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Abstract: The microstructures of a Ti—-5A1-5Mo—5V—1Cr—1Fe alloy with a strain gradient from 0.1 to 1 were obtained
by double-cone compression experiments. The deformation microstructures were analyzed by EBSD and TEM. The
results show that the deformation mechanism is dynamic recovery when the strain is less than 0.42. In the strain range
of 0.42—0.88, the deformation mechanism is dynamic recrystallization. When the strain exceeds 0.88, the deformation
bands appear. The deformation mechanism map combined with the homogenization degree of the microstructure was
constructed. The more homogeneous deformed microstructure was obtained at the strain of 0.6 and the temperature of
860 °C. The dynamic recrystallization forms new grains and reduces the size difference between the grains, which

improves the homogenization degree of the microstructure.
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1 Introduction

Ti—5Al-5Mo—5V—1Cr—1Fe titanium alloy is a
typical near-f titanium alloy and has a and £ dual
phases at room temperature [1]. Due to a series of
advantages such as high specific strength, excellent
corrosion resistance, and superior hardenability,
the Ti—-5A1-5Mo—5V—1Cr—1Fe titanium alloy has
been applied to bearing structural parts such as
aircraft fuselages and landing gear [2,3]. These
structural parts are mainly formed by the forging
process [4,5].

The homogeneous forging microstructure has
excellent formability, which is beneficial to the
subsequent processing. GUPTA et al [6] studied the
forging microstructure of a Ti—6Al-2Sn—4Zr—6Mo
titanium alloy and measured the fatigue properties
of the microstructure with different homogenization

degrees. It was demonstrated that the non-uniform
deformation was unfavorable to the fatigue life.
LI et al [7] found that homogeneous multiaxial
forging microstructures had better high-temperature
plasticity. ZHANG et al [8] found that homogeneous
forging microstructures had better plasticity and
fracture toughness at room temperature. The more
homogeneous the deformation microstructure after
forging, the better the plasticity and fracture
toughness [9,10]. In the hot deformation of titanium
alloy, there are many deformation mechanisms
such as dynamic recovery (DRV) [11], dynamic
recrystallization (DRX) [12], and deformation
bands (DBs) [13] under different deformation
conditions. In the study of the homogenization of
deformation microstructure, it is necessary to
consider the influence of different deformation
conditions on the microstructure. This means that
a lot of experiments need to be done, and efficient
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experimental methods can accelerate the process.

The double-cone compression experiment is an
efficient experimental technology. Compared with
the cylinder compression experiment, it can achieve
a continuous strain gradient in the single double-
cone specimen. This means that the deformation
microstructure with different strains can be quickly
obtained at the same time. Many researchers
carried out the double-cone compression experiment
to improve the efficiency of experiments. KIM
et al [14] studied the dynamic globularization of the
Ti—6Al-4V titanium alloy through the double-cone
compression experiment. AN et al [15] obtained the
microstructure of the Ti—2.5Zr—2Al titanium alloy
in the strain range of 0.2—1.2 by the double-cone
compression experiment and constructed the hot
deformation mechanism diagram. DENG et al [16]
constructed the hot deformation mechanism
diagram of a Ti—5Al-5Mo—5V—1Cr—1Fe titanium
alloy by the double-cone compression experiment
and studied its deformation instability. Although the
single double-cone specimen can quickly obtain
the microstructures with gradient strain, it cannot
directly obtain the strain of each region on the
specimens. In order to solve this trouble, finite
element simulation is often used to obtain the strain
distribution of the double-cone specimens.

In the present work, the microstructure with
the strain range of 0.1—1 was obtained by the double-
cone compression experiment. The deformation
mechanism of the Ti—5AI-5Mo—5V—-1Cr—1Fe
titanium alloy was analyzed by EBSD and TEM.
The homogenization degree of the microstructure
was characterized according to the grain size and
shape. The homogenization degree and deformation
mechanism of the microstructure under different
deformation conditions were analyzed.

2 Experimental

The chemical compositions of the Ti—5Al-
SMo—5V—1Cr—1Fe titanium alloy are shown in
Table 1. The initial microstructure of the Ti—5Al—
5Mo—5V—1Cr—1Fe titanium alloy is an equiaxed
structure, as shown in Fig. 1, which is composed of
the f phase and the equiaxial a phase.

Figure 2(a) shows the geometric model of the
double-cone specimens. The double-cone specimens
were heated by a resistive heating furnace in

vacuum to 850, 870, and 890 °C, respectively. They
were kept at the deformation temperature for 900 s.
The specimens were compressed using a hydraulic
press at a strain rate of 1 s™' and a height decrease
of 10 mm. The specimens were quenched in water
after the hot compression. The hot deformation
process was simulated by the finite element software
Deform-3D. Several areas of the specimens can be
identified as edge, middle, and center.

Table 1 Chemical compositions of Ti—5Al-5Mo—5V—
1Cr—1Fe titanium alloy (wt.%)

Al Mo \Y Cr Fe Ti
5.16 4.92 4.96 1.10 0.98 Bal.

Fig. 1 Initial microstructure of Ti—5Al-5Mo—5V—1Cr—
1Fe titanium alloy

(a)

ese Specimens for EBSD/TEM

(b)

12 mm

Fig. 2 Geometric models and sampling positions of
double-cone specimens (a) and cylinder specimens (b)
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There are cylinder specimens for the thermal
simulation compression experiment. Figure 2(b)
shows the size of the cylinder specimens. The
heating and compression processes of the
specimens were completed on a Gleeble 3180
thermal simulator. Before the hot compression, the
cylinder specimens were respectively heated to 860,
870, and 880 °C under vacuum conditions with a
heating rate of 10 °C/s. The true strains of the three
specimens are 0.5, 0.6, and 0.7 at each temperature.
Then, they were kept at the deformation
temperature for 300 s to ensure that the overall
temperature was consistent. The specimens were
quenched in water after the hot compression.

All deformed specimens were cut from the
center along the compression direction and polished.
The metallographic etching solution is made up of
92 vol.% water, 2 vol.% hydrofluoric acid, and 6 vol.%
nitric acid. The POLYVAR-MET metallographic
microscope (Leica, Germany) was used to characterize
the metallographs. The grain size was measured by
the Image-Pro Plus 6.0 software.

The foils from different areas of the double-
cone specimens were cut to a thickness of 0.5 mm
along the loading axis by wire cutting. The foils
were ground and polished to a thickness less than
80 um and disks with a diameter of 3 mm were
punched out of these thin foils. The disks were
prepared by the double-jet electrochemical method
at a voltage of 27 V, a temperature of —30 °C, and a
working time of 100s. The composition of the
double-jet electrolyte was 50 mL of perchloric acid,
350 mL of normal butanol, and 600 mL of methanol.

The foils from different areas of the double-

Center

Simulated
results

850 °C

870 °C

Z‘ 890 °C

Yang-zhi-hong XIAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2586—2597

cone specimens were used for EBSD observations.
The EVOMAI10 (ZEISS, Germany) scanning
electron microscope was used to collect the EBSD
data. The OIM Analysis (EDAX, America) software
was used to analyze the EBSD data. The grain
boundaries in solid black lines denote the HAGBs
with angles larger than 15°, and the grain
boundaries in thin white lines represent the LAGBs
with angles larger than 2° and smaller than 15° in
the inverse pole figure (IPF).

The foils from the middle of the double-cone
specimens were used for TEM observations. The
Tecnai G2 20ST (FEI, Netherlands) transmission
electron microscope was used to capture the TEM
images.

3 Results

3.1 Double-cone compression experimental results

The metallographs of the double-cone
specimens and the simulation results are shown in
Fig. 3. The distribution of true strain was analyzed
using the finite element method. The relevant
parameters of the simulation method are shown
in Section A in Supplementary Materials. The
post-processing module of the DEFORM software
was used to analyze the deformed double-cone
specimen. The longitudinal section was selected to
analyze the distribution of strain, as shown in
Fig. 2(a). The distribution of strain was matched
with the position of metallographic analysis, as
shown in Fig. 3. In the metallographical montages,
coarse grains can be observed in the edge area.
With the increase of true strain, the grains gradually

Middle Edge

Strain
0.08

0.16
0.24
3 032
040
048
0.56
0.64
0.72
0.80
0.8
= 096
100

1 mm

Fig. 3 Metallographs of double-cone specimens and corresponding simulation results by finite element method
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become finer. When the true strain exceeds 0.88,
DBs appear, which represents the occurrence of
deformation instability. Therefore, the strains higher
than 0.88 should be avoided in the process of hot
deformation.

In order to express the homogenization degree
of the microstructure, the dispersion coefficient (D)
and homogenization index (H) are introduced. The
dispersion coefficient D is defined as follows [17]:

(1

where E and S represent the average value and the
standard deviation of the grain size, respectively.
The higher the D value, the higher the dispersion
degree.

In order to comprehensively consider the
dispersion degree of grain size and shape, the
concept of homogenization index is proposed to
represent the homogenization degree of micro-
structure. The homogenization index H is defined as
follows [18]:
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where D:. represents the dispersion coefficient of
grain size along the z-axis, D, represents the
dispersion coefficient of grain size along the r-axis,
and Ds represents the dispersion coefficient of the
shape factor of the grain. The shape factor (S)) is
defined as follows [15]:

Sl :dz/dr (3)

where d, and d. represent the grain sizes along the
r-axis and z-axis, respectively. The grain sizes along
different directions were measured by the linear
intercept method. The directions of the z-axis and
r-axis are shown in Fig.3. The average values
of the linear intercept length are used to represent
the grain size along these directions. The
larger the homogenization index, the higher the
homogenization degree of the microstructure.
Figure 4 shows the dispersion coefficient D
and homogenization index H of the microstructure
with different true strains in the double-cone
specimens. In Fig. 4(d), the homogenization index
reaches a maximum of 0.63 under the strain of 0.6
at 870 °C. In this work, the microstructure with an
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Fig. 4 Dispersion coefficient (a—c) and homogenization index (d) of microstructure with different true strains in

double-cone specimens
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H wvalue higher than 0.6 is considered to be
homogeneous. The temperature of 870 °C and the
strain of 0.6 are considered to be reasonable
deformation conditions for the double-cone
compression experiment. Therefore, the cylinder
compression tests in the strain range of 0.5-0.7 and
the temperature range of 860—880 °C were carried
out to verify this result.

3.2 Cylinder compression experimental results
Figure 5 shows the comparative results of the

double-cone and cylinder specimens. Figure 5(a)

shows the average grain sizes under different true
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Fig. 5 Comparative results of double-cone and cylinder
specimens: (a) Average grain size; (b, c) Metallographs
in double-cone and cylinder specimens, respectively

strains in the double-cone and cylinder specimens.
The curves are drawn according to the grain size
data from the double-cone specimens, and the
orange dots are drawn according to the grain size
data from the cylinder specimens. Under the
same strain, the deformation microstructure in the
double-cone specimens has an average grain size
that is identical to that of the cylinder specimens.
The metallograph for the double-cone specimen in
the strain range of 0.48—0.56 at 870 °C is shown
in Fig. 5(b). The metallograph in the cylinder
specimen is shown in Fig. 5(c). The grain shape of
the deformation microstructure in the cylinder
specimen is similar to that in the double-cone
specimen under the same true strain.

Whether from the perspective of grain size or
grain shape, the double-cone specimen with the
same true strain has a similar deformation
microstructure to the cylinder specimen. This
means that the microstructure of the cylinder
specimen can be represented by the microstructure
of the double-cone specimen in the same strain
region.

Figure 6 shows the statistical results of
homogenization degree in the cylinder specimens.
The homogenization indexes in the strain range of
0.5—0.7 and the temperature range of 860—880 °C
are shown in Fig. 6(a). The homogenization index
reaches a maximum of 0.66 under the strain of
0.6 at 860 °C. The homogenization index in the
double-cone specimens reaches a maximum of 0.63
under the strain of 0.6 at 870 °C. The strain in this
result is identical to the strain in the result in the
cylinder compression experiment. Figure 6(b)
shows the homogenization index of the deformed
microstructure under the strain of 0.6 and different
temperatures. When the temperature is 860 °C, the
homogenization index of the deformed micro-
structure is the highest. This means that the
deformation microstructure is more homogeneous
under the strain of 0.6 at 860 °C in the cylinder
specimens. The microstructure under this deformation
condition is shown in Fig. 6(c).

3.3 Microstructure

The IPFs for various areas in the double-cone
specimen are shown in Fig. 7. There are several
coarse grains and some LAGB in the edge area, as
seen in Fig. 7(a). Because of the slight strain in the
edge area, the level of the DRV is low [19]. In Fig. 7(b),
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Fig. 6 Homogenization index of cylinder specimens under different conditions (a, b), and metallograph of cylinder

specimen deformed under strain of 0.6 at 860 °C (c)
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Fig. 7 IPFs at edge (a), middle (b), and center (c) of double-cone specimen deformed at 870 °C

the grains become fine and the polygonal fine
grains appear in the middle area. This means
that the DRX took place under this deformation
condition [20]. In Fig. 7(c), the serrated grain
boundaries surrounded by some fine grains can be
observed in the center area.

Figure 8 shows the EBSD analysis results of
the middle area in the double-cone specimen
deformed at 870 °C. The IPF of the microstructure
is shown in Fig. 8(a). There is a line AB that passes
through five subgrains. Figure 8(b) shows the
misorientation line chart from Position 4 to Position
B. In the misorientation line chart, it is clear that
the point-to-origin misorientation is over 25°. This
indicates that there is a misorientation between two
positions in the grain exceeding 25°. This means
that there is subgrain lattice rotation in this
grain [21,22]. The characteristic of continuous
dynamic recrystallization (CDRX) is the obvious
gradient of misorientation in the initial grain [23].
Therefore, the main deformation mechanism 1is
CDRX in this deformation condition.

Figure 9 shows the TEM images of the middle
area in the double-cone specimens deformed at
870 °C. Figure 9(a) shows the dislocation tangle
occurred in the deformed grain. Figure 9(b) shows
the polygonal subgrain surrounded by dislocations.
Figure 9(c) shows the subgrain coalescence occurred

> 20r = Point-to-point
= e Point-to-origin
S 15¢
<
=
2
5 10r
g
5 -
0 L

-2 0 2 4 6 8§ 10 12 14
Distance/um
Fig. 8 EBSD results of middle area in double-cone
specimens deformed at 870 °C: (a) IPF; (b) Misorientation
line chart
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Subgrain coalescence

(c) Subgrain coalescence; (d) Recrystallized grain

in the deformed grain. The recrystallized grain
formed in the initial grain is shown in Fig. 9(d). The
selected area electron diffraction (SAED) was used
to calibrate the recrystallized grain. The body-
centered cubic structure of the spot calibration
indicates that the recrystallized grain is the f grain.

4 Discussion

4.1 Deformation mechanism map

Figure 10 shows the deformation mechanism
map of a Ti—-5SAl-5Mo—5V—1Cr—1Fe titanium alloy.
The deformation mechanism map is combined with
the homogenization degree of the microstructure
under the corresponding deformation conditions.
The homogenization degree of the microstructure
under different deformation conditions s
represented by contour lines. The black contour
lines were calculated based on the results of the
double-cone compression experiment. The golden
contour lines were drawn based on the results of the
cylinder compression experiment. The deformation
mechanism regions for DRV, DRX, and DBs are

890

880

Temperature/°C
o0
~
[«

x©
(o]
S

850

Strain

Calculated value of H

Experimental value of

110 Regions for DRV, DRX, and DBs
‘ Critical points for different regions
8 Regions for homogeneous

microstructure
Fig. 10 Deformation mechanism map of Ti—5Al-5Mo—
5V—1Cr—1Fe titanium alloy

represented by the regions in green, blue, and purple,
respectively. Different deformation mechanism
regions are divided by different microstructure
morphologies. The minimum strain in the DRX
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region is related to the first appearance of polygonal
fine grains. The minimal strain in the DBs region is
connected to the first appearance of the deformation
band.

In the DRV region, the homogenization degree
of the microstructure is low under the slight
deformation degree. This is because in the early
stage of deformation, the DRV only affects a small
part of the grains, and most of the grains are not
affected. With the increase of strain, the degree
of DRV increases, resulting in an increase in
homogenization degree of the microstructure. In
the DRX region, the microstructure has a higher
homogenization degree. The H value in the shadow
area is higher than 0.6, which indicates that the
microstructure under the corresponding deformation
condition is homogeneous.

4.2 Dynamic recrystallization and microstructure

homogenization

The Ti—5Al-5Mo—5V—1Cr—1Fe titanium alloy
has high stacking fault energy (SFE) [24,25]. Due
to the high SFE, the width of extended dislocation
is narrow, and the climbing and sliding of
dislocation are easy to occur [26]. When DRV
occurs, the deformation energy stored during the
hot deformation is mainly reduced by dislocation
annihilation and rearrangement, both of which
are completed by the climbing and sliding
of dislocation [27]. Therefore, DRV is easy to
occur, which results in insufficient dislocation
accumulation to prevent discontinuous dynamic
recrystallization (DDRX) [28]. As the strain
increases, the misorientation of subgrain boundaries
gradually increases, and LAGBs gradually transform
into HAGBs. This deformation mechanism is called
CDRX.

Figure 11 shows the schematic model of the
deformation mechanism related to DRV and DRX.
The main deformation mechanism is transformed

from DRV to DRX as the strain increases. After the
start of deformation, a lot of dislocations occur, as
shown in Fig. 11(a). Due to the annihilation of
redundant dislocations and the rearrangement of the
others, the dislocation walls become thinner and
clearer, and then transform into LAGBs [29].
Therefore, with the occurrence of DRV, a large
number of subgrains and LAGBs appear, as shown
in Fig. 11(b).

Figure 11(c) shows the progressive lattice
rotation of a part of the subgrains. After the
progressive lattice rotation, two adjacent subgrains
coalesce, the original subgrain boundary disappears,
and LAGBs gradually transform into HAGBs [30].
With the occurrence of DRX, a lot of HAGBs and
polygonal grains appear, as shown in Fig. 11(d).

Through the finite element simulation method,
the stress—strain curve of Ti—-5Al-5Mo—5V—1Cr—1Fe
titanium alloy deformed at 870 °C was obtained, as
shown in Fig. 12(a).

ZAHIRI et al [31] determined the DRX
fraction by processing the stress—strain data. The
stress—strain curve and the virtual dynamic
recovery curves are shown in Figs. 12(a, b),
respectively. The virtual dynamic recovery curve
can be extrapolated by the stress—strain curve from
the critical strain (&) [32,33]. The DRX fraction
(Xprx) is obtained by the following equation [34]:

X DRX:M (4)
sat O-ss

where oprv and ox represent the flow stresses
corresponding to a certain strain on the virtual
dynamic recovery curve and the stress—strain curve,
respectively; o and o represent the steady-state
stresses on the virtual dynamic recovery curve and
the stress—strain curve, respectively. The calculation
details of the relevant parameters o and &. of the
virtual dynamic recovery curve are shown in
Section B in Supplementary Materials.
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Fig. 11 Schematic model showing deformation mechanism of Ti—5AI-5Mo—5V—1Cr—1Fe titanium alloy
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Fig. 12 Calculation of DRX fraction and grain size of Ti—5Al-5Mo—5V—1Cr—1Fe titanium alloy deformed at 870 °C:
(a) Strain—stress curve; (b) DRV and DRX curves; (c) DRX fraction; (d, e) Average grain size; (f) Difference between

dall and dunr

Figure 12(c) shows the DRX fraction of
the Ti—5AI-5Mo—5V—1Cr—1Fe titanium alloy
deformed at 870 °C. The deformed microstructure
can be divided into recrystallized grains and
unrecrystallized grains. The DRX fraction
represents the volume fraction of recrystallized
grains [32].

The equivalent diameter d. is used to represent
the recrystallization grain size:

d,=d, -d. (5)

According to the JMAK model, the average

grain size (dan) of titanium alloy after DRX can be
expressed by the following equation [35]:

d =ad}e" ¢ exp[Q/(RT)]+C (6)

where dj represents the original grain size, and a, n,
m and / are material parameters, £ is the strain
rate, O represents the DRX activation energy, which
is mainly affected by the temperature, R is the molar
gas constant, 7T is the thermodynamic temperature,
and C'is a constant.

Figure 12(d) shows the average grain size
represented by the equivalent diameter at 870 °C.
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By fitting the JMAK equation, the average grain
size curve is obtained.

For the recrystallization fraction Xprx, the
following equation can be obtained:

4 drec 3 4 dunr 3
ST My ST “Myne
3 2 3 2

= (7
1= Xppx

XDRX

where drc and dunr represent the average grain sizes
of the recrystallized grains and the unrecrystallized
grains, respectively; 7w and nur represent the
numbers of the recrystallized grains and the
unrecrystallized grains, respectively.

In plastic deformation, the volume of the
titanium alloy remains unchanged:

3 3
in drec ’ nrec+in h ’ nunr :Cl (8)
3 2 3 2

where C; is a constant.
For the average grain size of all grains, the
following equation can be obtained:

dI‘BC i nrec +dunr n

dy= . )

Moo TH

According to Egs. (7), (8), and (9), the average
grain size of the unrecrystallized grains dus is
calculated, as shown in Fig. 12(e). Figure 12(f)
shows the difference between dai and dunr at
870 °C. The smaller the differential value, the more
homogenous the microstructure. As the strain
increases from 0.3 to 0.6, the differential value
decreases continuously. This shows that DRX
can improve the homogenization degree of the
microstructure by forming new grains.

5 Conclusions

(I) When the strain is less than 0.42, the
deformation mechanism is DRV. In the strain range
of 0.42—0.88, the deformation mechanism is DRX.
The main deformation mechanism is DBs when the
strain exceeds 0.88.

(2) The deformation mechanism map of
the Ti—5A1-5Mo—5V—1Cr—1Fe titanium alloy was
constructed. The deformation mechanism map is
combined with the homogenization degree of
the microstructure. The homogeneous deformed
microstructure was obtained at the strain of 0.6 and
the temperature of 860 °C. The DRX promotes the
homogenization degree of the microstructure.
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