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Abstract: Hot workability and microstructural evolution of Ti-5.5A1-5Mo-5V-2Nb-1Fe-1Zr titanium
alloy, which is also called Ti555211 titanium alloy, are investigated during compressive deformation
at different temperatures and strain rates. It can be found that Ti555211 samples deformed at 750 and
850 °C comprised o and 3 phases, while Ti555211 samples deformed at 950 and 1050 °C consist of
single 3 phase. When Ti555211 sample undergoes compressive deformation in the « + 3 phase region,
microstructures of 3 phase vary more substantially than those of « phase, which means that plastic
deformation of Ti555211 sample is governed by 3 phase. The process parameters are optimized by
establishing processing maps based on dynamic material model. Ti555211 alloy generally possesses
the better hot workability in the § phase zone. In the 3 phase zone of Ti555211 alloy, the best hot
process area involves temperature range from 925 to 1025 °C and a strain rate range of 0.005 to
0.03s7 1.

Keywords: titanium alloy; plastic deformation; processing map; microstructural evolution; hot workability

1. Introduction

Titanium alloys act as a significant role in engineering fields of aerospace, nuclear
power plant and biomedical application because they possess excellent corrosion resis-
tance, high specific strength, outstanding thermal stability, good fatigue resistance, low
elastic modulus and excellent biomedical compatibility [1-4]. According to the different
phase compositions, titanium alloys are generally classified as &, 3 and « + (3 types. The
microstructures of f titanium alloys comprise metastable (3 phase, where the addition
of Mo, Cr and V elements leads to the stabilization of 3 phase and further results in the
high melting point and the high strength of {3 titanium alloys. Furthermore, compared
with titanium alloys of o« and « + 3, 3 titanium alloys possess higher plasticity and higher
strength at room temperature [5]. When the content of elements for stabilizing 3 phase
is slightly greater than the critical value in the titanium alloys, near-f3 titanium alloys
are generated. Generally, near-f} titanium alloys are a combination of the advantages of
o+ (3 and {3 titanium alloys and thus they possess high strength, outstanding hardenability,
excellent tensile plasticity and high fracture toughness. Therefore, the near- titanium
alloys have been concerned extensively and they deal with Ti-10V-2Fe-3Al [6], Ti-55511 [7],
Ti-5A1-25n-2Zr-4Mo-4Cr [8], Ti-13Nb-13Zr [9] and so on. Over the past few years, West-
ern Superconducting Technologies Co., Ltd. (Xi’an, China) has developed a kind of new
near-f3 Ti-5.5A1-5Mo-5V-2Nb-1Fe-1Zr (Ti555211) titanium alloy, which aims to possess high
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strength, high toughness, high hardenability as well as good compatibility of strength and
plasticity and excellent compatibility of strength and toughness. In particular, Ti555211
titanium alloy possesses a tensile strength of 1300-1400 MPa and an elongation of 8% after
experiencing solution treatment and aging and thus it possesses a good combination of
mechanical properties as well as a considerable potential for engineering applications.

Hot working is an indispensable method that puts titanium alloys into engineering ap-
plications. In particular, hot working process plays an irreplaceable role in manufacturing
some critical titanium alloy parts, such as wings and body frames, longerons, bone plates,
stent and so on. Most titanium alloys can obtain high fracture toughness and high creep
resistance after they experience hot working and subsequent heat treatment. In particular,
hot working in & + 3 phase region contributes to enhancing the strength and plasticity
of titanium alloys [10]. In addition, it is well known that hot working process parame-
ters have an important impact on microstructural evolution of alloys and further they
affect the mechanical properties of metal materials [11-14]. Ghosh et al. [15] investigated
isothermal compressive deformation behavior of biomedical Ti-14C titanium alloy under
the different conditions and they found that adiabatic shear bands are easily formed in the
microstructures when Ti-14C alloy is subjected to deformation at low temperatures and
high strain rates, whereas wedge cracks are easily generated at the grain boundaries when
Ti-14C alloy undergoes deformation at high temperatures and low strain rates. Jin et al. [16]
systematically investigated deformation behavior, mechanical properties and microstruc-
tural evolution of Ti-6.5Cr-4.55n-4.5Mo titanium alloy, which possesses tensile strength of
1305 MPa and total elongation of 13.4% by adjusting and controlling the microstructures
of the alloy. Consequently, it is significant to investigate high-temperature deformation
behavior and hot workability of Ti555211 alloy.

Dynamic materials model (DMM), which was developed by Prasad et al. [17], is
a method to establish hot processing map of metal materials, which is further used for
investigating hot workability of metal materials. Many researches have shown that hot
processing map established according to DMM contributes to investigating hot workability
of metal materials and further controlling the microstructures of metal materials in the
course of hot working [18-20]. Especially, hot processing map based on DMM exhibits
a high reliability in terms of the different metal materials. Zhang et al. [21] established
processing map of 7A09 aluminum alloy on the basis of DMM and they optimized the
processing parameters of the alloy during isothermal precision forging, where the high-
quality forgings are obtained eventually. Majid et al. [22] established hot processing
map of ECO-7175 aluminum alloy with various compositions based on DMM and they
comparatively analyzed the influence of Cr element on the hot workability of the alloy.
Chi et al. [23] established the hot processing map of Ni-based superalloy with a failure
zone based on DMM, and they provided a good reference for obtaining the best hot
working process window. Lei et al. [24] constructed hot processing maps based on DMM at
various strains of Al-5Mg-3Zn-1Cu alloy, and distinguished the workable domains from
the unstable domains. Ti555211 titanium alloy belongs to a new near-3 titanium alloy
and it acts as a promising candidate in the engineering fields. Therefore, it is of great
significance to investigate the hot workability of Ti555211 alloy. An et al. established
the processing maps at a strain rate ranging from 0.001 to 1.000 s~! and deformation
temperature ranging from 750 to 950 °C at strains of 0.3, 0.6 and 0.7, which lays the
foundation for understanding the hot workability of Ti555211 alloy [25,26]. However, in the
present study, plastic deformation behavior and hot workability of near-f Ti555211 alloy are
systematically analyzed by combining high-temperature compressive test, microstructural
characterization experiment and hot processing map based on DMM, where a higher strain
rate, a higher deformation temperature and a larger plastic strain are selected by comparing
with the work from An et al. [25,26]
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2. Materials and Methods

In the current work, Ti555211 alloy of interest belongs to a near-f titanium alloy
and it resulted from Western Superconducting Technologies Co., Ltd. Fractions of all the
elements in the Ti555211 alloy were as follows: 80.6%Ti, 5.8%Al, 4.5%Mo, 5.3%V, 1.9%Nb,
1.0%Fe and 0.9%Zr. The as-received Ti555211 alloy bar was subjected to forging and
subsequently it underwent homogenization annealing at 700 °C for 2 h, which was followed
by cooling at atmosphere. Ti555211 alloy samples with diameter of 8 mm and height of
12 mm were obtained by means of wire electrical discharge machining. Subsequently, the
involved cylindrical Ti555211 alloy specimens underwent uniaxial compressive test on the
Gleeble3800 test machine by deformation degree of 60% at strain rates of 0.005, 0.05, 0.5
and 5s~ ! and temperatures of 750, 850, 950 and 1050 °C, respectively. In consideration of
the effect of the friction between the edges of the compressive samples and the dies on the
true stress-true strain curves, Ti555211 specimens used for compressive test were lubricated
by graphite during compressive deformation [27,28]. The compressed Ti555211 specimens
were quenched into water at room temperature after the compressive test was completed
in order to retain high-temperature deformation microstructures of compressed Ti555211
samples. EBSD (Electron Backscattered Diffraction) experiment was used for characterizing
the microstructures of the involved compressed Ti555211 samples. Before EBSD experiment,
the involved samples for EBSD observation underwent electrolytic polishing by means
of electrolyte, which consists of 10% perchloric acid and 90% alcohol, where polishing
temperature was chosen as 20 °C and polishing time was determined as 60 s. In addition,
the Ti555211 samples compressed at a strain rate of 5 s~! and temperatures of 750, 850,
950 and 1050 °C, respectively, were used for TEM (Transmission Electron Microscope)
observation by FEI TECNAI F200X. Furthermore, according to the true stress—strain data
from high-temperature compressive experiment, hot processing maps of Ti555211 alloy
corresponding to true strains of 0.3, 0.6 and 0.9, respectively, were established using DMM.

3. Results and Discussion
3.1. Establishing Processing Map of Ti555211 Alloy

Figure 1 shows true stress—strain curves of Ti555211 alloy at the various deformation
temperatures and strain rates [29]. It can be found from Figure 1 that during hot working of
Ti555211 alloy, flow stress rises with reducing temperature and it declines with a reducing
strain rate. This means that Ti555211 alloy is sensitive to strain rate during compression at
high temperatures. True stresses corresponding to true strains of 0.3, 0.6 and 0.9, respec-
tively, are extracted from true stress—strain curves of Ti555211sample to establish processing
map of Ti555211sample, as demonstrated in Table 1.

Table 1. Flow stresses of Ti555211 sample on various deformation conditions (MPa).

e i/s1 e

750 850 950 1050

0.005 115 52 24 17

0.05 198 90 51 34

0.3 05 288 153 95 69
5 349 226 150 104

0.005 88 49 24 16

0.05 160 83 50 34

0.6 0.5 262 149 93 65
5 286 201 146 104

0.005 75 46 24 17

0.05 137 74 50 )

0.9 05 227 144 90 62

5 252 189 143 108
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Figure 1. True stress—strain curves of Ti555211 sample on various deformation conditions:
(@) =0.005s"1;(b) ¢ =0.055"1;(c) e =05s1;(d)e=5s"1.

According to the stress and strain data in Table 1, the linear fitting between lgo and
lge is performed in the case of the various strains, as illustrated in Figure 2. It can be
found in Figure 2 that 1go shows an obvious linear dependence on Ige during compressive
deformation of Ti555211 samples at high temperatures. Therefore, DMM is used for
analyzing hot workability of Ti555211 alloy.
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Figure 2. The relationship between lgo and 1ge in the case of the various strains for Ti555211

alloy: (a)

0.3; (b) 0.6; (c) 0.9.

During hot processing of Ti555211 samples, it can be viewed as a nonlinear power
dissipation system, namely

€ o
P:a~é:/(7dé+/ edo=G+]
0 0

M
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where P is the dissipation power, which is composed of the dissipated content G and the
dissipated co-content ], and ¢ and ¢ represent flow stress (MPa) and strain rate (s ') of
Ti555211 sample during compressive deformation at elevated temperature, respectively.
In general, G results from plastic deformation of Ti555211 alloy, and ] is attributed to
microstructural evolution of Ti555211 sample during compressive deformation.

For a given strain and a constant temperature, the relationship between flow stress
and strain rate is expressed as follows.

oc=C(e)" )

where C is material constant at a given stress and m is strain rate sensitivity exponent.
Simultaneously, according to m, the proportion of | to G is obtained as follows.

o] edo |9d(Ino)
=== = . 3
"7 3G T ode ‘a(lns) T )
Combining Equations (1) and (2) leads to
7. m .
]—/(]sda—m+10£ 4)

In the case of an ideal linear dissipation, m is set as 1, and | can achieve to the maximum
value, namely Jmax = 0.50¢. However, the value of m ranges 0 to 1 during genuine hot
processing of Ti555211 alloy. Therefore, the ratio of the real dissipated co-content | to the
ideal dissipated co-content Jmax is defined as power dissipation efficiency #, namely

J 2m
n=

"o mA1 ©

According to the aforementioned analysis, power dissipation efficiency # is solved
according to m. Therefore, the power dissipation map is further acquired, as shown in
Figure 3. It can be found from Figure 3a—c that all the values in the figures represent the ones
of power dissipation efficiency corresponding to true strains of 0.3, 0.6 and 0.9, respectively.
Deformation mechanisms of Ti555211 alloy are revealed based on the magnitude of power
dissipation efficiency #. It can be generally accepted that dynamic recovery is responsible
for microstructural evolution of metal materials when the power dissipation efficiency 5
ranges from 0.2 to 0.3, whereas microstructural evolution of metal materials is dominated
by dynamic recrystallization when the power dissipation efficiency # ranges from 0.3 to 0.5.
In addition, too small 77 value means that some defects are induced in the microstructures
during plastic deformation of metal materials [30,31]. Furthermore, it can be found from
Figure 3 that the maximum value of 7 is 0.4678, which appears at the strain of 0.9. Especially,
the zone where the value of # is higher than 0.3955 at the strain of 0.9 is slightly greater
than those at the strains of 0.3 and 0.6. The phenomenon indicates that hot workability of
Ti555211 alloy is enhanced considerably with the increase of strain.

In addition, it can be found that power dissipation efficiency 7 presents a similar
regularity in the case of the various strains. For the lower temperatures and the higher
strain rates, power dissipation efficiency # possesses the smallest value. Furthermore, the
power dissipation efficiency 7 increases with increasing temperature as well as a decreasing
strain rate. In particular, for the smaller strain rate, the magnitude of power dissipation
efficiency 1 presents a certain fluctuation with increasing temperatures, where power
dissipation efficiency # possesses the largest value in the temperatures ranging from 925 to
1025 °C.
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Figure 3. Two-dimensional power dissipation maps of Ti555211 sample at various strains: (a) 0.3;
(b) 0.6; (c) 0.9.

The instability maps reflect the distribution of the instability parameter ¢ (¢) in the
case of the various temperatures and strain rates, where instability parameter ¢ (¢) is solved
by means of the following equation [32]:

(e = 2/t DL, ®)

where m is the strain rate sensitivity exponent. The instability maps of Ti555211 alloy are
illustrated in Figure 4, where the values on the lines represent the ones of the instability
parameter & (£). The instability phenomenon takes place during hot processing of Ti555211
alloy when the value of the instability parameter & (¢) is less than zero. In addition, it can
be noted from Figure 4 that the instability phenomenon mainly occurs at a high strain
rate during hot processing of Ti555211 alloy, where the instability situation is gradually
weakened with increasing temperatures. Furthermore, during hot processing of Ti555211
alloy, the area of instability zone declines with increasing strain, which indicates that hot
workability of Ti555211 alloy is further improved with the increase of the strain.

According to power dissipation maps and instability maps, processing map is con-
structed to directly observe hot workability of Ti555211 sample, as shown in Figure 5. The
processing maps cover a temperature range from 750 to 1050 °C, where the dual-phase
region of o + {3 is on the left side of the red dotted line and the single-phase region of {3
is on the right side of the red dotted line because experimental measure shows that the
phase transformation temperature of Ti555211 alloy is approximately 875 °C. The values
on the lines in Figure 5 represent the power dissipation efficiency # during hot processing
of Ti555211 alloy, where the purple shaded areas stand for the instability zones, whereas
the other areas stand for the stability zones that are suitable for hot processing. It is gen-
erally accepted that the higher values of the power dissipation efficiency 7 correspond to
deformation temperatures and strain rates, which contributes to hot processing of Ti555211
alloy [33]. It is noted in Figure 5 that peak values of power dissipation efficiency # in
Ti555211 alloy are mainly located in the single phase {3 zone. In particular, in the processing
map corresponding to strain of 0.9, the peak values of the power dissipation efficiency
occur simultaneously in &« + 3 phase region and single 3 phase region of Ti555211 alloy,
whereas the peak value zone is larger in single 3 phase region. In other words, Ti555211
alloy generally possesses the better hot workability in single 3 phase region.
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Figure 5. Processing maps of Ti555211 sample at the various strains: (a) 0.3; (b) 0.6; (c) 0.9.

In the present study, the processing map corresponding to the strain of 0.9 is selected
as subsequent research object in order to further optimize hot workability of Ti555211 alloy
in the case of the higher strain and validate the accuracy of the involved processing maps,
as shown in Figure 5c. It can be found from Figure 5c that in « + (3 phase region, peak
value of power dissipation efficiency covers a temperature range from 850 to 880 °C as
well as a strain rate range from 0.08 to 0.15 s~!. However, in single 3 phase zone, peak
value of power dissipation efficiency covers a temperature range from 925 to 1025 °C as
well as a strain rate range from 0.005 to 0.03 s~!. In other words, in single p phase zone of
Ti555211 alloy, the best hot process area is in temperature range from 925 to 1025 °C as well
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as a strain rate range from 0.005 to 0.03 s~ 1. However, in « + 3 phase zone, peak value of
power dissipation efficiency covers a narrower temperature range, which is located near
the phase transformation temperature. Therefore, the dual-phase region of « + {3 is not
considered generally in the real hot processing. If Ti555211 alloy needs to be subjected to
hot processing in o + 3 phase zone, the appropriate process parameters should be selected
in the second peak value of power dissipation efficiency according to real situation.

3.2. Microstructural Evolution of Ti555211 Alloy
3.2.1. Microstructures of Ti555211 Alloy with Dual Phases

Figure 6 shows TEM micrographs of Ti555211 sample deformed at 750 °C and a strain
rate of 55~ 1. It can be found from Figure 6 that the deformed Ti555211 alloy sample consists
of « and 3 phases. In particular, it can be observed that a high density of dislocations
appear in a few grains, which means that the grains are subjected to plastic deformation
at 750 °C, whereas dynamic recovery or dynamic recrystallization does not eliminate the
dislocations in the grains.

113187/ [1213]a

Figure 6. TEM micrographs of Ti555211 alloy deformed at 750 °C and a strain rate of 5 s~!: (a) Bright
field image with high magnification; (b) Bright field image with low magnification; (c) Bright field
image including « and B phases; (d) Selected area diffraction pattern in (c).
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Figure 7 indicates TEM micrographs of Ti555211 alloy deformed at 850 °C and a strain
rate of 5 s~1. Similar to Ti555211 sample deformed at 750 °C, « and 3 phases are observed
in Ti555211 alloy deformed at 850 °C. In the same manner, it can be observed that plenty of
dislocations are observed in a few grains. This indicates that the grains are subjected to
plastic deformation at 850 °C, whereas dynamic recovery or dynamic recrystallization does
not eliminate the dislocations in the grains as well.

113]p// [1213]a

Figure 7. TEM micrographs of Ti555211 alloy deformed at 850 °C and astrain rate of 5 s~ !: (a) Bright
field image with high magnification; (b) Bright field image with low magnification; (c) Bright field
image including oc and {3 phases; (d) Selected area diffraction pattern in (c).

Figure 8 indicates microstructures of Ti555211 alloy undergoing compressive deforma-
tion at 750 °C and various strain rates based on EBSD, including phase distribution, grain
boundary distribution and kernel average misorientation (KAM), where CD represents
compressive direction. In phase distribution of Ti555211 alloy, white represents « phase and
green stands for 3 phase. It can be found from Figure 8 that for compressive deformation at
750 °C, the strain rate has a slight influence on phase distributions of Ti555211 alloy. In grain
orientation distributions of Ti555211 alloy, blue lines represent grain boundaries whose mis-
orientation angles range from 15 to 180° and green lines represent grain boundaries whose
misorientation angles range from 5 to 15°, whereas red lines represent grain boundaries
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whose misorientation angles range from 0 to 5°. According to phase distribution and grain
boundary orientation distribution, it can be found that when Ti555211 alloy undergoes
compressive deformation at 750 °C, few low-angle grain boundaries whose misorientation
angles range from 0 to 15° appear in the grains of « phase, whereas plenty of low-angle
grain boundaries are distributed in the (3 phase zone, where the microstructures are inho-
mogeneous. In particular, the inhomogeneous microstructures are gradually improved
with a decreasing strain rate, where number of low-angle grain boundaries in 3 phase
region is substantially reduced at the strain rate of 0.005 s~!. In addition, it is noted that
when Ti555211sample undergoes compressive deformation at the higher strain rates at
750 °C, high-angle grain boundaries are aggregated at the boundary between « phase and
 phase, where there exist some extremely fine grains. In the KAM maps, different colors
represent the magnitude of misorientations in the local zone of grains in microstructures of
Ti555211 alloy. It can be found that when Ti555211 alloy is subjected to plastic deformation
at a strain rate of 0.005 s~! and at 750 °C, the value of KAM is pretty small, and value
of KAM approximates to zero in most of the microstructures, which means that strain
presents a homogeneous distribution. Based on the previous results, it is concluded that
when Ti555211 alloy is subjected to plastic deformation at a strain rate of 0.005 s ! and at
750 °C, microstructures are more homogeneous and thus Ti555211 alloy is appropriate for
processing in the deformation condition, which is consistent with prediction results from
previous processing map.

Figure 9 shows microstructures of Ti555211 samples undergoing compressive defor-
mation at 850 °C and various strain rates based on EBSD, including phase distribution,
grain boundary distribution and KAM, where CD represents compressive direction. It can
be found from the phase distribution that when Ti555211 alloy is subjected to compressive
deformation at 850 °C and the higher strain rates, the content of o phase is relatively
higher. The phenomenon is mainly due to the fact that phase transformation point of
Ti555211 alloy is approximately 875 °C, which is near 850 °C, where at the slower strain
rate, hot deformation of Ti555211 alloy for a long time leads to the smaller amount of o
phase. Simultaneously, according to phase distribution and grain boundary orientation
distribution, it is found that after Ti555211 alloy undergoes plastic deformation at 850 °C,
there remain few low-angle grain boundaries in grains of « phase, whereas the number
of low-angle grain boundaries is reduced with the decrease of strain rate. In addition,
compared with Ti555211 alloy sample deformed at 750 °C, the size of grains in 3 phase
region increases substantially in Ti555211 alloy sample deformed at 850 °C, where the size
of grains increases with the decrease of strain rates. In particular, the size of grains in {3
phase region is much greater than that in « phase region when the strain rate is reduced to
0.005 s~ 1. It can be found from the KAM map that the value of KAM decreases with the
decrease of strain rates when Ti555211 sample undergoes compressive deformation at the
higher strain rates at 850 °C. The KAM value is relatively higher in the grain boundaries and
the phase interfaces in microstructures of Ti555211 sample when the strain rate goes down
to 0.005 s~ 1. This means that there exists the higher strain gradient in the grain boundaries
and the phase interfaces in microstructures of Ti555211 sample, which corresponds to the
higher geometrically necessary dislocation density [34]. According to the previous analysis,
it can be concluded that Ti555211 alloy deformed at a strain rate of 0.05 s~! possesses the
more homogeneous microstructures when Ti555211 samples are deformed at the various
strain rates at 850 °C. According to processing map of Ti555211 alloy in Figure 5, it can
be found that the strain rate of 0.05 s~! is located in the stable flow zone in which the
power dissipation efficiency # possesses the higher value and Ti555211 alloy is processed
more appropriately. In addition, according to the microstructures of Ti555211 specimens
deformed at 750 and 850 °C, it can be noted that the microstructures in the & phase present
a slighter variation than those in the 3 phase when Ti555211 samples undergo compressive
deformation in o + 3 phase region at high temperatures. It can be concluded that plastic
deformation is mainly undertaken by 3 phase when Ti555211 alloy undergoes hot working
in o + 3 phase region at high temperatures [35].
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Figure 8. Phase distribution, grain boundary distribution and kernel average misorientation of
Ti555211 alloy samples at 750 °C in the case of the various strain rates: (a) 0.005 s~L (b) 0.05571;
() 0557 L (d)5s L.
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Figure 9. Phase distribution, grain boundary distribution and kernel average misorientation of
Ti555211 alloy samples at 850 °C in the case of the various strain rates: (a) 0.005s~'; (b) 0.05s7;
(€)05s 1 (d)5s L.

3.2.2. Microstructures of Ti555211 Alloy with Single Phase

Figure 10 demonstrates TEM micrographs of Ti555211 alloy compressed at 950 and
1050 °C and at a strain rate of 5 s, respectively. It can be found from Figure 10 that
the Ti555211 alloy samples deformed at 950 and 1050 °C consists of single 3 phase. The
phenomenon indicates that Ti555211 alloy samples belong to a single 3 phase zone at 950
and 1050 °C. In addition, the elongated grains can be observed in the Ti555211 alloy sample
at 950 °C, whereas the equiaxed grains are dominant in the Ti555211 alloy sample at 1050 °C.
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Figure 10. TEM micrographs of Ti555211 alloy compressed at 950 °C and 1050 °C and at a strain
rate of 5571 (a) Bright field image at 950 °C; (b) Selected area diffraction pattern in (a) at 950 °C;
(c) Bright field image at 1050 °C; (d) Selected area diffraction pattern in (c) at 1050 °C.

Figure 11 illustrates microstructures of Ti555211 sample undergoing compressive
deformation at 950 °C and various strain rates based on EBSD, including grain boundary
distribution and KAM, where CD represents compressive direction. Microstructures of
Ti555211 sample undergoing compressive deformation at 950 °C are composed of single 3
phase. It is found from grain boundary orientation distribution that there exist elongated
grains resulting from compressive deformation in the microstructures of Ti555211 sample
compressed at a strain rate of 5 s~!. Furthermore, the number of elongated grains is
gradually reduced with decreasing strain rates and the equiaxed grains resulting from
dynamic recrystallization can be observed at the grain boundaries. Simultaneously, the
fraction of low-angle grain boundaries in Ti555211 alloy is reduced with the decrease of
the strain rate. When strain rate falls to 0.005 s~!, the microstructures of Ti555211 alloy
are dominated by equiaxed grains, where the size of dynamic recrystallized grains is
raised considerably and the more homogeneous microstructures are observed. This is
attributed to the fact that the slower strain rate leads to enhancing deformation duration
of Ti555211 alloy, which contributes to complete dynamic recrystallization of Ti555211
alloy and further improving the involved deformation microstructures. It can be observed
from the KAM map that the KAM value decreases with decreasing strain rates in Ti555211
sample deformed at 950 °C. It is obvious that as for Ti555211 sample compressed at a strain
rate of 5 s~ !, most of microstructures possesses the higher KAM value, which indicates that
there exist plenty of geometrically necessary dislocations in the involved microstructures.
It is obvious that geometrically necessary dislocations play an important role in keeping
continuity of polycrystals by means of establishing the strain gradient. The KAM value is
relatively lower in the grain interior of the Ti555211 alloy sample deformed at a strain rate
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of 0.005 s~!, where KAM value is relatively higher. According to the previous processing
maps, 950 °C and 0.005 s~ ! are the best process parameters in which Ti555211 alloy is
suitable for hot processing.

(®)

Figure 11. Grain boundary distribution and kernel average misorientation of Ti555211 samples at
950 °C in the case of the various strain rates: (a) 0.005s~1; (b) 0.05s71; (c) 0.5s571; (d) 55~ 1.

Figure 12 demonstrates microstructures of Ti555211 sample undergoing compressive
deformation at 1050 °C and various strain rates based on EBSD, including grain boundary
distribution and KAM, where CD represents compressive direction. It is noted from grain
boundary distribution that with decreasing strain rates, microstructure of Ti555211 sample
compressed at 1050 °C exhibits a similar variation to that of Ti555211 sample compressed
at 950 °C. In other words, the elongated grains are gradually transformed into the equiaxed
grains, where the size of dynamic recrystallized grains gradually rises and the fraction
of low-angle grain boundary gradually decreases gradually. However, the size of grains
in Ti555211 alloy deformed at 1050 °C is obviously greater than that in Ti555211 alloy
deformed at 950 °C. Simultaneously, it can be found from the KAM map that the KAM
value in the Ti555211 sample deformed at 1050 °C is much less than that in Ti555211 sample
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deformed at 950 °C. The phenomenon is mainly due to the fact that the higher temperature
leads to increasing vibration and hot diffusion of the atoms, which provides a sufficient
driving force for growth and dynamic recrystallization of grains in 3 phase. It is evident
that Ti555211 sample deformed at 1050 °C shall consume the more energy and possess
the coarser microstructures than the one deformed at 950 °C. Therefore, it can be further
deduced that 950 °C is not the best processing temperature for Ti555211 sample.

Figure 12. Grain boundary distribution and kernel average misorientation of Ti555211 samples at
1050 °C in the case of the various strain rates: (a) 0.005s~; (b) 0.05s~1; (¢) 0.5571; (d) 55~ 1.

4. Conclusions

Hot workability and microstructural evolution of Ti555211 alloy are investigated
during compressive deformation at various temperatures and strain rates. The following
conclusions are drawn:
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1. True stress—strain curves of Ti555211 alloy are obtained based on compressive test at
high temperatures. It is found that flow stress increases with reducing temperatures
and it decreases with the reducing strain rate during compressive deformation of
Ti555211 sample. This indicates that Ti555211 alloy is sensitive to the strain rate during
compression at high temperatures;

2. It can be found that Ti555211 samples deformed at 750 and 850 °C are composed of
o and {3 phases, whereas Ti555211 samples deformed at 950 and 1050 °C consist of
single 3 phase. When Ti555211 sample undergoes compressive deformation in o + 3
phase region, the microstructures of « phase vary more substantially than those of
 phase, which means that plastic deformation of Ti555211 sample is governed by
[ phase;

3. The processing maps of Ti555211 alloy are constructed according to dynamic material
model, where the process parameters for hot working are optimized. It can be found
that Ti555211 alloy generally possesses the better hot workability in single 3 phase
region. In single 3 phase region of Ti555211 alloy, the best hot processing parameters
involve temperature range from 925 to 1025 °C and the strain rate range from 0.005 to
0.03s~1.
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