformation temperature and strain rate on
the peak flow stress can be expressed by the Zener-Hollomon
parameter abbreviated as Z as follows:

Z =éexp(Q/RT) 3)

Variation of the peak flow stress with Zener-Hollomon
parameter for the current alloy is shown in Fig.6. The
correlation coefficient » for the linear regression of InZ-lno
plot is 0.94, indicating a good linear correlation between the
flow stress and Z value.

2.3 Dynamic globularization model

Fig.7a~7c¢ show the microstructures of samples compressed
at different temperatures with a low strain rate of 0.001 s’
and height reduction of 30%.
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Fig.6  Relationship between peak flow stress and Zener-
Hollomon parameter for Ti-22A1-25Nb alloy

It can be seen in Fig.7a that the microstructures comprises
of B2-phase matrix, O-phase lamellae and a small amount of
kinked and globularized O-phase when deforming at 930 and
950 °C. The O-phase lamellae are hard to be globularized
due to the restricted atom diffusion and phase boundary
migration at lower temperatures. In contrast, when the
temperature increases to 970 °C, the amount of globularized
O-phase particles has sharply increased. Therefore, the
O-phase lamellae favor to globularize at higher temperatures
owing to the larger recrystallization force. In addition, the
diameter of globularized O-phase particles increases with the
deformation temperature increasing, indicating its coarsening
behavior during heating process, which is also beneficial to
its further globularization.

Fig.7e~7f show the microstructures of the samples
compressed at different strain rates at 950 °C and a height
reduction of 70%. Generally, compared to the microstructure
of the alloy compressed at a higher strain rate (1 s™ in Fig.7d),
the O-phase lamellae are easier to be globularized at low
strain rates (0.01 s in Fig.7f). This phenomenon accords
well with that observed in Ti-5A1-5Mo-5V-1Cr-1Fe** and
Ti-6Al-4V 22 aloys.

It is well known that, the globularization may be
rationalized to two aspects™ > *%: break-up of lamellae and
formation of globules. First, the nativity of interphase
boundary which occurs at kinked (in Fig.8a) or sheared band
(in Fig.8c) of lamellae is indispensable for the break-up of
lamellae. This process is controlled by the effect of
dislocation glide with the strain. The O-phase lamellae
break up into discrete subgrains through intense shearing,
as observed in Fig.8a and 8b. with larger imposed strains,
more O-phase lamellae are sheared and globularized. The
interface migration occurs by diffusional processes and the
globular particles are formed. Thus it can be deduced that
the globularization of the O-phase lamellae is a dynamic
recrystallization behavior. The globularization behavior is
hard to occur at low temperatures or high strain rates due to
the slow diffusion rate or insufficient diffusion time. This
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Fig.7 Microstructures of samples compressed at different temperatures with strain rate of 0.001 s™: (a) 930 °C, (b) 950 °C, (c) 970 °C; at

different strain rates at 950 °C: (d) 1 s, (¢) 0.1 s, and (f) 0.01 s

P d
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Fig.8 Globularization behavior of the O-phase lamella: (a, b) kinked lamellae and (c, d) sheared lamellae

diffusional process is driven by the urge to minimize the
interfacial energy or the surface tension.

The fraction of dynamic globularized O-phase particles
with strain at various strain rates and deformation
temperatures are summarized in Fig.9. The results show
that the globularization fraction is very sensitive to the
deformation conditions and exhibits the sigmoid curves.
Similar  characteristics had been observed for
Ti-6.5A1-3.5Mo-1.5Zr-0.3Si alloy"””!. The dependence of
the fraction of dynamic globularized O-phase particles on
strain can be described by the equation

Joe =1-exp[-k(e—&,)'] 4

where fp,, is the volume fraction of dynamic globularized
O-phase particles, ¢ is the critical strain for initiation of
dynamic globularization, #» is the Avrami-exponent, and & is
the kinetic constant and temperature-dependent factor.

Non-linear curves fitting using Eq. (4) shows great
agreements with the experimental results observed in Fig.9.
Thus, the kinetics of dynamic globularization for the
current alloy can be well described by Avrami type Eq.(4).
The increase of the deformation temperature increases the
values of parameters k& and ». In addition, the values of
parameters n decrease with the strain rate increasing.
of ¢ for the
globularization are in the range of 0.02~0.17 and decrease

Moreover, the values initiation of
with the increase of temperature and decrease of strain rate.
It accords well with the microstructure investigation in
Figs.7~8. This phenomenon was also found in Refs.?***
which reported that the critical strains for initiation of
globularization are about 0.75~1.0 for Ti-6Al-4V alloys and
are all higher than the predicted values in this study. The
Ti,AINb-based alloy seems easier to be globularized due to

the thinner lamella for the initial microstructure.
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Fig.9 Fraction of globularized O-phase as a function of strain at various strain rates and deformation temperatures (dot: experimental data,

line: fitting results using Eq.(4), R is the relevance between the experimental and fitting results)

3 Conclusions

1) The discontinuous yielding and flow softening of
Ti-22A1-25Nb alloy can be observed from the stress-strain
curves. The flow softening is
globularization of O-phase lamellae and flow instability

relevant to dynamic

including 45° shear deformation, 45° shear cracking and
free-surface cracking.

2) A deformation constitutive model based on the
exponential law is developed to describe the deformation
temperature and strain rate dependence of the flow stress.
The deformation activation energy in (a,+O+B2) region is
calculated to be 831 kJ-mol™.

3) The globularization consists of two aspects including
break-up of lamellae and formation of globules. The
O-phase lamellae break up into discrete equiaxed O-phase
particles through intense shearing. The globularization of
the O-phase lamellae is confirmed to be a dynamic
recrystallization behavior.

4) High temperature or low strain rate is beneficial to the
globularization of the O-phase lamellae owing to the larger
recrystallization force and sufficient recrystallization time.
The size of globularized O-phase particles increases with
the deformation temperature increasing.

5) The kinetics of dynamic globularization for Ti,AINb
based alloy can be well described by the Avrami type.
Compared to the traditional titanium alloy, the alloy is
easier to be globularized due to the thinner lamella for the
initial microstructure.
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