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Abstract: The mechanical response and deformation mechanisms of TB17 titanium alloy were studied at
room temperature by the split-Hopkinson pressure bar test. The ultimate compression strength increases
from 1050 MPa to 1400 MPa, as the strain rate increases from 2000 s~1 to 2800 s~!. The adiabatic shear
failure occurred at strain rate 2800 s~!. When the strain rate was 2000 s~!, only {10 9 3}<331>4 type II
high index deformation twins, a small number of «” martensite, and interfacial w phase were detected.
When the strain rate was 2400 s—1 and above, multiple deformation mechanisms, including the
primary {10 9 3}<331>p type Il high index deformation twins, secondary {332}<113>p deformation
twins, and «” martensite were identified. The deformation mechanism changes from primary
deformation twins and «” martensite to multiple deformation mechanisms (primary and secondary
deformation structure) with the increase of strain rates.

Keywords: near-f titanium alloy; SHPB; deformation mechanism; twins; martensite; interfacial
w phase

1. Introduction

Metastable 3 titanium alloys with low stacking fault energy have attracted consider-
able attraction due to their combination of extraordinary strength and ductility through
different deformation mechanisms, such as dislocation slip, deformation twinning, and «”
martensite transformation [1-5]. The generation of different deformation mechanisms [5-9],
has a great influence on the obtained microstructure and the mechanical performance of
the metastable 3 titanium alloys [10-13]. Several studies [13-16] have reported significant
improved ductility by deformation twins and stress-induced phases. The {3 stability has a
great influence on the deformation mechanism of metastable {3 titanium alloys. Min et al. [8]
studied Ti-15Mo-5Zr and Ti-10Mo-2Fe alloys. It was found that the {332}<113>p twin was
the main deformation mode in low Mo equivalent content, while slip was the main de-
formation mode in high Mo equivalent content. The deformation parameters, such as
temperature, strain level, and strain rate, also influence the deformation mechanism of
metastable (3-Ti alloys greatly [7,9,11]. Gao et al. [7] carried out tensile tests on a Ti-23Nb-
0.7Ta-2Zr-0.5N alloy and systematically studied the samples with Electron Backscattered
Diffraction(EBSD) and Transmission electron microscope(TEM) corresponding changes of
1.3%, 5%, and 16%. The results indicated that deformation mechanisms were dominated by
{332}<113>5 and {112}<111>p twinning. Ahmed et al. [11] studied the Ti-10V-3Fe-3A1-0.270
(wt.%) metastable 3 alloy and found that when the strain rate was lower than 1073 571 the
deformation mode was dominated by the a” martensite transformation. At a strain rate of
10! s~ ! and above, the dominant deformation mechanism changes to deformation twins
(DTs). When the strain rate is between 1073< ¢ <101, the deformation mechanism is a mix
of o” martensite and DTs.

There are relatively few studies on the deformation mechanism of metastable {3 alloys
at high strain rates. In this study, TB17 titanium alloys was deformed by using the split-
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Hopkinson pressure bar (SHPB) method. The influence of different high strain rates on the
mechanical response and deformation mechanism was investigated and new methods for
designing titanium alloys in extreme environments were explored.

2. Materials and Methods

TB17 near-f titanium alloy with a target composition of Ti-4.5Al-6.5Mo-2Cr-2.5Nb-
27r-15n (wt.%) and Ptrans of 845 °C was selected in this study. The  solution heat-
treatment was set at 920 °C for 60 min, followed by water quenching. Figure 1 shows the
microstructure of TB17 after solution heating. The average grain size is 300~500 pm. Only
3 phase peaks are detected in the XRD pattern. The lattice parameter of the 3 phase was
measured as ag = 0.3268 nm. Then, 6 mm x 6 mm samples were cut from the solution
treatment(ST) sample for split-Hopkinson pressure bar (SHPB) tests. The SHPB tests were
conducted at ambient temperature with strain rates of 2000 s~1 2400 s~ 1, and 2800 s 1,
and the corresponding samples were marked as 5-2000, S-2400, and S-2400.

Figure 1. Inverse pole figure(IPF) map and XRD pattern of solution heating sample.

The samples for EBSD and TEM were both prepared by twin-jet electro-polishing at
-30 °C in an electrolyte that consisted of HCIO4 (5%), CH3(CH;)30OH (35%), and CH;0H
(vol.%). The EBSD was performed with a Helios Nanolab G3UC dual-beam microscope
system (FEI, Czech Republic) equipped with an EBSD detector (EDAX, USA), at 25 kV and
15 nA with a step length of 50200 nm. A FEI Talos F200X series field emission transmission
electron microscope was used for selected area electron diffraction (SAED) patterns, bright-
field images, and dark-field images at 200 kV. The phase analysis was determined by X-ray
diffraction (D/max 2550 VB) using Cu K« radiation (40 kV, scanning speed 3 deg/min).

3. Results and Discussion
3.1. Mechanical Response during SHPB

Figure 2 shows the curves of (a) strain rate versus time and (b) true stress versus
true strain at different SHPB conditions. In Figure 2a, Strain rate changes over time. The
value at relative stable plateau can be regarded as an average strain rate, so the average
strain rates at different conditions can be confirmed as 2000 s~ !, 2400 s~ !, and 2800 s,
respectively, and the final strains are 7.1%, 12.6%, and 24.3%, respectively. Figure 2b shows
that with strain rate increases from 2000 s ! to 2800 s !, the ultimate compression strength
increases from 1200 MPa to 1400 MPa. When the strain rate is 2800/s, adiabatic shear
failure occurs: fracture to the compression axis of 45° as shown in Figure 2b. Compared
with other alloys reported in [9,15-17], the TB17 alloy exhibits good ultimate compression
strength and adiabatic shear failure resistance.
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Figure 2. Curves of (a) strain rate versus time and (b) true stress versus true strain at different split-Hopkinson pressure bar

(SHPB) conditions.

3.2. Phase Composition after SHPB

Figure 3 shows the XRD patterns at different SHPB conditions. A small amount of x”
martensite phase can be detected in all samples. The lattice parameters of «” martensite
are measured as «”, = 0.3032 nm, «”, = 0.4930 nm, and " = 0.4302 nm.

Intensity(a.u.)

26(°)

Figure 3. XRD patterns of TB17 at different SHPB conditions.

3.3. Microstructure Characterization
3.3.1. Primary Deformation Twins and «” Martensite

Figure 4 shows the EBSD results of the 5-2000 sample with the lowest strain rate of
2000 s~ !. In Figure 4a (IPF), the parallel deformation bands are detected in every grain.
To analyze the different misorientations between every 3 grain and its deformation bands,
some 3 grains have been numbered as 1-6. As for Grain-2, the point-to-origin misorientation
profile in Figure 4b along A-B in Figure 4a confirms a misorientation angle of 25° between
Grain-2 and its deformation band. A similar misorientation angle can also be detected in
Grain-1 and Grain-6. The point-to-origin misorientation profile (Figure 4c) between C-D in
Figure 4a confirms a misorientation angle of 20° between Grain-4 and its deformation band.
A similar misorientation angle is also detected in Grain-3 and Grain-5. The point-to-origin
misorientation profile (Figure 4d) between E-F in Figure 4a confirms a misorientation angle
of 12° along the deformation bands direction in Grain-2. The misorientation angle (12°) in
Grain-2 indicates that a large amount of residual stress exists in deformed samples. The
point-to-origin misorientation profiles of grains(Grains-1, -3, -5, and -6) and their internal
deformation bands are provided in the Supplementary Data.
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Figure 4. Electron backscatter diffraction (EBSD) analysis of the S-2000: (a) IPF map; (b) misorien-
tation profile along the black line between A and B in IPF map; (c) misorientation profile along the
black line between C and D in IPF map; (d) misorientation profile along the black line between E
and F in IPF map; (e) phase map; (f) stereographic projections of matrix near arrow A-B in Figure 4a;
(g) stereographic projections of deformation band near arrow A-B in Figure 4a.

In order to determine the orientation relationship between the 3 matrix and the 3
deformation band, and further determine the possible twinning system in the deforma-
tion process, the stereographic projections of two crystallographic orientations shown in
Figure 4f,g are drawn from EBSD data. On each stereogram (Figure 5f,g), only some in-
teresting poles and traces were represented to ensure better readability. Figure 4f,g shows
that the 3 matrix and 3 deformation band share a {10 9 3} pole and a <331> direction.
Indeed, the operation of a rotation of 180° around the [-331] direction of the 3 matrix leads
to the 3 deformation band. Therefore, the § matrix and the 3 deformation band are in
the {10 9 3}<331>p type II twinning mode. These results show that the relationship of
Grains-1, -2, and -6 and their internal deformation bands belong to the {10 9 3}<331>y type
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IT high-index DT. The {10 9 3} high-index DT has been reported in Ti-5A1-5Mo-3Cr-0.5Fe
(wt.%) metastable {3 titanium alloy [18]. There is an interesting phenomenon occurring
here. The misorientation angles between Grains-3, -4, and -5 and their internal deformation
bands are between 20-22°, only 3-5° different from the misorientation angle found in
Grain-2. The reason for this phenomenon may be due to high strain rate, residual stress,
and high-density dislocation. Thus, the relationships between Grains-3, -4, and -5 and their
internal deformation bands are still {10 9 3}<331>p type Il high-index DTs.

L1500 nm

Figure 5. TEM analysis of the S-2000 sample: (a) bright-field TEM image; (b) selected area electron diffraction (SAED)
pattern along near the [110] zone axis; (c) dark-field TEM image of primary {10 9 3}g twinning relation between the matrix

and primary twinning; (d) schematic of the diffraction spot of primary {10 9 3} twinning; (e) dark-field TEM image of w
phase obtained from the green circle in (b).

Many references related to the (3 phase twinning system in titanium alloys have
been reported [19-23]. Each twinning system has a particular misorientation angle,
such as 60° corresponding {112}<111>g twinning [19,20], 50° corresponding {332}<113>g
twinning [21-23], 36° corresponding to {5 8 11}<135>p high-index DTs [20,23], and 26°
corresponding to {10 9 3}<331> high-index DTs [18]. The observation of this invariable
plane, such as {11 8 5}, {10 9 3}, indicates that high-index DTs can be generated by
mechanical deformation in metastable 3 titanium alloys. A small number of «” martensite
(highlighted in black circle) have also been observed in {10 9 3}g primary DTs as shown in
Figure 4e. The primary deformation bands start at the grain boundary and are composed
of o” martensite/ Bwin/ " martensite/ Byin in sequence along the length direction. This
transition structure of o” martensite and primary DT has also been reported in other stud-
ies [24]. Lai et al. found that the transition structure seemed to imply that the «” martensite
band is first formed and then 3-twin began to form in the «” martensite band.
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The TEM results shown in Figure 5 are intended to further confirm the {10 9 3}g DT
in 5-2000 samples. A deformation band with a complex internal structure is shown in a
bright-field image (Figure 5a). Figure 5b shows the selected area electron diffraction (SAED)
pattern near the [110] zone axis obtained from a deformation band and 3 parent region. Three
groups of diffraction patterns appear and are highlighted with solid lines of different colors.
Figure 5c shows the dark-field image taken from the blue circle in Figure 5b. The schematic
diagram (Figure 5d) shows a 3-twin relationship between 3 matrix and Figure 5c, and a ~20°
rotation between two groups of body-centered cubic lattice reflections is revealed. This
misorientation angle (20°) is 5° different from the misorientation angle of the {10 9 3} twin
system, but the relationship between the 3 matrix and the deformation band (Figure 5c)
remains as one that belongs to {10 9 3}g DT. The cause of this difference of 5° may be due
to high strain rate, large residual stress, and high-density dislocation.

The dark-field images (Figure 5e) taken from the green circle in Figure 5b show that
another deformation structure has been generated within the primary deformation band.
After analysis, the structure shown in Figure 5e may be the interfacial w phase. Similar
observed were also reported in other studies [23,24]. Castany et al. [24] studied a Ti-27Nb
metastable 3 titanium alloy and found that the {332}<113>p twinning system is shown to
be the consequence of the reversion of a parent {130}<310>,~ twinning in stress-induced
o” martensite, and the interfacial w phase was found at the boundary of {332}<113>¢
twinning system. Castany et al. conducted a detailed analysis of this interfacial w phase
and speculated that this w-phase can be interpreted as the product of a relaxation of strains
due to a mismatch of lattice parameters between «” and (3 phases during the reverse
transformation.

3.3.2. Secondary Deformation Twins

Figure 6 shows the EBSD results of the S-2400 sample with a strain rate of 2400 s~ 1.
Some parallel deformation bands are observed in every grain in Figure 6a. To analyze the
different misorientation angle between each 3 grain and its deformation bands, some 3
grains are numbered as 1-4. The point-to-origin misorientation profiles of grains (Grains-1,
-2, -3, and -4) and their internal deformation bands are provided in the Supplementary
Data. The relationship between all grains and their internal deformation bands are {10
9 3} high-index DTs. Some black lines (fine secondary products) have been produced
inside the primary high-index DT, as shown by the red circle in Figure 6c. These secondary
deformation products will be confirmed in the following TEM results (Figure 7).

Figure 6. EBSD analysis of the S-2400 sample: (a) IPF map; (b) Image Quality(IQ) map; (c) highlighted
IQ map in (b).
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Figure 7. TEM analysis of the S-2400 sample: (a) bright-field TEM image; (b) SAED pattern along the [110] zone axis;
(c) dark-field TEM image of the primary {10 9 3} twinning relation between the 3 matrix and primary twinning; (d)
schematic of diffraction spots of the 3 matrix primary deformation structure; (e) dark-field TEM image of the second {332}
twinning relation between the primary twinning and second twinning; (f) schematic of diffraction spots of the secondary
deformation structure.

Using the TEM results of the S-2400 samples (Figure 7), the fine secondary products
in primary deformed twins are confirmed. The secondary deformation structure within
the primary deformation band is observed in the bright-field image (Figure 7a). The red
dashed-lines in Figure 7a are the visual-assisted  matrix/primary deformation band
boundary. The dark-field image (Figure 7c) taken from the blue solid circle in Figure 7b
reveals a primary deformation band. The schematic diagram (Figure 7d) reveals a ~25°
rotation between the two sets of body-centered cubic lattice reflections. This rotation angle
(25°) corresponding to the {10 9 3} twin system has been found in a previous report [18].
The dark-field image (Figure 7e), taken from the red circle in the SAED pattern, shows some
fine secondary products (marked with red number) within primary {10 9 3}<331>p type II
high-index DT. The schematic diagram (Figure 7f) shows the rotation angle of the secondary
deformation structure and the 3 matrix is 49°. According to previous studies [21-24], this
rotation angle is consistent with {332}<113> twins, and the difference is only 1.6° (the
reason for this phenomenon may be that there are large residual stress and high-density
dislocations). Thus, the relationship between the 3 matrix and secondary fine secondary
products was confirmed as being {332}<113>g twin. The above results prove that the fine
secondary products found in the EBSD results (Figure 6¢) have a {332}<113>5 twinning
relationship with the 3 matrix.

3.3.3. Secondary o” Martensite

Figure 8 shows the EBSD results of the 5-2400 sample. Some parallel deformation twins
that are observed in Figure 8a belong to {10 9 3}g DTs. The point-to-origin misorientation
profile of the 3 matrix and internal deformation band is provided in the Supplementary
Data. The IQ map (Figure 8b) shows that the secondary {332}<113> DTs (marked red
circles) have been generated within primary {0 9 3}5 DTs. The «” martensite (secondary
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o” martensite) is observed in the primary DTs. The «” martensite mainly exists on the
boundary of primary DTs or secondary DTs. Ahmed et al. [11] also found that the o”
martensite nucleates preferably at the interface of the 3 matrix and primary DTs. In this
study, when the strain rate is 2400 s !, both the secondary DTs and the «” martensite
can be activated. The nucleation of the secondary «” martensite preferentially occurs on
the boundary of the primary DTs and secondary DTs. The activation of the secondary
deformation structure (DTs and «” martensite) is related to the modified orientation factor
of the plane of the secondary DTs [19,25-29]. Figure 8d,f highlights the characteristic
structure of the IPF map (Figure 8a). Figure 8d shows a deformation twin consisting
of three thin deformed bands with similar colors. An alternated band structure of o”
martensite and 3 phase is observed in the middle of the deformation band. The IQ map
(Figure 8e) shows that fine secondary products (secondary {332}<113>5 DTs) are found
nearby the o” martensite. The activation of secondary «” martensite may be related to
the {332}<113>p secondary DT. Figure 8g shows the schematic diagram of the complex
structure in IPF (Figure 8d).

(9) &

Breosa Br332)

Figure 8. EBSD analysis of the S-2400 sample: (a) IPF map; (b) IQ map; (c) phase map; (d) IPF map;
(e) IQ map; (f) phase map; (g) twinning and «” martensite schematic diagram.

Figure 9 shows the EBSD results for the S-2800 sample with the highest strain rate of
2800 s~ 1. The primary deformation bands are in a state of disorderly structures, and only a
small number of residual 3 phase is observed as shown in Figure 9a. The point-to-origin
misorientation profile of the residual 3 phase and 3 matrix along A-B is provided in
the Supplementary Data. The misorientation angle between the residual 3 phase in the
primary deformation band and the 3 matrix is mainly at 10°-25°. Complicated secondary
deformation products have been generated inside of the primary deformation twins as
shown in Figure 9b. The phase map (Figure 9¢c) shows that the primary deformation twins
have been identified as o” martensite and only a small number of 3 phases.
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Figure 9. EBSD analysis of the S-2800 sample: (a) IPF map; (b) IQ map; (c) phase map.

3.4. Deformation Mechanism under High Strain Rates

Dislocation slip, deformation twinning, and «” martensite transformations or combi-
nations of them are common mechanisms, which are the response modes of titanium alloy
during plastic deformation. Ahmed et al. [11] found that at a strain rate of 10' s~! and
above the dominant deformation mechanism was deformation twins. However, different
conclusions have been drawn in this study. The deformation twins and «” martensite
occurred at all strain rates 2000-2800 s~!. The deformation mechanisms of TB17 can be
concluded from Section 3.3 as follows: primary {10 9 3}<331>p type Il high-index DT and a
small amount of primary «” martensite were detected when the strain rate was 2000/,
as show in Figure 10a. Multiple deformation mechanisms, including the primary {10 9
3}<331>p type Il high-index DT, secondary {332} deformation twins, and «” martensite,
were identified in the S-2400 sample when the strain rate was 2400/s (Figure 10b). When
the strain rate was 2800/s, a large number of deformation bands with disordered structures
were formed inside of the S-2800 sample, as show in Figure 10c. Under high strain rates,
the deformation process of the TB17 alloy with multiple deformation mechanisms shows
good ultimate compressive strength. This multiple deformation mechanism can effectively
coordinate deformation at high strain rates and provides a theoretical insight into the
design of new titanium alloys used in future extreme environments (high strain rate).

Figure 10. Schematic diagram of the sample after the SHPB test: (a) S-2000 sample; (b) S-2400 sample; (c) S-2800 sample.

4. Conclusions

The deformation mechanisms of a solution-treated TB17 alloy under high strain rates
were investigated in this study. The conclusions are as follows:

TB17 with a single 3 phase shows the good ultimate compression strength in the
SHPB test. As the strain rate increases from 2000 s~! to 2800 s~!, the ultimate compression
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strength increases from 1050 MPa to 1400 MPa. The excellent mechanical properties of the
TB17 alloy are mainly affected by the deformation mechanism.

Primary {10 9 3}<331> type Il high-index DT and a small number of &” martensite
have been found in all sample. Secondary {332}<113>p deformation twins and «” marten-
site were identified inside of the primary deformation twins when the strain rates were
2400 s~ ! and above. The formation of the secondary twins and martensite can effectively
coordinate deformation.

The deformation mechanisms under different strain rates are summarized as follows.
Only primary {10 9 3}<331>p type II high-index DTs and a small number of &” marten-
site were generated as the strain rate was 2000 s~!. Multiple deformation mechanisms,
including the primary {10 9 3}<331>p high index deformation twins, secondary {332} de-
formation twins (inside of primary deformation twins), and «” martensite were identified
when the strain rate was 2400 s~ and above. TB17 alloys have good ultimate compressive
strengths at high strain rates due to their multiple deformation mechanisms.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/3/484/s1.
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