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Abstract: In this paper, constant strain rate compression was carried out by means of an
MMS-100 thermal/force simulation tester in a temperature range of 790~940 °C, with a
strain rate of 0.01-1 s~! and a compression volume of 60%. A linear regression method
was used to fit the relationship between strain stress, strain rate, and deformation tem-
perature, and the Arrhenius-type constitutive equation of Ti55531 titanium alloy was
established; the heat deformation activation energy of Ti55531 titanium alloy was ob-
tained as 211,747.5 k]-mol~!. A thermal processing map of Ti55531 alloy was established.
EBSD results show that after hot compression, the recrystallization volume fraction greatly
increased. The original sample recrystallization volume fraction was 23.2%. Under a
deformation temperature of 850 degrees Celsius and deformation rate of 0.01, the recrys-
tallization volume fraction rose to 38.5%; after the annealing process, the recrystallization
volume fraction further increased to 72.6%. Under the deformation temperature of the
thermal compression process, the higher the deformation rate, the larger its recrystallization
volume fraction. After annealing, the recrystallization volume fraction further increased.
This study can provide a reference and theoretical guidance for the development and
optimization of the thermal processing process of Ti55531 titanium alloy.

Keywords: Ti55531 titanium alloy; deformation behaviors; microstructural evolution;
constitutive model; thermal processing diagram

1. Introduction

Titanium and its alloys have been widely used in the aerospace and marine fields
due to their high strength-to-weight ratios, excellent fracture toughness, and good corro-
sion/oxidation resistance [1]. Near-f titanium alloys contain high weight percentages of
stabilized beta-phase elements, such as vanadium (V), molybdenum (Mo), and chromium
(Cr); these alloys can retain a full 3 phase even after quenching and have a low 3 transus
temperature (T(3), a wide processing window, high hardenability, and high strength [2].
Due to these properties, they have become the alloys of choice for large aerospace parts,
such as landing gear forgings, nacelles, fuselages, and wings [3]. These parts usually play
important roles in aerospace equipment; consequently, they require better mechanical prop-
erties. Therefore, thermomechanical processing is usually adopted not only for shaping but
also for controlling the microstructure and adjusting their mechanical properties. However,
near-f3 titanium alloys are very sensitive to the processing parameters. During a deforma-
tion process, the microstructure may be subjected to complex evolutions, such as grain
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growth or coarsening, dynamic recrystallization (DRX) in the 3 phase, dynamic recovery,
phase transformation, and precipitation. All of these evolutions can change the grain size,
morphology, and phase volume fraction and also influence the mechanical properties.
Therefore, a deep understanding of the microstructural evolution during deformation is es-
sential for optimizing the thermomechanical processing and controlling the microstructural
evolution [4]. Many studies have reported the microstructural evolution and flow softening
during the isothermal deformation of near-3 titanium alloys. Shi et al. [5] found that the
dynamic recrystallization (DRX) behavior of Ti-55511 alloy showed significant differences
under different deformation conditions. Discontinuous dynamic recrystallization tends
to be the dominant mechanism at low temperatures, and as the temperature increases,
the continuous dynamic recrystallization mechanism gradually dominates. Matsumoto
et al. [6] similarly pointed out that the main softening mechanisms of Ti-5553 titanium
alloy above 800 °C are dynamic recovery and continuous dynamic recrystallization. Li
et al. [7] systematically investigated the texture evolution of Ti-6554 alloy and further
analyzed its effect on dynamic softening. The texture evolution was accompanied by
dynamic phase transition and dynamic spheroidization. This led to a complex evolution
of the « phase texture during the deformation process. Lu et al. [8] studied the dynamic
softening phenomenon from the thermodynamic and microstructural evolution perspective
and calculated the quantitative relationship between texture evolution and flow softening
by Schmidt factors of Ti-35421 alloy. They found that with increasing deformation, the
grains gradually evolved to soft orientation and thus caused flow softening. Recently,
many researchers have begun to investigate the deformation behavior and microstructural
evolution (such as DRV [9], DRX, and the softening mechanism [10]) of a new high-strength
titanium alloy, Ti-5Al-5Mo-5V-3Cr-1Zr (Ti55531). In addition, the present experimental re-
sults indicate that the DPT occurs noticeably in the Ti55531 alloy isothermally deformed in
the o+ region. Moreover, the DPT has a significant effect on the flow softening of Ti55531
alloy. Thus, it is essential to disclose the flow behavior and microstructural evolution of
Ti55531 alloy to provide some guidelines for processing design and microstructure tailoring.
However, few studies systematically report the flow behavior, texture evolution, and DPT
of Ti55531 alloy during hot deformation.

In the present study, hot compressive tests were carried out to research the flow behavior
of Ti55531 alloy. The morphological evolution of Ti-5Al-5Mo-5V-3Cr-1Zr (Ti55531) material
was analyzed using optical microscopy (OM) and electron backscatter diffraction (EBSD)
techniques, as well as the recrystallization volume fraction. The effects of different tempera-
tures, rates, and annealing processes on the high-temperature deformation were analyzed.
In the study, after the isothermal compression test, the compressed samples under different
conditions were recrystallized and annealed; the changes in dynamic recrystallisation volume
fraction are shown in detail by EBSD, which provides a basis for the microstructure changes.

2. Materials and Experimental Procedure

A near-f titanium alloy (Ti55531) was used in this study. The measured chemical
compositions (Wt%) were 5.0% aluminum (Al), 5.0% molybdenum (Mo), 5.1% vanadium (V),
3.0% chromium (Cr), 1.0% zirconium (Zr), 0.08% iron (Fe), and 0.1% other elements; Ti made
up the remainder. The Mo, V, Cr, and Fe stabilize the 3 phase, whereas the Al and other
elements stabilize the o phase. The corresponding o transformed into 3 transus temperature
(TP) was 845 °C [11]. The cylindrical specimens were 15 mm high and 10 mm in diameter
and were electro-discharged from the received machined material (forged billet) [12].

The isothermal compression experiments were performed at temperatures of
790 °C-940 °C and at strain rates from 0.01 s~! to 1 s™! on an MMS-100 simulator
(Shenyang Keanjie Material Technology Co., Ltd., Shenyang, China). Prior to the de-
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formation, each specimen was heated to the tested temperature for 5 min to ensure a
uniform temperature distribution throughout the specimen. The deformation temperature
was measured by a thermocouple that was spotwelded to the center of the specimen’s
surface. To reduce the die friction and ensure uniform deformation, two thin pieces of
thallium were affixed to the flat dies. To preserve the microstructure at high temperatures,

the compressed samples were water-quenched immediately after the compression tests.
The deformation procedure is shown in Figure 1.
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Figure 1. Isothermal compression schematic.

Following the hot compression experiments, metallography was used to analyze the
microstructural evolution. The deformed specimens were cut along their long axis, me-
chanically ground using grit papers with different particle sizes, and polished and etched
with a solution of hydrofluoric acid (vol.20%), nitric acid (vol.10%), and water (vol.70%) for
microstructural observations. Optical micrographs were then shot at 50 x magnification in
the central region of the specimens using a metallurgical microscope. The microscope used
is shown in Figure 2; an RX50M metallurgical microscope (Huizhou Tianzhuo Chuangzhi
Instrument Equipment Co., Ltd., Huizhou, China) was used. The hot compression sam-
ples (850 °C, 0.01), (850 °C, 1), and (850 °C, 1) were taken for recrystallization annealing
treatment at a recrystallization annealing temperature of 750 °C and a holding time of
3 h, followed by air cooling. A comparison of the microstructural changes in the hot

compression samples at different temperatures and rates before and after recrystallization
annealing was carried out.

Figure 2. RX50M metallurgical microscope.
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The hot-compressed specimen was cut in half in the direction of the heat compression
using a wire-cut device (Suzhou Longkai Electromechanical Technology Co., Ltd., Suzhou,
China), and one half of the specimen was frosted, polished, etched, and then observed
using a scanning electron microscope (Ningbo Sainyu Instrument Co., Ltd., Ningbo, China).

The other half was electrolytically polished to make the EBSD specimen. EBSD
examination was carried out via a ZEISS Sigma 500 field emission scanning electron
microscope equipped with an Oxford Nordlys Max3 EBSD probe (Huacheng Intelligent
Equipment, Suzhou, China). The step size was 0.3 pm and the acceleration voltage was
20 kV. EBSD data were processed and analyzed using channel 5 software (2019v5.12) [13].

3. Experimental Results and Discussion
3.1. True Stress—Strain Curves

Figure 3 shows the true stress—true strain curves of Ti55531 titanium alloy during
isothermal compression under different deformation conditions. It can be seen that the
rheological stress decreases with the increase in deformation temperature and increases
with the increase in strain rate, which indicates that the deformation temperature and strain
rate have a significant effect on the rheological stress. In the early stage of deformation, the
rheological stress is affected by work hardening and increases rapidly with the increase in
strain rate, and when the rheological stress reaches the peak, it starts to decrease gradually
due to the softening effect [14]. This is because at the early stage of deformation, the number
of dislocations inside the material increases with the increase in deformation, and the
resistance to dislocation movement also increases, so that work hardening dominates. When
the amount of strain is large enough, a large number of dislocations undergo climb and
cross-slip shifts, and at the same time, the energy stored in the material during deformation
activates the onset of dynamic recrystallization, which acts as a softening agent, so that
the rheological stress gradually decreases after the peak stress. In addition, it can be seen
from Figure 3 that the higher the deformation temperature, the lower the degree of work
hardening and the earlier the flow softening phenomenon occurs. This is because dynamic
recrystallisation is a thermally activated behavior, and higher deformation temperatures
and rates make the atoms in the material more energetic and reactive, and thus more prone
to atomic diffusion and vacancy diffusion, reducing the cross-slip and creep resistance of
dislocations and thus making dynamic recovery and dynamic recrystallisation more likely
to occur [15]. At higher deformation temperatures, the degree of work hardening of the
material is lower and can enter the flow softening stage earlier [16].

strain rate: 1
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850°C 200
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Figure 3. True stress—true strain curves under different deformation conditions. (a) 0.01s~1; (b) 0.1s7;
(©1s7 L
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3.2. High-Temperature Deformation Equation

For a given metallic material, the rheological stress is only related to the deformation
temperature, strain rate, and strain; therefore. in this paper, the widely used Arrhenius equa-
tion proposed by SELLARS C M and MCTEGART W ] [17] is used to describe the relationship
between the rheological stress and the strain rate and the deformation temperature:

€= f(U)exp(%,) 1)
In (1), f(o) takes the following three forms:
flo)= Apo™ (low stress levels);
f(o)= Azexp(Bo) (high stress levels); )
f(0)= As[sinh(ac)]" (all stress levels).

In the above equation, ¢ is the strain rate; ¢ is the rheological stress (MPa); Q is the ther-
mal deformation activation energy (J-mol~!); R is the gas constant, with R = 8.314 J-mol~};
T is the absolute temperature (K); and A, Ay, A3, n, n1, « and B are material constants,
with « = B/ny. Since the hyperbolic sine function in Equation (2) is applicable to both
low and high stress levels, this paper chooses the hyperbolic sine function to establish the
constitutive equation of Ti55531 titanium alloy [18].

Substituting the power and exponential functions in Equation (2) into Equation (1)
and taking logarithms of their ends gives the following:

Q

Ine = 711[710"" l?’lAl - RT (3)
_ &
Ine = Bo +InA; RT 4)

Substituting the experimental data in Figure 1 into Equations (3) and (4), the plots of
Ine-Ino and Ine-o relations were made, respectively, as shown in Figure 4 The slopes of
each straight line were obtained by linear regression and then averaged to obtain n1; = 3.33
and B = 0.038, thus yielding « = 0.0114.

790 °C
820 °C b

850 °C (®)
880 °C
910°C
940 °C

()

) 4« > o um

T T T T T T
3.0 3.5 40 45 50 55
| a/MPa
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Figure 4. Ti55531 titanium alloy material constant relationship. (a) Ine-Ino, (b) Ine-o.

Substituting the hyperbolic sine function in Equation (2) into (1) and taking logarithms
of its ends yields the following:

Ine = nlno[sinh(ac)] — % +InAj )
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The compression experimental data of Ti55531 titanium alloy were substituted into
Equation (5) and plotted as Ine-In[sinh(xo)] and In[sinh(x0)]-10,000/T, respectively, as
shown in Figure 5. The slopes of the straight lines were obtained by linear regression,
and then the average value was taken to obtain n = 2.8735, Q;/Rn = 8863.333, and
Q1 =211,747.498 J-mol 1.
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In[sinh(ao)] 10°T/K?

Figure 5. Relations of material constants of Ti55531 titanium alloy: (a) Ine-In[sinh(xo)]; (b) In[sinh(co)]-
10,000/T.

The effect of deformation temperature and strain rate on thermal deformation can be
expressed in terms of Z-parameters as follows:

_ QY _ 4t n
Z = eexp (RT) = Ajz[sinh(ao)] (6)
Taking logarithms of Equation (6) yields the following:
InZ = nino[sinh(ac)] + InAs (7)

The compression experimental data of Ti55531 titanium alloy were substituted into
Equation (7) to make a plot of the InZ-In[sinh(cco)] relationship, as shown in Figure 6. The
intercept of the straight line was obtained by linear regression and calculated.

24

224

In[sinh(ao)
Figure 6. Relationship between InZ-In[sinh(x0)].

The intrinsic equation of Ti55531 titanium alloy can be obtained according to the above
requested parameters:

—211747.
£ = 2.46 x 107 [sinh(0.01140)]>¥7exp (5)

RT
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3.3. Dissipation Diagram

In order to construct a thermal processing map of the alloy, Table 1 lists the data for
the stress values corresponding to a true strain of 0.6 extracted from the true stress—true
strain curve for the Ti55531 titanium alloy.

Table 1. Rheological stress values (0/MPa) for Ti55531 titanium alloy at € of 0.6.

Strain 790 °C 820 °C 850 °C 880 °C 910 °C 940 °C
Rate (s—1)
0.01 80 55 46 36 27 19
0.1 147 117 94 79 72 54
1 232 193 163 151 134 120

When analyzing the stress—strain curves, mathematical methods are used in order to
express the relationship more accurately, and in this experiment, a cubic polynomial fit was
used to expand the data. Figure 7 shows the cubic spline curves of Ino and Ine for Ti55531
titanium alloy with an ¢ of 0.6.

55 _

50+ i

45+ .

o)

= —=—790°C

40 - —e—820°C|
y —a+— 850°C

35 ¥ 7 —v—880°C|
|« 1910°C

30| 940°C i

-4 ' 2 ' 0

Ing

Figure 7. Cubic spline curves of Inc and Ine for Ti55531 titanium alloy at strain of 0.6.
The slope Inc/Ine of the points on the curve corresponding to the composition of different
temperatures and different strain rates in Figure 8 is the value of the strain rate sensitivity

index m of the alloy under different deformation conditions. The slope m value was obtained
by using origin software to calculate the experimental data, as shown in Table 2.

Table 2. Values of strain rate sensitivity index m for Ti55531 titanium alloy.

Strain  7990c  g20°C  850°C  880°C  910°C  940°C
Rate (s—1)
0.01 0.2674 0.33 0.3083 0.3387 0.4255 0.4559

0.1 0.2323 0.2736 0.2736 0.3105 0.3496 0.4017
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Figure 8. Power dissipation diagram of Ti55531 titanium alloy.

Table 3 shows the values of the power dissipation efficiency factor # for Ti55531

titanium alloy under different deformation conditions, respectively.

Table 3. Values of power dissipation efficiency factor # for Ti55531 titanium alloy.

Stra“_‘l 790 °C 820°C 850 °C 880 °C 910 °C 940 °C
Rate (s 1)

0.01 0.4188 0.4962 0.4713 0.5060 0.5970 0.6263

0.1 0.3770 0.4296 0.4296 0.4739 0.5181 0.5732

1 0.3331 0.3569 0.3857 0.4404 0.4298 0.5158

The value of the power dissipation factor 1 for the alloy can be calculated from the

equation 77 = ﬁ = nf—fl combined with the data in Table 3.

3.4. Destabilization Diagram
In the actual forming and processing of titanium alloy, machining instability often
leads to the occurrence of cracks, voids, and other defects [19].

In( -1
oln( ) + m < 0. It is known that

According to the Prasad instability criterion, ¢(e) = 2 e
there is a mathematical correlation between Ine and In (MLH) . The mathematical correlation

was calculated using cubic polynomials for the experimental data [20]. The cubic spline
curves of Ti55531 titanium alloy at a strain of 0.6 for Ine and In (47 ) are shown in Figure 9.

Based on this instability criterion, the values of the rheological instability criterion ¢ for
Ti55531 titanium alloy under different thermal processing conditions are shown in Table 4.
Figure 10 shows the instability diagram of Ti55531 titanium alloy at a strain of 0.6. The

instability parameters of Ti55531 titanium alloy under the test conditions (temperature of
790-940 °C, deformation rate of 0.01-1 s~!) are all positive. This indicates that all thermal

processes occurred.
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Figure 9. Cubic spline curves for Ti55531 titanium alloy for Ine and In (#) .

Table 4. Rheological instability criterion values for Ti55531 titanium alloy.

Strain 790 °C 820 °C 850 °C 880 °C 910 °C 940 °C
Rate (s~ 1)
0.01 0.2193 0.2675 0.2682 0.3102 0.3639 0.4174
0.1 0.1826 0.2020 0.2300 0.2803 0.2782 0.3595
1 0.1459 0.1365 0.1919 0.2506 0.1925 0.3017
0 / \ /
- 0.16 0.22
14—
0.25
| 0.19
5. 0.28
w
{ o
= 0.25
N 0.22
0.30
-4 033
_ / o036 %%
800 820 840 860 880 900 920 940

T/°C
Figure 10. Instability diagram of Ti55531 titanium alloy.

3.5. Thermal Processing Diagram

The power dissipation map and the destabilization map of the material were super-
imposed to obtain the thermal processing map of the alloy. As shown in Figure 11.This
was because of the fact that the alloy had no destabilization zone under this test condition
(temperature of 790-940 °C; deformation rate of 0.01-1 s7h).
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Figure 11. Ti55531 titanium alloy hot working diagram.

3.6. Microstructural Evolution

Figure 12 shows a metallographic under different experimental conditions after hot
compression, where the graphs (a), (b), and (c) are the metallographic illustrations under
the experimental conditions of (850 °C, 0.01 s71), (850 °C, 1 s71), and (910 °C, 1 s71)
before recrystallization annealing, and the graphs (d), (e), and (f) are the metallographic
illustrations after recrystallization annealing under the experimental conditions of (850 °C,
0.01s71), (850 °C, 1s71), and (910 °C, 1 s~ 1) after recrystallization annealing. In (a), (b),
and (c), according to the metallographic organization, equiaxial 3 grains can be seen. Some
of the a phases are present near the grain boundaries. After annealing by recrystallization,
it can be seen that new equiaxed grains are formed in the (d), (e), and (f) metallographic

organization pictures, and the equiaxed grains are more uniform and finer, and the equiaxed
o phase dissolves in the matrix.

= o o oo O - : ~
-, : = p — ; ¥ .
Before EEEEE = st Al S — < Loy
annealing Rt Voo — = 7% =8 oz R s :
8 b}{ .~ 50 2 ¥ = ° : - g

Figure 12. Photograph of metallographic organization of alloy after experiment: (a) 850 °C, 0.01s~;
(b) 850 °C, 157 %; (c) 910 °C, 1 s 1; (d) 850 °C, 0.01 s71; (e) 850 °C, 1s71; (f) 910 °C, 1 s~ L.

Figure 13 shows SEM electron images under different experimental conditions after
thermal compression, where panels (a), (b), and (c) are metallographic conditions before
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recrystallisation annealing, (850 °C, 0.01 s71), (850 °C, 157 1), and (910 °C, 1s71), and (d),
(e), and (f) are (850 °C, 0.01 s~ 1), (850 °C, 1 s~ 1), and (910 °C, 1 s~ 1) before recrystallisation
annealing. Prior to annealing, electron images of (a), (b), and (c) show that the equiaxed o
phase is uniformly distributed on the (3 matrix, and that the equiaxed « phase is spherical
in shape and has a long strip. After recrystallisation annealing, the equiaxed « phase is
dissolved in the 3 matrix.

- -
Sum Sum Sum
L — —

Sum Sum
| ——|

Figure 13. SEM photograph of alloy after experiment. Before annealing: (a) 850 °C, 0.01 s7L;
(b) 850 °C, 1571; (c) 910 °C. After annealing: (d) 850 °C, 0.01 s~ 1; (e) 850 °C, 1s~1; (f) 910 °C, 157 1.

The EBSD maps of Ti-55531 alloy are shown in Figure 14. The inverse pole figures (IPFs)
map and recrystallization map are on the left and right side of Figure 14, respectively. The
deformation microstructures are divided into dynamic recrystallization grains, sub-grains,
and deformed grains according to the grain orientation spread values, marked with blue,
yellow, and red in the recrystallization map, respectively [21]. At a temperature of 850 °C,
the dynamic recrystallization (DRX) volume fraction increased from 38.5% at 0.01 s~ ! to
51.4% at 1571, as seen in Figure 14(b1,c1). The dynamic recrystallization volume fraction
went from 51.4% at 850 °C to 63.3% at 950 °C at strain rate 1, as seen in Figure 14(c1,d1).
After recrystallisation annealing (heating temperature 750 °C, holding time 3 h, air-cooling),
the recrystallisation volume fraction of compressed samples under different conditions
increased sharply. At a temperature of 850 °C, the dynamic recrystallization (DRX) volume
fraction increased from 38.5% at 0.01 s~ to 72.6% at 0.01 s—!, as seen in Figure 14(b1,el). At
the temperature of 850 °C, the dynamic recrystallization (DRX) volume fraction increased
from 51.4% at 1 s~! to 76.6% at 1 s, as seen in Figure 14(c1,f1). At the temperature
of 910 °C, the dynamic recrystallization (DRX) volume fraction increased from 63.3% at
0.01 s7! t0 91.2% at 1 s71, as seen in Figure 14(d1,g1). This was because as the heating
temperature increases, recrystallization of the metal occurs and the original grains are
replaced by new, defect-free grains, and the degree of recrystallization increases. The
influence of temperature on dynamic recrystallization is more complex. This is because a
lower temperature is not conducive to the dislocation slippage and climbing of the material,
allowing sufficient dislocation entanglement to develop inside the grain. In addition, the
presence of more « phase at low temperatures impedes dislocation movement, which
promotes nucleation of recrystallized grains [22]. It is worth noting that although a higher
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deformation temperature is not conducive to the nucleation of recrystallized grains, this

will lead to a much higher growth rate of recrystallized grains [23,24].

850 °C, 0.01 s |

- " c—.) P
. fDRX=5 1.4%

850 °C, 157

910°C, 15

Figure 14. Cont.
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850 °C, 0.01 s,

850°C, 15!

910 °C, 1 s

B Recrystallized

Substructured

B Defromed

111

Figure 14. EBSD diagrams of Ti-55531 alloy at various deformed conditions: (al-g1): IPF map.
(a2-g2): Recrystallization map.

Following the hot compression process, titanium alloy will produce a large number of
internal dislocations and other defects; the accumulation of these defects to a certain extent
will trigger dynamic recrystallisation, resulting in new equiaxed grains in the deformation
of the organization of the nucleation and growth, to replace the original deformation of the
grain. The titanium alloy has a normal grain growth phenomenon. In a high-temperature
environment, the atomic diffusion rate is accelerated, the boundary between grains is
migrated, and small grains are gradually annexed by large grains, resulting in a larger
grain size.
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4. Conclusions

The deformation behavior and DRX of Ti55531 titanium alloy were investigated by
means of thermal compression tests and metallographic analysis. Based on the experimental
results, an ontological model of thermal deformation was developed and the microstructure
evolution was analyzed by means of a recrystallization annealing heat treatment process.
Several important conclusions can be drawn from the experimental results.

1.  The Arrhenius-type ontological equation of Ti55531 titanium alloy was established:
e = 2.46 x 107 [sinh(0.01140)}2'8735exp(%). The heat deformation activation

energy of Ti55531 titanium alloy was obtained to be 211,747.5 kJ-mol ~!.

2. A processing diagram of Ti55531 alloy was established, and the alloy has no destabiliza-
tion zone under the considered test conditions (temperature of 790-940 °C, deformation
rate of 0.01-1 s~1). That is, the thermal deformation conditions are all in the thermal
deformation safety zone, and flow instability increases with an increase in strain.

3. The EBSD results show that the recrystallized volume fraction increased considerably
after hot pressing, with the recrystallized volume fraction of the original samples
being 23.2%, which increased to 38.5% at a deformation temperature of 850 degree
Celsius and a deformation rate of 0.01, and further increased to 72.6% after annealing
treatment. At a deformation temperature of 850 degrees Celsius and a deformation
rate of one, the recrystallized volume fraction increased to 51.4%, and after anneal-
ing, the recrystallized volume fraction further increased to 76.6%. At a deformation
temperature of 910 degrees Celsius and a deformation rate of one, the recrystallized
volume fraction increased to 63.3%, and after annealing, the recrystallized volume
fraction further increased to 91.2%. These data show that the higher the deformation
temperature and deformation rate in the hot pressing process, the higher the recrys-
tallisation volume fraction. After annealing, the recrystallisation volume fraction
further increases.
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