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Abstract: Hot deformation behaviors and microstructure evolution of Ti—3Al-5Mo—4Cr—2Zr—1Fe (Ti-35421) alloy in
the S single field are investigated by isothermal compression tests on a Gleeble—3500 simulator at temperatures of
820—900 °C and strain rates of 0.001—1s'. The research results show that discontinuous yield phenomenon and
rheological softening are affected by the strain rates and deformation temperatures. The critical conditions for dynamic
recrystallization and kinetic model of Ti-35421 alloy are determined, and the Arrhenius constitutive model is
constructed. The rheological behaviors of Ti-35421 alloys above f phase transformation temperature are predicted by
the constitutive model accurately. The EBSD analysis proves that the deformation softening is controlled by dynamic
recovery and dynamic recrystallization. In addition, continuous dynamic recrystallization is determined during hot
deformation, and the calculation model for recrystallization grain sizes is established. Good linear dependency between
the experimental and simulated values of recrystallized grain sizes indicates that the present model can be used for the
prediction of recrystallized grain size with high accuracy.

Key words: Ti—3Al-5Mo—4Cr—2Zr—1Fe alloy; microstructure evolution; Arrhenius constitutive model; deformation
softening; continuous dynamic recrystallization

been used for the manufacture of the parts of
airplanes, automobiles, and human-occupied
vehicles [7]. However, many near-f alloys,

1 Introduction

Owing to the high yield strength, excellent
resistance to fatigue crack growth and corrosion,
titanium and its alloys have been widely used in
many key fields [1-3]. The near-f titanium alloys
have some advantages compared with other
commercial titanium alloys, including complete £
phases after quenching, lower £ transformation
temperature (7)), good welding performance,
superior combination of strength, plasticity and
excellent processing performance [4—6]. Due to
these merits, the near-f titanium alloys have

such as Ti—5Al-5Mo—5V-1Cr—1Fe (Ti-55511),
Ti—5A1-5Mo—5V-3Cr—1Zr (Ti-55531), Ti—5Al-
5Mo—5V-3Cr (Ti-5553) and Ti—10V—2Fe—3Al
(Ti-1023) [8—11] contain high-value alloying
elements, typical V element, which weaken the cost
advantages and limit their large-scale application.
Hence, the strategy of the replacements of high-
price V element by low-price elements for the
improvement of the mechanical performance
becomes attractive for near-f titanium alloys.
Ti—3Al-5Mo—4Cr—2Zr—1Fe (Ti-35421) alloy was a
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new low-cost near-f titanium alloy based on
Ti—3Al-5Mo—5V—-4Cr-2Zr (Ti-B19) [12]. The
Ti-35421 alloy was obtained by replacing the V
element in Ti-B19 alloy with low-cost Fe element
and keeping the Mo equivalent constant, and it has
the strength of 900—1450 MPa and elongation of
6%—15% [13].

As has been known, work hardening (WH),
dynamic recovery (DRV) and dynamic recrystal-
lization (DRX) occur in titanium alloys with low
stacking faults during thermal deformation [14—17].
These phenomena complicate the hot deformation
process and affect the evolution of the micro-
structure and mechanical properties. In addition, the
hot deformation parameters, including deformation
temperature, strain rate and strain, are the main
factors leading to changes in the deformation
behaviors of titanium alloys [18—20]. In order to
design and optimize the hot deformation parameters
of low-cost Fe-containing titanium alloys, and
provide the theoretical basis for industrial
production, the hot deformation of Ti-35421 alloy is
deserved to be investigated in detail. It is of great
significance to study the influence of microstructure
evolution on flow behaviors and discuss the
mechanism of the hot deformation.

Over the last few years, a large number of
helpful studies have been conducted on the hot
deformation behaviors in compression mode and
microstructure evolution of Fe-containing near-f
titanium alloys. LIANG et al [21] investigated the
dynamic recrystallization behaviors of Ti-55511
alloy and obtained the dependence of DRX
process on deformation parameters from Avrami
kinetics analysis. BALASUBRAHMANYAM and
PRASAD [22] analyzed the hot deformation
behaviors of Ti—10V—4.5Fe—1.5Al alloy and found
that DRX occurred in the temperature range of
750—900 °C and strain rate range of 0.001—0.1s™".
WANG et al [23] investigated the precipitation
behaviors of Ti-55511 alloy during hot compression
and found that the deformation mechanism
was related to deformation parameters. The
above research is very useful for understanding
the deformation mechanism and microstructure
evolution of Fe-containing near-f titanium alloy
above T3. However, there are few studies on the
constitutive models of the hot deformation and
microstructure evolution of Fe-containing low-cost
titanium alloys. At the same time, the effects of

DRV and DRX on the flow stresses and DRX
mechanism in the single-phase region are not clear.
Therefore, it is necessary to construct the
constitutive models and understand the hot
deformation mechanisms in order to guide the hot
deformation process of near-£ titanium alloys above
Ts.

In this study, the hot deformation behaviors
and DRV, DRX and continuous dynamic
recrystallization (CDRX) mechanisms of Ti-35421
titanium alloy above T} are investigated. A newly-
developed constitutive model with better accuracy
is aimed to establish for the analysis of WH, DRV
and DRX based on the hot compression
experiments and further to use to predict the flow
stresses during the hot deformation. The critical
conditions for the occurrence of DRX are extracted
and the DRX kinetic model is built up. The
depending relationship between the predicted
value based on the constitutive model and the
experimental data is investigated. Furthermore, the
influence of hot deformation parameters on the
microstructure evolution of the Ti-35421 titanium
alloy is analyzed by EBSD. The deformation
softening mechanism is discussed. It is highly
expected that the recrystallized grain size can be
predicted by the present model more accurately.

2 Experimental

The Ti-35421 alloy with compositions of
3.04A1-5.14M0—-4.22Cr-2.08Zr-0.99Fe—Ti (wt.%)
was used in this study and 73 of Ti-35421 was
determined to be (803+5) °C by the metallographic
method. The as-received Ti-35421 slabs were held
at 860 °C for 0.5 h followed by air cooling to obtain
a single phase £ microstructure. Hot deformation
behaviors were investigated by the hot deformation
tests on a Gleeble—3500 mechanical simulator. The
schematic experimental process of the Ti-35421
alloy is shown in Fig. 1. The compressed samples
had dimensions of 12 mm in height and 8§ mm in
diameter. The deformation temperatures were set to
be 820, 840, 860, and 900 °C, respectively. The
samples were heated to the setting temperature with
a heating rate of 10 °C/s and homogenized for 0.5 h.
The specimens were immediately quenched by
water to reserve the deformed microstructure. The
specimen was compressed at the strain rates of
0.001-1s™" and a height reduction of 60%. The
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slices parallel to the compression axis direction at
the center position of the compressed samples
were selected for the microstructural analysis.
For the electron backscatter diffraction (EBSD)
examination, the specimens were electro-polished
in a solution of 95% acetic acid and 5% perchloric
acid at 25 °C with the voltage of 35V and the
polishing time of 40s. The scanned area was
500 um X 400 pum and the step size was 0.5 um. The
data were analyzed using the OIM Analysis
software. The boundaries with misorientations
between 2° and 15° were defined as low-angle
grain boundaries (LAGBs), while those with
misorientations larger than 15° were defined as
high-angle grain boundaries (HAGBs). White and
black lines in EBSD maps indicate LAGBs and
HAGBS, respectively.

Hot compression

T=(803+5) °C
Temperature:
820, 840, 860 and 900 °C
Strain rate:

0.001, 0.01,0.1 and 1 s
\ Height reduction: 60% /

Temperature

10 °C/s

Water quenching

Time

Fig. 1 Schematic experimental process of Ti-35421 alloy

3 Results

3.1 Hot deformation behaviors of Ti-35421 alloys

above Tp

The initial microstructure of the Ti-35421
alloy solution treated at 860 °C for 0.5 h is shown
in Fig. 2(a). The starting material after solution
treatment comprised equiaxed S grains with the
average size of about 200 um. Different colors
represent different grain orientations and the colors
of grain boundary represent different kinds of grain
boundaries (LAGBs and HAGBs). The frequency
of the LAGBs is 17.1% while that of the HAGBs is
82.9%. As shown in Fig. 2(b), several diffraction
peaks centered at 26 values of 39.05°, 56.28°,
70.19° and 82.95° are well assigned to (110), (200),
(211) and (220) to S phases and one peak at 26
value of 35.09° is arisen from a phase according to
JCPDF Nos. 51-0631 and 44-1294, respectively. It

should be pointed out from the XRD pattern that the
microstructure is almost full § phase with BCC
structure in the quenched specimen.

(®) A(110)

p211)

£(200) 5(220)

1 1 1 1
20 30 40 50 60 70 80 90
20/(°)

Fig. 2 Initial microstructure (a) and XRD pattern (b) of
Ti-35421 alloy solution treated at 860 °C for 0.5 h

Figure 3 shows the typical true stress—strain
curves, yield drop value (Ao, Ac=0,—01, ou is the
upper yield stress, and o is the lower yield stress)
and Y4 (Y¢=Ao/oy) of Ti-35421 alloy at different
temperatures (820, 840, 860 and 900 °C) and strain
rates (0.001, 0.01, 0.1 and 1s7'). The true
stress—strain curves have a similar tendency under
different conditions. All curves have a single peak
during the deformation process, which is consistent
with the reported data [24]. Simultaneously, WH
and dynamic softening also appear during the hot
deformation. In this work, the discontinuous yield is
quantified by the yield drop value and value of Ygas
shown in Figs. 3(e) and (f), respectively. It can be
clearly seen from Fig.3(e) that Ao gradually
increases as the temperature decreases. At the same
temperature, Ao increases firstly and then decreases
when the strain rate increases. When the strain rate
is high (0.1 s™"), the yield drop value is also high,
which is consistent with the reported case [25]. The
Ao is related to chemical composition, grain size
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Fig. 3 True stress—true strain curves (a—d), yield drop value Ao (e) and value of Yy (f) of Ti-35421 alloy under different

conditions: (a) 820 °C; (b) 840 °C; (c) 860 °C; (d) 900 °C

and deformation parameters. For titanium alloys
with different compositions, the type and content of
[-stabilizing elements also affect the yield drop [26].
The value of Y4 exhibits a minimum at 820 °C and
low strain rate (0.001s™"), as shown in Fig. 3(f).
And it can be seen that the value of Yy increases
with the increase of strain rate. It is similar to the
result of PHILIPPART and RACK [27]. The flow
stress increases sharply and then reach its peak, and

at last it drops. This is known as the discontinuous
yield phenomenon (DYP), and it is a distinctive
feature when the hot compression temperature is
above Tp. This has been observed in many near-f
titanium alloys, such as Ti—-10V—4.5Fe—1.5Al [22],
Ti-55531 [28], and Ti-1023 [25]. FAN et al [29] has
reported that mobile dislocations are generated at
the grain boundaries and then diffuse into grain
interior as the strain increases during the hot
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deformation of the near-f titanium alloy.

In order to study the microstructure evolution
of the Ti-35421 alloy deformed above T7j, the
orientation maps of the samples at different
deformation temperatures of 820—900 °C and strain
rates of 0.001—1 s™' were analyzed. Figure 4 shows
the effect of the strain rate on the evolution of
microstructure. When the strain rate is 0.001 s !, the
equiaxed subgrains are formed within the grains
and the size is similar to the recrystallized grain size
(Figs. 4(m) and (p)). As the strain rate increases, the
substructures begin to become discontinuous, and
they are mainly distributed near the pre-existing
boundaries of S grains. In addition, the size of
substructure decreases with the increase of the
strain rates, which is ascribed to insufficient time
for the dislocations to slide and climb at the high
strain rates. Simultaneously, the recrystallized
grains also change significantly as the deformation
rate increases. The approximately equiaxed
recrystallized grains are obtained at 0.001 s'. When

the strain rate increases to 0.01s™' in Figs. 4(i-1),
the size of DRX grains becomes smaller and the
number of subgrains decreases. As the strain rate
further increases to 1s™', smaller DRX grains are
formed along the original HAGBs and DRX grains
are smaller due to the short deformation time, as
shown in Figs. 4(a—d). The effect of temperature on
the evolution of microstructure can be revealed in
Fig. 4. As the temperature increases, the volume
fraction and grain size of recrystallized grains
increase significantly, especially at lower strain
rates (<0.01s™"). In addition, a large number of
LAGBs (white lines) can be found at lower
temperatures (Fig. 4(m)). As the temperature
increases, the LAGBs gradually decrease. This is
considered that the LAGBs absorb dislocations to
result in the formation of HAGBs and form
HAGBs-recrystallized grains at higher temperatures.
At the same time, when the strain rate is low
(£0.01 s7"), the recrystallized grains have sufficient
time to grow up. Thus, the volume fraction and size

&

—~ <

Fig. 4 Orientation maps of deformed samples at different temperatures and strain rates: (a) 820 °C, 1 s™'; (b) 840 °C,
157! (c) 860 °C, 1s7%(d) 900 °C, 1 s7%; (e) 820 °C, 0.1 s7%; (f) 840 °C, 0.1 s7!; (g) 860 °C, 0.1 s7%; (h) 900 °C, 0.1 s°7%;
(i) 820 °C, 0.01 s7%; (j) 840 °C, 0.01 s7%; (k) 860 °C, 0.01 s7%; (1) 900 °C, 0.01 s7'; (m) 820 °C, 0.001 s7'; (n) 840 °C,

0.001 s7'; (0) 860 °C, 0.001 s°'; (p) 900 °C, 0.001 5!
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of the
increased.

recrystallized grains are significantly

3.2 Constitutive model coupled with DRX

As we all known, the diffusion activation
energy is an important indicator to determine the
deformation mechanism. If the activation energy is
similar to the self-diffusion activation energy of
pure S titanium alloy, it indicates that the main
deformation mechanism is DRV [30]. In this work,
the peak stress was selected to calculate activation
energy. For the metallic materials, the Zener—
Hollomon parameter (Z) can be described as
follows [31,32]:

InZ = lné‘+%= In A + nin[sinh(ao)] (1)
{ln B+nlno—-Q/(RT) (ac <0.8)
In &= (2)
In C+ fo—Q/(RT) (00 >1.2)

where € is the strain rate; Q is the activation
energy; 7 is the absolute temperature (K); R is the
molar gas constant (8.314 J/(mol-K); 4, B, C, m
and f are the material constants; ¢ is the stress; n is
the stress component; a=f/n;. Equation (3) can be
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obtained by taking the partial derivatives with
respect to 7 of Eq. (1):
L

raian |

In order to predict the flow stress more
accurately, the effect of strain on the material
constants should be considered [9]. According to
Eq. (2) and Eq. (3), the values of n; and S are
determined by calculating the slope of the curve, as
shown in Figs. 5(a) and (b). The value of a can be
determined by the values of n and g (a=f/n =
0.01274). The reciprocal of the average slope in
Fig. 5(c) is 2.831, and the average slope in Fig. 5(d)
is 9.707. Based on the data and molar gas constant
(R), the value of activation energy is determined
to be 228.5kJ/mol (Eq.(3)). The self-diffusion
activation energy of pure S titanium alloy is
153 kJ/mol [30]. DRV and DRX occur at higher
temperatures. The value of @ is higher than
153 kJ/mol, which indicates that DRV and DRX
occur simultaneously. Therefore, the corresponding
true stress—true strain curves of Ti-35421 alloy can
be divided into two types, as shown in Fig. 6 [33].

dln[sinh(ao)]
o(1/T)

dlné
dln[sinh(ao)]

3)

Q

200 L (b)
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Fig. 5 Relationships of In 6-In & (a), o-Iné (b), In[sinh(ac)]-Iné (c), and In[sinh(ac)]—-1/T (d)
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The true stress—strain curves during DRV can be
illustrated by Line a in Fig. 6 [33]. First of all, the
stress increases quickly and WH begins to appear;
afterward, the gradual decrease of the slope
indicates that the material begins to deform
uniformly and WH undergoes. With the
strengthening of WH, DRV begins to appear and
gradually strengthens. The softening caused by
DRV gradually offsets the WH effect, and the slope
of the curve decreases and tends to be horizontal.
Finally, the WH caused by deformation and the
softening caused by DRV are balanced, the flow
stress stops increasing and becomes saturated (o),
and the true stress—strain curve remains horizontal.
The true stress—strain curve during DRX can be
explained by Line b in Fig. 6. It can be divided into
three stages. In Stage I, the stress rises rapidly with
the increase of strain due to the WH. In Stage II, the
strain reaches the critical value ¢., the DRX begins
and its softening effect gradually increases with
increasing strain. When >0, (0, is the peak stress),
the softening effect of DRX exceeds WH and the
stress decreases with increasing strain. In Stage III,
the WH and the softening caused by DRX tend to
balance as the strain increases, the flow stress tends
to become steady (os). In order to establish the
model describing the relationship among WH, DRV
and DRX, the parameters in Fig. 6 need to be
determined, including the yield stress (09), saturated
stress (osat), steady stress (os), critical strain (&),
and peak strain (gp).

Based on the dislocation density theory, the
evolution of dislocation density mainly includes
the multiplication and annihilation of dislocations.
The flow stress during DRV and WH (61.¢) can be
expressed as

0,

rec
0 / a

y
0-0 SS b

I II 111

Stage I: WH + DRV
Stage II: WH + DRV + DRX
Stage III: DRX

& & &

Fig. 6 Stress—strain curves including WH, DRV and
DRX [33]

Ore =02 +(02 —02)-exp(—Q€) (<) (4)

where ¢ is the strain, and Q is the coefficient of
DRV.

It can be seen from Eq.(4) that the three
parameters (osa, ooand £2) need to be determined in
order to get the value of o... Generally, the Zener—
Hollomon parameter can be used to characterize the
influence of different hot deformation conditions on
the characteristic parameters of stress—strain curves
(such as s, 00 and £2). The value of yield stress
(0v) at different temperatures and strain rates can be
acquired from the stress—strain curves. The yield
stress (o) is taken as the stress corresponding to an
offset strain of 0.02. A third order polynomial is
used to fit the relationship between oy and In Z,
which can be written as Eq. (5). Figure 7(a) shows
that the experimental data and the fitted curves have
a good correlation.
00=—0.32(In Z)*+21.79(In Z)*—459.52In Z+3135

(%)

Figure 7(b) shows that a third order
polynomial is established to model the relationship
between the saturated stress (ow.) and In Z. The
equation can be expressed as

0sa=0.35(In Z)*+23.23(In Z)>—479.62In Z+3219
(6)
DRV is the main softening mechanism when
the strain is less than the critical strain of DRX
during hot deformation process. Therefore, the
value of ©Q can be calculated using the stage before
the critical strain in the stress—strain curve.
Figure 7(c) shows that there is a linear relationship
between the In £2 and In Z, and the relationship
between £2and Z can be expressed as

Q2 =exp(0.27In Z—1.66) @)

Therefore, the constitutive relation of the
Ti-35421 alloy during the WH and DRV can be
expressed as

Orec = \/O-szat + (O-g - O-szat) ’ exp(—Qg )
0,=-0.32(In Z2)* +21.79(In Z)* -
459.52InZ +3135
0, =-0.35(nZ)’ +23.23(InZ)* - (8)
479.62InZ +3219 (e<¢&,)
02 =exp(0.27In Z —1.66)
228500
RT J

Zzéexp(
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Equation (8) can be used to predict the flow
stresses of the Ti-35421 alloy during the hot
deformation stage with the temperatures and strain
rates of 820 to 900°C and 0.001 to 1s',
respectively. By analyzing the stress—strain curves
and the results of the EBSD data, it can be
concluded that DRX occurs in the Ti-35421 alloy.
However, the moment when DRX happens cannot
be intuitively obtained from the stress—strain curves
and EBSD data. Therefore, it is necessary to

perform data processing on the stress—strain curves
to obtain the #—c¢ curves (6=do/de) and the —df/do
curves, and then the critical point of the WH rate is
used to determine . and o, of DRX. When the
critical condition of Ti-35421 recrystallization is
determined by calculating the WH rate (6=do/d¢),
the slope of the stress—strain curve corresponding
to each strain can be obtained. Many researchers
have proposed different mathematical models to
determine the critical strains. WU and HUANG [33]
determined the critical value by fitting a third-order
polynomial. GOTTSTEIN et al [34] have determined
the critical strain through the dislocation WH model.
Combined with the principle of the incremental
work balance in the thermodynamic system,
POLIAK and JONAS [35] have proved that the
critical condition for DRX is d(—dé/do)/do=0,
which is the inflection point of the 6—¢ curve or the
lowest point of the —(df/do)—o curve. This model
has been employed to confirm the critical
conditions here. Figure 8 shows the curves of 6—¢
and —(d6/do)—o at 840 °C and 0.01 s™'. The critical

2000

(@)

1500 -

6/MPa
=
S
[}

500

400 F (b)

300

200

-d6/de

100 -

ot o, —

0 20 40 60 80 100
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Fig. 8 Curves of #—¢ (a) and —(d6/do)—0c (b) at 840 °C
and 0.01 s!
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stress (oc) for recrystallization is determined by the
—(df/do)—o curve (Fig. 8(b)) and the peak stress (op)
is determined by the intersection of the curve and
6=0 (Fig. 8(a)). The saturated stress (os) for DRV
can be obtained by making the tangent line of o
and extrapolating the line to =0 (Fig. 8(a)). After
determining o. and o, the corresponding & and ¢,
can be obtained from the stress—strain curves. The
values of o, and &. under different hot deformation
conditions are shown in Table 1. It can be
concluded that the values of o. and . are mainly
affected by the strain rate and deformation
temperature. As the strain rate increases,
gradually increases. Figure 9 shows the —(df/do)—c
curves of Ti-35421 alloy under different hot
deformation conditions. Obviously, each curve has
a lowest point, which proves that DRX occurs

O¢

under different conditions.

The analysis of DRX process and the
calculation of volume fraction of recrystallized
grains (Xax) have attracted the interest of many
researchers, where the kinetic model is commonly
known. The kinetic model can be expressed as [36]

(2)
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Table 1 Critical parameters o. and & of DRX under
different hot deformation conditions

Deformation i »
temperature/°C Strain rate/s o./MPa e
0.001 36.3 0.022
0.01 67.6 0.020
820
0.1 136.4 0.013
1 196.7 0.020
0.001 27.1 0.020
0.01 56.3 0.018
840
0.1 1212 0.012
1 159.9  0.012
0.001 27.8 0.013
0.01 59.3 0.026
860
0.1 111.6 0.023
1 163.4  0.042
0.001 22.3 0.013
0.01 465 0.020
900
0.1 93.5 0.024
1 129.7  0.008
600 1)
400 |
1s!
3 200}
% 0.01s7! \ 0.1 &
0 L
N 0.001 57!
-200
0 50 100 150 200
o/MPa
1000
(d)
800 -
600 |
_g ~N
I 400 T
T
200 ‘
-1
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-200 0.001 s I | I
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Fig. 9 Fitting curves of —(df/do)—o at different temperatures: (a) 820 °C; (b) 840 °C; (c) 860 °C; (d) 900 °C
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K
Xy, =1—exp —B[S_SCJ (e>¢,) (9)
£

p

where B and K are the material constants.
Simultaneously, another formula can be used to
calculate Xarc, which can be expressed as

X, - Ao
o. —O.

sat Ss

(e>¢,) (10)

where Ao is the difference between oy and oqrx, and
it represents the net softening value caused by
DRX.

A third order polynomial is adopted to fitting
the relationship between o and In Z, and it can be
represented as

05=0.080(In Z2)*-3.09(In Z)*+41.54In Z—125.3 (11)

Figure 10(a) shows that the third-order
polynomial can predict the value of o, more
accurately.

In order to determine the DRX kinetic model
of Ti-35421 alloy, the relationship between
In[-In(1-Xu4x)] and In[(e—ec)/e,] is shown in
Fig. 10(b). The parameters B and K are obtained
from the intercept and slope of the fitted curve
as 0.0101 and 1.72, respectively. Therefore, the
kinetic model expression of DRX is determined as

E—¢,

1.72
Xy =1—exp —0.0101[ ] (e>e) (12)

p

The flow stress during the DRX can be
obtained by substituting Eq. (12) into Eq. (10), and
can be expressed as

150

50
= Experimental
— Fitted

0 1 L I I
16 18 20 22 24 26

InZ
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Ogx =01 — (Gs - O-ss) :

at

1.72
1—exp —0.0101(‘9_‘%] e>e) (13)
&

p

Equations (8) and (13) are used to predict the
flow stress of Ti-35421 alloy under different
hot deformation conditions. Figure 11 shows the
comparison between the predicted value of flow
stress and the experimental data under different hot
deformation conditions. The comparison shows that
the predicted value is in good agreement with the
experimental data at the strain softening stage.
When the strain is less than 0.1, it is observed that
there exist some errors, which is consistent with the
reported results [15,37]. The reason for this may be
that when the strain is less than 0.1, the stress
change is affected by WH, DRV and DRX, and
it is difficult to ensure that simulation calculations
predict experimental measurements accurately.
After the high-temperature constitutive equations
are established based on different types of
constitutive models, it is necessary to verify the
accuracy of these equations to determine whether
they can be used to predict flow stress in the actual
processing of alloys.

Therefore, two standard statistical parameters
in mathematics are used to describe the error
distribution, namely the correlation coefficient (R )
and the average absolute relative error (AARE).
They can be expressed as follows:

N pa— pa—
2 (E;—E)B - P)

R=—-~- (14)
< PR D2
\/Z(E,- —E)* ) (F-P)
i=1 i=1
1.5 (b)
1.0}
> 05T
=
L of
.=
05 = Experimental
— Fitted
_10 1 1 1
2.0 2.5 3.0 3.5 4.0
In[(e—¢.)/e,]

Fig. 10 Relationship between oy and In Z (a) and In[~In(1-Xun)] and In[(€ —¢,)/€,] (b)
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Fig. 11 Comparison between predicted values and experimental data at 820 °C (a), 840 °C (b), 860 °C (c), and

900 °C (d)

1 N
AARE_NE (15)

u|x100%
Ei

where E; is the experimental data, P; represents
predicted value, £ and P represent the average
values of E; and P, respectively, and N is the
number of tests. The R and AARE are both
between 0 and 1 (100%). When the R is close to
1, it means that the correlation between the
experimental value and the predicted value is better.
When the AARE is close to 0, it means that the
relative error between the experimental value and
the predicted value is small, and the accuracy of the
constitutive model is high.

Figure 12 shows the correlation between the
predicted stress and experimental stress, when the
predicted value is close to the experimental value,
the black data point is close to the red best
correlation. The R and AARE can be acquired
from Fig. 12, which are 0.9919 and 3.331%,
showing that high-temperature rheological behaviors
of Ti-35421 alloys can be described by this model
with high accuracy.

200
£ 150+ R=0.9919
s AARE=3.331%
2100
2
Q
ke
2
& 50t
= Experimental
— Fitted
0 50 100 150 200

Experimental stress/MPa

Fig. 12 Correlation between predicted stress and
experimental stress

4 Discussion

4.1 Effects of WH, DRV and DRX on flow stress
During WH and DRV, the evolution of
dislocation density with strain is mainly determined
by two parts: multiplication and annihilation of
dislocation. No significant softening stage appears
during DRV-dominated hot deformation. When WH
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caused by deformation and the softening caused by
DRV are balanced, the flow stress no longer
increases and the stress—strain curve remains
horizontal. Figure 13(a) shows the comparison of
experimental data and uncorrected data at 820 °C
(Uncorrected data means that only the influence of
WH and DRV on the flow stress is considered). The
occurrence of DYP leads to that flow stress
increases sharply and reaches its peak, and then it
drops. Excluding the influence of the stress caused
by DYP, it can be seen from Fig. 13(a) that
experimental data and uncorrected data are in good
agreement in WH and DRYV stage (¢ < &:). However,
obvious softening phenomenon from the uncorrected
data does not appear as the strain increases, and the
reason is considered to be without the effect of the
DRX. When DRX occurs, the flow stress gradually
increases to the peak value and the softening effect
of DRX is very obvious. The stress will gradually
decrease and reach the steady-state stress finally.

(a) — Experimental
200 4 Uncorrected
AAAAAAA o
£
2150 A A A A A A AAAAAAAAAN
% 0.15s7"
§ 100
= 0.01s™!
50
h—dA-A A A A A A A A
,/gc 0.001 s!
0 0.2 0.4 0.6 0.8 1.0
True strain
(b) — Experimental
200 Hy 4 Uncorrected
WM_ 1s!
g |
H 1
S 1507k ,
é : L Weren 0.1s7!
2 100
= |
= 0.01s™!
. ﬁ*ﬁm‘
fvi-““ATAAAAAA
:/8p 0.001 s!
0 0.2 0.4 0.6 0.8 1.0

True strain

Fig. 13 Comparison of experimental data and
uncorrected data at 820 °C: (a) Uncorrected data
representing effects of WH and DRV; (b) Uncorrected
data representing effect of DRX

Therefore, if only the effect of DRX on the
stress—strain curve is considered, when the strain
reaches the critical strain, the stress will gradually
decrease to a steady state. Figure 13(b) shows the
comparison of experimental data and uncorrected
data at 820 °C (Uncorrected data mean that only the
influence of DRX on flow stress is considered). It
can be seen from Fig. 13(b) that when the &> ¢,
experimental data and uncorrected data are in good
agreement. However, when the & <g,, the stress
does not increase significantly as the strain increases.
Large deviation between the experimental data and
the uncorrected data is considered that the effects of
WH and DRV are not taken into account here.

4.2 DRX mechanism

It can be seen from Fig. 4(m) that there are
some LAGBs (white lines) inside the f grains. The
original grains are divided into subgrains with
different shapes and sizes. The color of some
subgrains is consistent with the original grains,
which means that the subgrains are separated from
the original grains. Therefore, recrystallized grains
are formed mainly through subgrain rotation at low
strain rate (0.001 s™') and the DRX mechanism is
CDRX. Line 4 in Fig. 4(c) and Line B in Fig. 4(0)
were chosen to analyze misorientation distribution.
The point-to-origin misorientation can be able to
measure the misorientation from the reference point
to a certain distance point. Figure 14 shows that the
misorientation increases suddenly from the inside
of the grain to the boundaries at the strain rate of
1 s. However, when the strain rate is 0.001 s/, the
increment is much less. This reveals that the DRV
followed by CDRX by the progressive lattice
rotation is the predominant mechanism [30]. Based
on the facts above described, the predominant hot
deformation mechanism of Ti-35421 alloy above Ty
is concluded to be the progressive lattice rotation
DRX followed by CDRX, and the deformation
softening is controlled by DRV and DRX.

The accumulated misorientation increases
from the interior of grain to the grain boundary
gradually. The increment is more obvious when the
strain rate increases, as shown in Fig. 14. The
process may accelerate DRV near the grain
boundary. Combined with the fact that some small
recrystallized grains are formed near previously
existing grain boundary, it is indicated that, besides
the DRV, CDRX took place by the progressive



Tong LU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2889-2907 2901

lattice rotation [38]. Figure 15 shows the kernel
average misorientation (KAM) maps at 860 °C and
different strain rates (0.001s' and 1s™'). High
KAM value at grain boundaries and low KAM
value in grain interior are observed. The KAM
maps can characterize the non-uniform distribution
and defect density. A higher value indicates greater
plastic deformation or a higher defect density. As
we all know, KAM is the average misorientation of
a determined point with its nearest neighbors. The

15
—— 860 °C, 0.001 s~ f:
—— 860 °C, 15! |
I
6-\ |
=1 10 Grain boundary—dI
S
g :
=] |
2 1
5 .
.- 5 -
S °[LinedinFig. 4(c) Line Bin Fig. 4(0) | 1
I
I
I
I

0 10 20 30
Distance/um

Fig. 14 Misorientation measured from grain interior to
boundary after deformation at 860 °C with strain rates of
0.001 and 1 57!

Fig. 15 KAM maps of Ti-35421 deformed at 860 °C and
different strain rates: (a) 0.001 s™'; (b) 1 s7!

high KAM density near the grain boundaries shows
the increment of misorientation toward grain
boundaries. Hence, the high KAM value near the
previously existing grain boundary and the low
KAM value in the interior of the grain indicate that
CDRX occurs after DRV. This viewpoint has been
proposed and verified in Ti-55531 alloy [38].

Figure 16 shows the orientation maps of
Ti-35421 alloy at 900 °C and 1s™' with different
height reductions. It can be seen from Fig. 16(a)
that there are no LAGBs at the grain boundary
before deformation. When the height reduction is
20%, some LAGBs appear at the grain boundaries
(Fig. 16(b)). When the height reduction increases to
40%, more and more LAGBs are formed at the
grain boundaries. The absorption dislocation of
LAGBs gradually evolves into HAGBs, then a
small number of recrystallized grains are formed
near the grain boundaries (Fig. 16(c)). As the
deformation continues, more and more LAGBs are
transformed into HAGBs, and the number of
recrystallized grains gradually increases (Fig. 16(d)).

Schematic diagrams of DRX for Ti-35421
alloy during hot deformation in the f single-phase
region are illustrated in Fig. 17 [39]. The f grains in
the initial structure are all equiaxed, as shown in
Fig. 17(a). As the hot deformation perpendicular to
the compression axis continues, the equiaxed
grains are elongated (Figs. 17(b) and (c)). As the
hot compression continues, the movement of
dislocations and the migration of grain boundary
will occur at this stage, which causes the grain
boundary to become jagged (Fig. 17(¢c)). In order to
reduce the stress concentration caused by
dislocation movement, dislocations interact and
form the subgrain boundaries. The subgrain
boundaries increase the angle by absorbing
dislocations. Eventually, the LAGBs change to the
HAGBs boundaries, and the subgrains become the
recrystallized grains (Figs. 17(d) and (e)).

The discontinuous dynamic recrystallization
(DDRX) often occurs during hot deformation of
materials with low and medium stacking fault
energies. The typical feature of DDRX is the
formation and growth of recrystallization nuclei
through the migration of HAGBs. The percentage
of HAGBEs is related to the occurrence of DDRX.
Generally, the proportion of HAGBs increases
significantly when DDRX occurs. Figure 18 shows
that the proportion of HAGBs does not increase
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Fig. 16 Orientation maps of Ti-35421 alloy at 900 °C and 1 s~ with different height reductions: (a) 0; (b) 20%; (c) 40%;

(d) 60%

(@) (b)

Fig. 17 Schematic diagrams of DRX for Ti-35421 alloy in £ single-phase region [39]

with increasing temperature, indicating that no
DDRX occurs. In addition, it can be known that the
percentage of the HAGBs maintains a relatively
constant value in CDRX, also showing that CDRX
occurs instead of DDRX [40]. It can be seen from
Fig. 18 that the proportions of HAGBs are higher
at lower strain rates (45%—50% at 0.001s' and
30%—35% at 0.1 s™"). As the strain rate increases,
due to the short deformation time, the dislocations

generated inside the deformed grains do not have
enough time to migrate and form HAGBEs, resulting
in a low proportion.

4.3 Predicted size of recrystallized grains
4.3.1 Identification of recrystallized grains

Based on EBSD data of Ti-35421 alloys after
the hot deformation, the microstructure evolution
can be partitioned into the non-recrystallized and
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recrystallized sections using internal misorientation.
This is a significant feature of deformed and
recrystallized grains. The internal misorientation of
the grain is related to the distortion mode and stored
energy [41]. And it can be described by the grain
orientation spread (GOS). The GOS value is related
to dislocation content and stored energy, and higher
GOS value represents higher dislocation content
and stored energy. The recrystallized grains have
lower dislocation content and the GOS value
of recrystallized samples is lower. Therefore,
the difference of GOS can be used to distinguish

<R =2

the recrystallized and deformed grains. In general, a
fixed GOS value is set to distinguish recrystallized
and non-recrystallized grains [41]. The GOS value
of dynamically recrystallized grains is between 1°
and 2° [42]. In this study, the value of critical
GOS is set to be 2° in order to distinguish the
recrystallized grains and non-recrystallized grains.
Figure 19 shows the division of recrystallized
grains at 820 °C and different strain rates. We can
conclude that the GOS value can distinguish the
recrystallized grains well and the recrystallized
grains are formed at the grain boundaries. Figure 20
indicates the influence of deformation temperature
and strain rate on volume fractions of recrystallized
grains. At the high strain rates (1 s™'), only a few
small recrystallized grains are distributed at grain
boundaries with the volume fraction of less than
10%. As the strain rate decreases, the volume
fraction of recrystallized grains gradually increases,
showing the gradual growth of recrystallized
grains. There are two main reasons that can explain
this phenomenon. One is that as the strain rate
decreases, the critical strain required for dynamic
recrystallization gradually decreases, and DRX can
occur under smaller strain conditions. The other
is that at a low strain rate, DRX has sufficient
time to complete the growth process, which causes
the volume fraction of the recrystallized grains to

Fig. 19 Identification of recrystallized grains during hot deformation of Ti-35421 alloy: (a) 820 °C, 0.001s7';

(b) 820 °C, 0.01 s7; (c) 820 °C, 0.1 s7'; (d) 820 °C, 1 5!
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Fig. 20 Influence of deformation temperature and strain
rate on volume fraction of recrystallized grains

gradually increase. Moreover, similar phenomenon
occurs under different temperature conditions.
There is also an increase tendency accompanying
with the increase of the volume fraction of
recrystallized grains at higher temperatures. This
phenomenon can be ascribed to the higher
migration rates of the grain boundaries and faster
meeting of the demands of the activation energy for
DRX process at higher deformation temperatures.
4.3.2 Comparison of predicted values with
experimental data

The calculation of the grain size of recrystallized

grains can be expressed as follows [33]:

dax=AZ" (16)

where duax is the average diameter of the
recrystallized grains, and 4 and f are material
constants.

Recrystallized grains can be distinguished by
fixed GOS value and the average diameter of
recrystallized grains can be calculated by OIM
Analysis software. The calculation method is to
sum the equivalent diameters of each grain together
and then divide by the total number of grains. Five
pictures are selected under each hot deformation
condition to reduce errors. The relationship between
In darx and In Z is depicted in Fig. 21. The values of
A and f can be obtained by the intercept and slope
of the fitted curve in Fig. 21 and are 37200 and
—0.384, respectively. Therefore, the fitted Zener—
Hollomon function is formulated in Eq. (17) as
follows:

dan=37200Z 038 (17)

The comparison of experimental data with
simulated data of the average grain size of
recrystallized grains under different hot deformation
conditions are shown in Fig.22. The deviations
between the simulated results and the experimental
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results in Figs. 22(a) and (b) are 6.2% and 6.5%,
respectively, which demonstrates that the simulated
and experimental data are in good agreement. The
increase of the recrystallized grain size with the
increase in temperature in Fig. 22(a) is considered
to be resulted from the fast boundary migration and
high growth of the grains at high temperatures.
Figure 22(b) shows that the grain size gradually
decreases as the strain rate increases. The reason for
this phenomenon is that there is not enough time for
the grain growth at high strain rates. Experimental
data of the corresponding grain size are shown in
Fig. 19. At low strain rate (0.001s'), the
recrystallized grains and f grains merge with each
other and grow up, and the average grain size of
recrystallized grains is larger. However, when the
strain rate is set to be 0.1 s™', the original grains are
elongated and squashed. And only a few small
recrystallized grains appear near the original grain
boundaries, as shown in Fig. 19(c). The results
show that calculation model of recrystallized grain
size can accurately predict the change of
recrystallized grain size of the Ti-35421 alloy
during hot deformation.

5 Conclusions

(1) The discontinuous yield phenomenon and
rheological softening of Ti-35421 alloys were
observed on the stress—strain curves, and they are
sensitive to the strain rates and deformation
temperatures. The values of yield drop were related
to thermal and decrease with decreasing
temperature.

(2) The critical condition and kinetic model of
Ti-35421 alloy were determined and the Arrhenius
established. High
temperature rheological behaviors of Ti-35421
alloys could be described by the equation with high

constitutive model were

accuracy.

(3) DRX occurred during hot deformation and
the critical strain for DRX was determined. The
volume fraction and grain size of recrystallized
grains increased significantly with decreasing strain
rate and increasing temperature. The prediction
formula for the recrystallized grains during the hot
deformation above 7 was established based on the
newly developed Arrhenius constitutive model and
microstructural changes. Good linear dependency

between the experimental value and the simulated
value indicates that the present model can be
used for the microstructural prediction with high
accuracy.

(4) The deformation softening mechanism was
controlled by DRV and DRX. The CDRX was
observed and characterized through subgrain
rotation. The suddent increase of misorientation
from the inside of the grain to the boundaries at
different strain rates reveals that the DRV followed
by CDRX by progressive lattice rotation is the
predominant mechanism.
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Ti-35421 & &1 p RHEXMATATARSEE RS
02, BARE, & B0, BAFY A R, O

L Rt DR MR 5 TR SR Se MR R T ST, B A 210009;
2. REMES B A R AR 25053 A5, 750 215026;
3. AR S AT AR PR A R], BT 102209;
4. HEIRY MRERES TR, KD 410083

# E: FIH Gleeble—3500 HAEILIRIGHLNT Ti-3A1-5Mo—4Cr—2Zr—1Fe (Ti-35421)& 4347 B 5 AR X 4635 15 47 S
¥, WERZAESEDIVEEN 820~900 C. MAHEZE N 0.001~1 s FIHAATIT AR BMALEL . TR RE
W, 2 &I A T B2 AR S AN AR 3 52 R R AV TR E IR . 158 Ti-35421 A& MshA 4 Mm%
PEFIZN F1 AR, JEEE ST Arrhenius AKIRERY, iZAKIRERY AT kG TR Ti-35421 G471 B AHE AR IR B E R A
174. EBSD &5 FRIUEH, BIHAHLHINEN A B GBS R, b, e B g @yLm e E S &
TRGE G, JFEST TS SRR ST RSO e B R, TR R A R ST A S0 (BRI TONE IR LA R AT Rk
PEAHDCYE, FWIIZBLRY ALK B TN P45 b RS IR 4k
KR Ti-3A1-5Mo—4Cr-2Zr—1Fe &4; WAALIEN; Arrhenius AR BRHA; ESENEFLE G
(Edited by Wei-ping CHEN)



