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Abstract: Dynamic recrystallization (DRX) behavior in £ phase region for the burn resistant titanium alloy Ti—25V—15Cr—0.2Si was
investigated with a compression test in the temperature range of 950—1100 °C and the strain rate of 0.001-1 s™'. The results show
that deformation mechanism of this alloy in hot deformation is dominated by DRX, and new grains of DRX are evolved by bulging
nucleation mechanism as a predominant mechanism. DRX occurs more easily with the decrease of strain rate and the increase of
deformation temperature. Grain refinement is achieved due to DRX during the hot deformation at strain rate range of 0.01-0.1 s '
and temperature range of 950—1050 °C. DRX grain coarsening is observed for the alloy deformed at the higher temperatures of 1100
°C and the lower strain rates of 0.001 s'. Finally, in order to determine the recrystallized fraction and DRX grain size under different
deformation conditions, the prediction models of recrystallization kinetics and recrystallized grain sizes were established.

Key words: burn resistant titanium alloy; deformed microstructure; deformation mechanism; dynamic recrystallization prediction
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1 Introduction

Ti—25V—15Cr—0.2Si alloy, as a highly-f stabilised
titanium alloy (Ti-alloy) developed by Northwest
Institute for Nonferrous Metal Research of China in
1996, has extensive application prospects to an acrospace
area due to their excellent combination of better burn
resistance and application properties compared with
other burn resistant Ti-alloys such as Ti—Nb series and
Ti—Al-Cu series [1,2]. Unfortunately, its poor
workability make it fairly difficult to control its hot
working process [3], which limits the application of the
alloy. Therefore, it is necessary and significative to
improve the ductility performance of the alloy so that the
poor workability of the alloy can be overcome in hot
working.

Recently, it has been extensively accepted that
dynamic recrystallization is a powerful mechanism for
grain refinement in hot working process of alloys and
plays an important role in improving the ductility
performance of materials, such as steels [4,5],

magnesium alloys [6—8], and titanium alloys [9—11].
DRX has been observed in Ti—25V—-15Cr—0.2Si alloy
during hot working by some researchers. SUN et al [12]
researched the hot deformation behavior of Ti—25V—
15Cr-0.2Si alloy by processing map technology and
microstructure observation, and reported that DRX
occurred at temperature of 1050—1100 °C and strain rate
of 0.01-0.1 s”'. ZHAO et al [13] proposed subgrain
rotating and grain boundary bulging as the predominant
nucleation mechanism for DRX of Ti-25V—15Cr—0.2Si
alloy. The deformation activation energy of Ti—25V—
15Cr-0.2Si alloy deformed at temperature of 950—
1000 °C was calculated to be 276.7 kJ/mol by ZHAO et
al [14]. They also suggested that DRX was an important
deformation mechanism during the current high-
temperature deformation conditions. ZHANG et al [15]
studied the coarse grain superplastic deformation of
Ti—25V—15Cr—0.2Si alloy and suggested that the
superplastic  behavior of large-grained Ti—25V—
15Cr-0.2Si alloy could be explained by DRX and
dynamic recovery (DRV). However, little research work
was focused on DRX behavior of Ti—25V—-15Cr—0.2Si
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alloy, such as DRX kinetics and evolution of
microstructure associated with DRX in hot working.

The present work aims to investigate DRX behavior
of burn resistant titanium alloy Ti—25V—-15Cr—0.2Si
under hot working with the help of hot compression tests
on the Thermecmaster-Z hot simulator. The effects of
deformation parameters on DRX evolution have been
investigated. Deformation mechanism and DRX
mechanism have been discussed, and the prediction
models of DRX have been developed.

2 Experimental

The as-received Ti alloy is the ingot forged above
p-transus temperature, which consists of a single § phase
(Fig. 1). It has the nominal chemical composition of
Ti—25V—15Cr—0.2Si. The cylindrical specimens with the
diameter of 8§ mm and the height of 12 mm were
machined with flat bottomed grooves on both end
surfaces of the specimens for holding the lubricant in
such a way to reduce the friction between die and
specimen. The hot compression tests were conducted in
the temperature range of 950—1100 °C, the strain rate
range of 0.001-1.0 s™' and the high reduction range of
10%—60% on a Thermecmaster-Z hot simulator.
Specimens were heated to corresponding test
temperatures at the rate of 5 °C/s and kept for 300 s
before hot compression in order to obtain a uniform
deformation temperature. After hot compression, the
specimens were cooled in the air, followed by the
sectioning along the longitudinal axis direction. The
sectioned samples were finally prepared according to the
standard metallographic procedure for microstructure
examination by optical microscopy.

Fig. 1 Original microstructure of Ti—25V—15Cr—0.2Si alloy in

as-received condition
3 Results and discussion
3.1 Flow stress behavior

Typical stress—strain curves of the alloy during the
isothermal compression at different temperatures and

strain rates are shown in Fig. 2. Generally, the shape of
stress—strain curves of materials articulates the intrinsic
relationship of flow stress with thermodynamic behavior,
which helps in identifying the mechanism of hot
deformation. As can be seen from Fig. 2, the
stress—strain curves present the characteristics that the
flow stress increases sharply to a maximum and
decreases gradually to a steady-state with further
straining. This suggests that the mechanism of work
hardening is balanced by the softening process which
may be associated with DRX or DRV in hot deformation.

3.2 Activation energy

The constitutive relationship between flow stress,
temperature, and strain rate during hot working at a
given strain can be described by an equation known as
the Arrhenius-type relation as follows [16]:

& = 4 sinh(ac,)" exp[-Q/(RT)] (1

where A4;, o and n are material dependent constants, Q is
the deformation activation energy (J/mol), R is the gas
constant of 8.314 J/(mol'K), o, is the peak stress, & is
the strain rate (s '), T'is the temperature (K).

When a0,<0.8, Eq. (1) can be simplified as

&= A0, exp[-Q/(RT)] )

When ao,>1.2, Eq. (1) can be simplified as
& = Ay exp(fo,) exp[-Q/(RT)] 3)

where A,, A3 and f are material dependent constants, and
a=f/n. According to the peak stress of the stress—strain
curves, the relationship curves of Ing and Ing, , and the
relationship curves of Iné and o, are determined, as
shown in Fig. 3. The values of n and f are equal to the
mean linear slope of 3.231 and 0.02375 in Figs. 3(a) and
(b), respectively, and the value of a can thus be obtained
to be 0.00735.

Taking natural logarithms then partial derivative on
both sides of Eq. (1), we have

R olné dlnsinh(ao),)
0= dInsinh(arc,) o(/T)

“

According to the relationship of In & —In[sinh(ao,)]
and In[sinh(ao,)]—1/T shown in Fig. 4, the mean values
of the linear slopes are taken as the values of
0lné/dInsinh(ao,) and Olnsinh(ao,)/o(1/T),
which are found to be 12803 and 2.317, respectively.
According to Eq. (4), the value of Q is thus found to be
246.7 kJ/mol.

The deformation activation energy is an important
physical parameter applied in understanding of DRX
difficulty degree during hot working. The occurrence
of DRX in Ti-alloys is expected when its deformation
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Fig. 2 Typical flow stress—strain curves of Ti—25V—15Cr—0.2Si alloy deformed at 950 °C (a), 1000 °C (b), 1050 °C (c) and
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activation energy outclasses self-diffusion activation
energy [17]. Conversely, the occurrence of DRV is
expected. In the present investigation, the deformation
activation energy of Ti—25V—15Cr—0.2Si alloy in the f
phase field is 246.7 kJ/mol, which is much higher than
the self-diffusion activation energy of 153 kJ/mol [18].
This indicates that the deformation mechanism of this
alloy is dominated by DRX.
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3.3 Evolution of microstructure

Optical microstructures of the alloy compressed at
the temperature of 1100 °C and the strain rate of 0.01 s
with various strains are given in Fig. 5. Observation
reveals the occurrence of DRX in the alloy deformed in S
phase field, which results in prior § grains refinement.
The initial microstructure of the alloy consists of
equiaxial # grains with the grain size of about 150 um.
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Fig. 5 Optical microstructures of specimens hot compressed at 1100 °C, 0.01 s and strain of 0 (a), 0.11 (b), 0.51 (c), 0.92 (d)

As the strain is increased to 0.11, the grain boundaries
extensively become serrated and bulging, along which a
few small dynamically recrystallized grains can be seen
(denoted by the arrow in Fig. 5(b)). This suggests that
bulging could be a DRX mechanism of the alloy during
hot working. As the strain is further increased to 0.51,
many DRX grains along the original grain boundaries are
observed, and a “necklace” structure is formed (denoted
by the arrow in Fig. 5(c)). It is noted that the
microstructures have no significant grain refinement due
to the very small recrystallized fraction. With the
increase of straining to 0.92, DRX grains become
dominative, resulting in a recrystallized fraction of about

90% and a remarkable grain refinement compared with
the initial microstructure.

The influence of the deformation temperature and
the strain rate at a strain of 0.92 on the microstructure
associated with DRX is illustrated in Fig. 6. The obvious
microstructure changes of the alloy deformed in different
deformation conditions are observed. At the deformation
temperature of 950 °C, the initial grain becomes
elongated and the fine equiaxed DRX grains appear near
the initial grain bourdaries (as shown in Fig. 6(a)). It has
no significant grain refinement of the alloy due to the
small fraction of recrystallized grains. At the deformation
temperature of 1000 °C and 1050 °C, more DRX grains
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Fig. 6 Optical micrographs of specimens hot compressed with strain of 0.92: (a) 950 °C, 0.01 s'; (b) 1000 °C, 0.01 s;
(¢) T=1050 °C, 0.01 s '; (d) T=1100 °C, 0.01 s '; () 1100 °C, 0.1 s™"; (f) 1100 °C, 0.001 s'

occur (as shown in Figs. 6(b) and (c)). When the
deformation temperature is 1100 °C, the microstructure
shows apparent DRX with the recrystallized fraction of
about 90%, leading to grain refinement compared with
the initial microstructure (as shown in Fig. 6(d)). With
the increase of strain rate, the percentage of DRX and the
size of the DRX grains decrease. It is worth noting that
no significantly grain refinement of the alloy deformed at
strain rate of higher than 0.1 s™' or lower than 0.001 s
happens (as shown in Figs. 6(e) and (f)), the reason of
which lies in small fraction of recrystallized grains at
strain rate of higher than 0.1 s™' and coarsened DRX
grains predominantly at lower than 0.001 s ™.

3.4 Dynamic recrystallization kinetics

The relationship between DRX fraction and
straining time of the alloy deformed in the temperature
range of 950—1100 °C and the strain rate range of

0.001-1 s', plotted as a DRX kinetics, is presented in
Fig. 7. It can be seen that the DRX kinetic curves are
characterized by S-shape, in which the fraction of DRX
slowly increases firstly, then rapidly increases and slowly
increases finally again with the increase of strain. In
addition, with the increase of deformation temperature
and the decrease of strain rate, DRX fraction increases.
In general, the recrystallized fraction is used to fit an
Avrami-type sigmoidal curve as follows [19,20]:

4
Xppx = 1—exp —k('s 8"] L e>e, )
€os

where Xpry is the recrystallized fraction, ¢ is the strain, &,
is the critical strain in which DRX occurs, K and ny are
constants, &ys is the strain for 50% of recrystallization,
which can be expressed by
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Fig. 7 Dependence of dynamic recrystallization fraction on deformation time at temperature of 950 °C (a), 1000 °C (b), 1050 °C (c)

and 1100 °C (d)

— =B, &

Eos =B € exp(RT) (6)
where B;, B, and Q; are constants. According to the
value of g5 determined from DRX Kkinetic curves shown
in Fig.7, the values of By, B, and Q; in Eq. (6) can be
determined by regression analysis to be 7.14, 0.4991 and
4229.7, respectively, and Eq. (6) can therefore be written
as

o5 = 7.14 041 exp(%j (7)

Taking natural logarithms on both sides of Eq. (5),
we have

In[-In(l - Xppy )] = Ink + 1y h{g"ﬂ (8)
€05

According to the relationship of In[—In(1—Xpgrx)]

and ln[g_gcJ shown in Fig. 8, the values of ny4 and
€05

In & are equal to linear slope of 1.193 and linear intercept
of —0.4108, respectively.
As a result, the following equation for the

In[-In(1-Xpry)]

In[(&-¢c)/eos]
Fig. 8 Relationship between In[—In(1-Xprx)] and In[(e—¢.)/g 5]
for Ti—25V—-15Cr-0.2Si alloy

recrystallized fraction is obtained as

1.193
Xppy = 1—exp —0.66312><(8_8CJ )
€05

3.5 Dynamic recrystallization grain size
The variation of dynamically recrystallized grain
size as a function of the strain rate and the deformation
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temperature is shown in Fig. 9. It can be seen that
dynamically recrystallized grain size clearly decreases
with increasing strain rate and decreasing deformation
temperature. As the strain rate increases and temperature
decreases, more small DRX grains are formed, resulting
in a reduced grain size. It is worth noting that an
incompletely DRX arises at high strain rate or low
temperature, in which the fraction of recrystallized grains
is very small and no significant grain refinement
happens.
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Fig. 9 Influence of strain rate (a) and deformation temperature

(b) on dynamically recrystallized grain size

The dynamically recrystallized grain size as a
function of the Zener—Hollomon parameter Z
(Z =¢€exp[Q/(RT)]) is plotted in Fig. 10, which is
given by an inverse power law of the form as

D=AZ" (10)

where D is the dynamically recrystallized grain size, A4 is
a constant, and # is the power-law exponent. Equation of
this form has been used to predict the dynamically
recrystallized grain size developed during hot working of
materials. According to a linear regression between In D
and In Z, the values of 4 and n are determined in the
present work to be 9.23x10*and 0.198, respectively, and
thus the prediction equation of the dynamically

recrystallized grain size for the alloy can be written as
D=9.23x10°Z" ",

5.0
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20
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Fig. 10 Influence of Z-parameter on dynamically recrystallized
grain size

4 Conclusions

1) Deformation mechanism is dominated by DRX
with the a predominant
mechanism during hot working of the alloy.

2) The activation energy is calculated to be
246.7 kJ/mol which is much higher than self-diffusion
energy. This may be responsible for the occurrence of
dynamic recrystallization.

3) Grain refinement by DRX occurs in the strain
rate range of 0.1-0.01 s™' and the temperature range of
950—-1050 °C, and coarse grain via DRX happens at the
higher temperatures of 1100 °C and the lower strain rates
of 0.001 s ' during the hot deformation of the alloy.

4) The recrystallized fraction increases with
increasing of deformation temperature and decreasing of
strain rate. The relationship between recrystallized
fraction and deformation conditions can be described by

bulging mechanism as

1.193
Xppx =1—exp —0.66312{‘9_‘90]
€05

5) The dynamically recrystallized grain size
increases with decreasing of the Zener—Hollomon
parameter Z. The prediction equation of the dynamically
recrystallized grain size for the alloy can be written as
D=9.23x10°Z" ",
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