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Abstract: To investigate the thermal deformation behavior of Ti-10V-2Cr-3Al titanium alloy, the
hot compression experiments were carried out via a strain rate of 0.1-0.001 s~! and deformation
temperature of 730~880 °C. The results showed that the rheological stress decreases when the
deformation temperature increases or strain rate decreases. Due to the deformation conditions, some
flow curves exhibited significant discontinuous yielding and flow softening. Flow softening in the
a+f3 phase region was dominated by dynamic recrystallization (DRX), while in the 3 phase region,
it was centered on dynamic recovery (DRV). A high-temperature constitutive equation, with good
predictive power, was established.

Keywords: constitutive equation; Ti-10V-1Fe-3Al alloy; flow stress

1. Introduction

Titanium alloys have excellent properties, such as low density and high corrosion
resistance. So, its application has ranged from a single military field to other fields, such as
medical and industrial fields [1,2]. The properties of alloys can be optimized by reasonably
adjusting their chemical composition, cooling rate, and hot deformation conditions (for
example, deformation temperature and strain rate, etc.) [3-6]. T. Seshacharyul et al. [7] and
A. Momeni et al. [8] have studied the microstructure evolution of commercial Ti-6A1-4V
titanium alloy, under different hot deformation conditions, and confirmed that the hot
deformation conditions have an effect on Ti-6Al-4V alloy.

During the hot working process of titanium alloy, its deformation mechanism is com-
plicated. The phenomenological constitutive model equation can greatly reflect the work
hardening and flow softening mechanism. When the constitutive equation of the material
is obtained, a simulation software can be used to predict the flow stress of the material
during high-temperature deformation, which saves a lot of cost. Some scholars [9-11] have
conducted research on different titanium alloys and constructed constitutive equations,
in line with titanium alloys. The feasibility of using constitutive equations to predict
rheological behavior under different thermal deformation conditions has been proved.
Sheikhali et al. [12] established the constitutive equation for the rheological behavior of
the SP700 alloy at high-temperature via the Arrhenius equation and modified it. Yang [13]
systematically expounded the work for hardening and flow softening effects of BT25y tita-
nium alloy at high-temperature by constructing a hyperbolic sine equation. These studies
have found a basic law: the rheological stress decreases with the deformation temperature
increasing or strain rate decreasing [9-16]. The research revealed that the flow softening
effect of &+ phase region is stronger than that of the 3 phase region, due to dynamic
recrystallization and recovery [3,9-18].

In this paper, a new metastable Ti-10V-1Fe-3Al alloy was investigated as a candidate
alloy with great potential for industrial applications. The alloy can be compared to the
Ti-10V-2Fe-3Al alloy, due to the small difference in the alloying elements. Previous studies

Metals 2022, 12, 526. https:/ /doi.org/10.3390/met12030526

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12030526
https://doi.org/10.3390/met12030526
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12030526
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12030526?type=check_update&version=2

Metals 2022, 12, 526

20f15

have shown that this alloy has stress-induced martensitic transformation under specific
conditions and strong adjustability of mechanical properties. It is a titanium alloy with
great application prospects [19]. The purpose is to investigate the relationship between
different deformation temperature, strain rate, stress, and strain during high-temperature
compression process of the alloy and study the rheological behavior and microstructure
changes of sub-stable Ti-10V-1Fe-3Al alloys in high-temperature environments. The
constitutive model of the alloy is constructed under a high-temperature environment.

2. Materials and Methods

In order to determine the transition temperature of the Ti-10V-1Fe-3Al alloy, Li et al. [3]
studied the microstructure of the alloy at different temperatures. The results showed that
the 3 phase transition temperature of the alloy is about 810 °C. The alloy was provided by
the Institute of metals, Chinese Academy of Sciences (Shenyang). Each ingot weighs about
5 kg. Table 1 shows the chemical composition. The [Mo]eq value is 6.5, which indicates that
the alloy is metastable. The initial microstructure is shown in Figure 1.

Table 1. Composition of Ti-10V-1Fe-3Al titanium alloy.

Alloy Element

\Y Fe Al (0] C N H [MO]eq

w/%

9.97 0.97 3.02 0.11 0.051 0.014 0.001 6.5

Figure 1. The initial microstructure of Ti-10V-1Fe-3Al alloy.

Before the experiment, cylindrical samples with a diameter of 5 mm and length of
10 mm were processed by electron discharge machined (EDM) technology. In order to
reduce the friction between the anvil and sample, a molybdenum disc with a diameter of
8 mm and thickness of 0.1 mm was welded on the end surface of the specimen. To measure
and control the actual temperature and record the change of temperature field with time,
the S-type thermocouple was welded on the sample surface and molybdenum disk surface.

In the experiment, cylindrical samples were subjected to hot compression test by using
TA DIL805D dilatometer in vacuum. The deformation temperature ranged from 730 to
880 °C, and the strain rate ranged from 0.1 to 0.001 s~!. Firstly, heat the sample to the
target temperature, at a rate of 10 °C/s. After maintaining the target temperature for
3 min, the samples started compression, until the deformation of the sample reached 50%.
Deformed samples were quenched with argon gas immediately after high-temperature
compression. The deformed specimen was cut axially, parallel to the compression direction.
It was embedded in cold setting resin.

After the experiment, according to the standard metallographic preparation method,
samples were polished and washed by ultrasonic cleaning. The samples were corroded
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for 15 s by Kroll reagent (3 mL HF + 6 mL HNOj3 + 100 mL H,O) and then cleaned them.
The microstructures were determined by optical microscopy and high-resolution JEOL
scanning electron microscopy.

3. Results and Discussion
3.1. Flow Stress Analysis

Figure 2 shows true stress-true strain curves of Ti-10V-1Fe-3Al alloy at deformation
temperatures of 730, 790, 820, and 880 °C and strain rates of 0.1-0.001 s~ 1. In the initial stage
of the experiment, the work hardening effect was much stronger than the flow softening
effect. With the increase of strain, the energy stored in the microstructure was released,
and the flow softening effect was strengthened. Under the action of softening mechanisms,
such as dynamic recrystallization and recovery [20], the work of hardening and flow
softening mechanisms reached a dynamic balance. Therefore, the general properties of
the flow profile were significantly influenced by the temperature and strain rate under
all deformation conditions, which divided the stress-strain diagram into a yield point
phenomenon region and steady-state flow region [3,13].
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Figure 2. True stress-true strain curve: (a) 730, (b) 790, (c) 820, and (d) 880 °C.

Due to the increase of material deformation, dislocations gradually accumulate at the
boundary. When the critical value was reached, the effect of the softening mechanism,
such as dynamic recovery, was greater than that of work hardening. It leads to the sudden
decrease of flow stress and release of dislocations [3]. This is the reason why discontinuous
yielding occurs in the yield point region. In the steady-state region, the flow stress decreases
with the increase of deformation temperature and decrease of strain rate.
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3.2. Constitutive Equation

During the process of high-temperature deformation, the relationship between stress
(0), deformation temperature (T), and strain rate (¢) can be described by the Arrhenius
constitutive equation [21-26].

e= A-U”1~exp(—RQT> o < 0.8 1)
- Q
€= A-exp(ba)-exp(—RT> o > 12 (2)
- ; n Q
¢ = A-[sinh(ac)] -exp<—RT> (©)]

A, «, b, and nq are material constants. Q is deformation activation energy (kJ/mol),
and R is the gas constant (8.314 ] /(mol-K)). T is the absolute temperature (K); 7 is the stress
exponent, which is related to the stain rate sensitivity exponent.

By taking the logarithm of Equations (1)—(3), we get:

= _Q
Ine = InA + nq-lno RT ao < 0.8 4)
Ine = InA + bo — Q aor > 1.2 (5)
RT
Ine = InA 4+ n-In(sinh(ao)) — 9 (6)
RT
The partial derivatives of o and [no are obtained, respectively:
o(Ing)
b= oo @
a(Iné)
" = S ino) ®
b
o= 771 )

Generally, when ao < 0.8, the power law equation is commonly used, and the strain
rate is lower. On the contrary, as the strain rate is high (ac > 1.2), the exponential equation
is commonly used. The hyperbolic sine equation is universally used. When ¢ is selected as
0.1, Figure 3a,b is obtained, and the « value can be calculated.
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Figure 3. (a) Linear fitting of o—Iné; (b) linear fitting of Ino—Iné.
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In Table 2, as the deformation temperature increases, the « value also increases. Ac-
cording to the Equations (1)—(3), it is found that the exponential equation can be used
when the strain rate is higher than 0.05 s~!. On the contrary, the hyperbolic sine equation
is adopted.

Table 2. Corresponding « values at different temperatures.

Temperature (°C) 730 790 820 880
« value 0.00947420 0.01631088 0.018735115 0.023240403

3.3. Exponential Equation and Correction

It can be known from last section that, when the strain rate is higher than 0.05 s 1
the exponential equation can be used. When the strain is 0.1, the deformation activation
energy, Q, is calculated by the following formula:

d(Ine

Q=bSR= ( ns) . Y ‘R (10)

GRATC

Q is the deformation activation energy, b is the material constant, S is the slope of
o-T~! line, as shown in Figure 4a, and R is the gas constant.
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Figure 4. (a) The relationship between the flow stress (o) and deformation temperature (T~ h.
(b) Fitting relationship between the experimental flow stress and predicted flow stress, when the
strain is 0.1.

After calculating the b and Q values, the corresponding [nA values can be calculated by
using the stress and Equation (5), under different high-temperature deformation conditions.
Table 3 shows the values of the parameters for strain 0.1.

Table 3. Parameter values of exponential equation at strain 0.1.

Parameter o+f3 Phase Region f3 Phase Region
b 0.060 0.066
S 999473.0786 342629.6996
Q (kJ/mol) 789.863 189.6516
InA 81.7769 12.0051

In general, during high-temperature plastic deformation, the value of deformation
activation energy and microstructure can determine the deformation mechanism [14]. The
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deformation activation energy Q in a+f3 phase region is 789.836 k] /mol, much higher
than the «-Ti (169 kJ/mol) [13] and B-Ti diffusion energy (153 kJ/mol) [27]. It indicates
that the softening mechanism may be dominated by dynamic recrystallization in the «+3
phase region. In contrast to x-phase of HCP structure, the (3 phase of the BCC structure
has a stronger deformation feasibility and less activation energy. This is the result of the
excellent active slip system and high diffusion coefficient [28]. In the 3 phase region, the Q
value is 189.6516 k] /mol. It indicates that dynamic recovery plays an important role in the
softening mechanism. When the value of Q is same as the diffusion activation energy, the
thermal deformation is controlled by the diffusion-related process [28]. The Q value in that
single-phase region is very close to that in the 3-Ti phase region (153 kJ /mol). Deformation
mechanism may be caused by diffusion recovery.

Substituting the calculated parameters into Equation (5), for the a+[3 phase region, the
Equation (11) is obtained; for the 3 phase region, the Equation (12) is obtained.

Ine = 81.7769 + 0.0600 — 789836/8.314T (11)

Ine = 12.0051 + 0.0660 — 189652 /8.314T (12)

The predicted data can be obtained through the calculation of Equations (11) and (12).
The experimental and predicted data fit well. The constitutive equation has good prediction
ability, and it can reasonably conjecture the flow stress.

By the same method, the constants (b, Q, and InA) are calculated in different strains.
The range of experimental strains is 0-0.38. The interval strain is set at 0.02, and the starting
value is set at 0.04.

When thermal deformation begins to occur, the softening mechanism of the microstruc-
ture gradually increases. However, it cannot be balanced with the process hardening effect.
The increase of crystal defects, such as dislocations and vacancies, causes lattice distortion.
A large amount of deformation activation energy is stored, the Q value rises rapidly. When
the flow stress reaches the critical value, the dynamic recrystallization nucleates rapidly,
and the deformation activation energy is consumed greatly. As the growth rate of the
volume fraction of nucleation rate decreases, the Q value begins to decrease.

When the strain is 0.07, the Q value begins to decrease, as shown in Figure 5b. It
can be seen that, in the a+f3 phase region, discontinuous yield occurs. Dislocation ac-
cumulation [29] or locking leads to energy increase, which promotes a large number of
nucleation and growth of dynamic recrystallization. The Q value is greater than the «-Ti
diffusion energy (169 kJ/mol). The deformation activation energy required by dynamic
recrystallization is ensured. When the strain reaches 0.25, the dynamic recrystallization is
basically complete, and quantities of tiny, recrystallized grains are formed.

Dynamic recrystallization occurs more easily because the deformation temperature in
the 3 phase region is higher than the transition temperature. Therefore, when the strain
reaches 0.12, the dynamic recrystallization is completed. After nucleation, only a part
of deformation activation energy is needed for grain growth. However, as the thermal
deformation continues, the Q value gradually increases. The softening mechanism may be
dominated by dynamic recovery. In the two-phase regions, the change of InA value with
strain is basically consistent with the Q value.

In fact, in addition to strain rate and deformation temperature, strain also has impor-
tant influence on flow stress [30,31]. In order to get a more accurate equation, a third-order
polynomial fitting is used. The results are shown in Tables 4 and 5.

b = Bse® + Bye? + Bie + By (13)

Q= Q&+ Qe® + Qie + Qo (14)
InA = Ase® + Are® + Are + A (15)
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Figure 5. The relationship between the constants and strain: (a) the material constant (b), (b) defor-
mation activation energy Q value, and (c) material constant (InA).

Table 4. Third-order polynomial fitting results of parameters, with strain, for the a+3 phase region.

b Q mA
By 18.0788 Qo 738.630 Ap 36.339
By ~0.26396 0 13.041 Ay 0.380
B, 0.01693 Q> —1.128 Ay —0.0461
Bj —0.00027 Qs 0.0178 Aj 0.00205

Table 5. Third-order polynomial fitting results of parameters, with strain, for the 3 phase region.

b Q InA
By 14.235 Qo 249.901 Ao 18.265
By 0.144 Q ~10.101 A ~1.0151
B, —0.00632 Q) 0.486 Ay 0.0509
Bj 0.0000523 Qs —0.00575 Az 0.000604

3.4. Hyperbolic Sine Equation and Correction

The hyperbolic sine equation is used for strain rates of 0.01, 0.005, and 0.001 s~!. In
Table 2, when the strain was chosen as 0.1, by linear fitting (as shown in the Figure 6), the
values of stress index n was 3.726 and 2.347.
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8 7 6 5 4 3 2
Ing (1/s)

Figure 6. Fitting curve of n value.

The deformation activation energy Q can be calculated by Equation (17).

olne
"= Slin(sinh(a0))] (16)
Q=nSR (17)

Q is the deformation activation energy, n is the material constant, S is the slope of
In(sinh(ac))-T~! (as shown in Figure 7), and R is the gas constant.
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Figure 7. The relationship between In(sinh(xc)) and the deformation temperature (T~1).

After calculating the n, a, and Q values, the corresponding InA values can be calculated
by using the stress and Equation (6). Table 6 shows the values of the parameters for
strain 0.1.

Table 6. Parameter values of hyperbolic sine equation at strain 0.1.

Parameter o+3 Phase Region 3 Phase Region
« 0.012 0.021
n 3.726 2.347
S 11,617.237 9858.146
Q(kJ /mol) 359.587 192.42

InA 37.075 14.854
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In the «+f phase region, the Q value decreases with the decrease of the strain rate.
However, the deformation activation energy has less change in the 3 phase region.

Substituting the calculated parameters into Equation (6), for the o+ phase region,
Equation (18) is obtained; for the 3 phase region, Equation (19) is obtained.

Iné = 37.075 + 3.726.In(sinh(0.0120)) — 359857 /8.314T (18)

Iné = 14.854 + 2.347.In(sinh(0.021¢)) — 192420/8.314T (19)

The constants («, 1, Q, and I[nA) in the hyperbolic sine equation are calculated by the
same method. The range of experimental strain was 0-0.38. Therefore, the interval strain
was set at 0.02, and the starting value was set at 0.04.

In Figure 8a, when the strain rose, the « value showed an overall upward trend. The
« value differed widely in the two-phase regions. As shown in Figure 8b, the value of n
increased and then decreased, and the peak value was about 4 in the a+f3 phase region. At
the beginning of thermal deformation, the value of n rose rapidly, due to grain boundary
sliding. With the increase of strain, the dislocation viscous slip mechanism gradually
occupied a dominant position. In the (3 phase area, the value of n is always between
2.25 and 2.45. The grain boundary movement and dislocation sticking-slip mechanism
played a significant role in the microstructure [32,33].

In Figure 8¢, in the o+ phase region, work hardening plays a more important role than
softening mechanisms when strain begins to occur, which makes the Q value rise rapidly.
After reaching the peak value, the softening mechanism gradually dominates. As the strain
increased, the dynamic recrystallization nucleated rapidly, and the softening mechanism
became dominant. The strain reached 0.35, and the dynamic recrystallization was basically
completed. However, in the 3 phase region, the smaller variation of the Q value indicates
that the strain rate was less influential on the microstructure, which was close to the self-
diffusion energy of the «-Ti phase (169 k] /mol), thus ensuring the deformation activation
energy needed for dynamic recrystallization. The softening mechanism may be dominated
by dynamic recovery, and the & phase may self-diffuse. In the two-phase regions, the
change of InA values, with strain, was basically consistent with the Q value.

The strain rate sensitivity coefficient m is related to the strain rate. It can well-reflect
whether the material is superplastic by m = 1/n [34]. In Figure 8e, the difference in m-values
between the two different phase regions is obvious. The fluctuation of the m-value is larger
when the deformation temperature is lower than the transition temperature. However,
as the deformation temperature increased, the mechanisms associated with dislocation
annihilation drove microstructural evolution [35]. The flow stress was gradually stable,
and the change of the m value was small.

When the third-order polynomial fitting was used, the relationship between the param-
eters and strain is shown in Equations (20)—(23). The results are shown in Tables 7 and 8.

1
—= Nse® + Npe? + Nie + Ny (20)
Q=Q3¢ + Qe” + Qe+ Qo (1)

InA = Ase® + Axe® + Are + A (22)
a = X368 + Xpe? + Xqe + Xo (23)

Table 7. Third-order polynomial fitting results of parameters with strain for «+{ phase region.

o n Q InA
Xy 0.0115 Ny 0.2828 Qo 352.405 Ag 36.339
Xy 43 %1075 N; —0.00352 Q: 242 A; 0.380
X, —2.30 x 1077 N, 2.81 x 10°* Q> —0.4 Ay —0.0461
X;3 1.32 x 10~8 N3 —4.22 x 10°° Q3 0.00633 Aj 7.33 x 10~*
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Figure 8. The relationship between various constants and strain: (a) e-a diagram, (b) e-1/n diagram,
(c) e-Q diagram, (d) e-InA diagram, and (e) e-m diagram.

Table 8. Third-order polynomial fitting results of parameters with strain for (3 phase region.

14 n Q InA
X 0.02149 Ny 0.41199 Qo 178.060 Ag 13.294
Xq —8.58 x 107> Ny 0.00258 Q; 1.806 Ay 0.196
X, 4.34 x 1077 N, —9.79%107> Q) —0.0074 A, —9.77 x 1074
X3 —3.07 x 10~8 N3 7.69%x10~7 Q3 —0.000607 Az —5.98 x 10~

By constructing a third-order polynomial equation, the material constants at different
strains can be calculated. After the material parameter is obtained, the rheological stress of
different conditions can be predicted by Zener-Hollomont parameter equation [28,36]:

Z= é~exp(1?T> = A- [sinh(a0)]" (24)
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Therefore

N—
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1ln z %Jr
w A

7\ 2
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3.5. Verification for Constitutive Equation

The accuracy of the constitutive equation is verified by comparing the experimental
flow stress and true predicted flow stresses. Figure 9 shows the predicted and experi-
mental flow stress, when the deformation temperature is 730-880 °C and in the range of
0.1-0.001 s~ 1. In general, the experimental flow stress is consistent with the predicted flow
stress, which indicates that the modified constitutive equation is feasible. While the strain
rate is 0.01 or 0.005 s~ !, the experimental flow stress is higher than the predicted flow stress
in the a+f phase region. The reasons may be caused by experimental errors, rounding
errors in the calculation process, and inaccurate use of formulas.
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Figure 9. Contrast between experimental flow stress (solid line) and predicted flow stress (dot line):
(a) 730, (b) 790, (c) 820, and (d) 880 °C.

To determine whether the predicted flow stresses are reasonable, the standard statisti-
cal parameters, such as the correlation coefficient (R) and average absolute relative error
(AARE), are used. Equations are shown in Equations (26) and (27) [23-26]:

L (% = %) (yi — )

R= (26)
\/Zzliﬂxi —%)? N, (vi — )
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where x; is the flow stress in experimental, y; is the predicted flow stress obtained in the
modified constitutive equation, x is the average values of flow stress in experimental, i
is predicted flow stress, N is total number of collected stress, and R is a statistical index,
which reflects the correlation quality between different variables. Additionally, AARE is
the average absolute value of related error, which is an impartial statistical index for testing
the predictability of the equation. The results are confirmed in Figure 9.

Figure 10 reflects the fit of the experimental flow stress to the predicted flow stress.
The values of R? (R) and AARE were 0.979 (98.94%) and 6.883% by Equations (26) and (27).
This indicates that the two flow stresses had good coherence. It shows that the modified
constitutive equation had good prediction ability.

R?=97.891%
AARE=6.883%

[\

)

)
1

o
(e
1

)
(e
1

W
(e
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e Data point

Predicted flow stress (MPa)

Best linear fitting

=

0 50 100 150 200
Experimental flow stress (MPa)

Figure 10. Fitting relationship between experimental and predicted flow stress.

3.6. Microstructure Analysis

As shown in Figure 11, the microstructure is shown at different deformation tem-
peratures at 0.01 s—!. As the temperature increased, the volume fraction of the « phase
decreases gradually. The secondary o phase, formed at the «/f3 grain boundary, was
dense, while it was relatively small in other areas of the 3 phase. It shows that dynamic
recrystallization starts from the grain boundary and then nucleates in other areas of the
 phase. With the increase of temperature, the force for the nucleation and growth of
dynamic recrystallization drove more strongly, especially when it was higher than the
transition temperature of the Ti-10V-1Fe-3Al alloy, and the grains have sufficient time
to grow. In Figure 11c,d, the high deformation temperature played a significant role in
the growth of recrystallization, and the recrystallized grains were needle-like. When the
deformation temperatures were 730 and 790 °C only fine or short rod-like recrystallized
grains existed. This is consistent with the changing trend of deformation activation energy
at different temperatures.
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Figure 11. High-temperature compression microstructure of Ti-10V-1Fe-3Al alloy at strain rate of
0.01s7': (a) 730, (b) 790, (c) 820, and (d) 880 °C.

4. Conclusions

By revealing the flow behavior of Ti-10V-1Fe-3Al alloy under a deformation tempera-
ture of 730-880 °C and strain rate of 0.1-0.001 s, the following conclusions are drawn:

(1) Under the condition of a constant deformation temperature, the flow stress in-
creased, following the increase of the strain rate; under the condition of a fixed strain rate,
with the rise of the deformation temperature, the stress decreased.

(2) The modified constitutive equation can well-reflect the effect of the deformation
temperature, strain rate, and strain on the flow stress. The values of R? and AARE were
0.979 and 6.883%, which indicates that the constitutive equation has good prediction ability
for the Ti-10V-1Fe-3Al titanium alloy at high temperature.

(3) With the increase of deformation temperature, especially in the 3 phase region, the
microstructure shows superplasticity. Due to the deformation temperature, the softening
mechanism may be dominated by dynamic recovery. In the «+f3 phase region, the softening
mechanism may be dominated by dynamic recrystallization, which is strongly influenced
by strain and strain rate.
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