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GRAPHICAL ABSTRACT

ABSTRACT

Metastable B titanium alloys are attracting great interest due to their intricate plastic deformation mech-
anisms. In this work, a novel metastable B titanium alloy Ti-6Mo-3.5Cr-1Zr is developed by controlling
the phase stability. The alloy exhibits a compressive strength of ~ 1152 MPa with large malleability
(~34 %) during dynamic compressions. The microstructural evolution and adiabatic shearing behavior
of the alloy are investigated by applying stop rings to control the compressive strains. Microstructural
characterizations and differential scanning calorimetry show that the content of stress-induced ®
(Slw) phase increases with the accumulation of strain, resulting in strain hardening of the material.
The formation of adiabatic shear band (ASB) is observed in samples with 30% strain, whilst the formation
and expansion of ASB are hindered by stress-induced structures. The microstructural evolution along
outer edge — transition zone — center of the ASB region corresponds to (B + ®)—(p + o)—(B), which
is caused by the temperature increasement in ASB. In addition, the average grain sizes in ASB region
are gradually refined under the action of dynamic recrystallization. These results provide insights into

the dynamic deformation mechanism and adiabatic shearing behavior of metastable B titanium alloys.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metastable B titanium alloys have broad applications in the fields
of aerospace, armored vehicles and biomedicine, due to their high
specific strength, high corrosion resistance and low elastic modulus
[1-6]. Recently, considerable efforts have been devoted to the devel-
opment of titanium alloys with high-strength and high-ductility,
governed by a variety of deformation mechanisms (such as disloca-
tion slip, stress-induced phase transformation and twinning). d-
electrons theory was first proposed by Morinaga [7] to predict the
plastic deformation modes of titanium alloys, in which two elec-
tronic parameters of Md (the metal d-orbital energy level) and Bo
(the covalent bond strength between Ti and an alloying element)
were applied to assess the stability of B phase. Based on this theory,
a series of metastable B titanium alloys such as Ti-12Mo [ 8], Ti-9Mo-
6 W [9], Ti-15Nb-5Zr-4Sn-1Fe [10] and Ti-4Mo-3Cr-1Fe [11] were
designed to trigger stress-induced phase transformation and/or
stress-induced twining during the quasi-static deformation. The
transformation induced plasticity (TRIP) and twinning induced plas-
ticity (TWIP) effects improve the ductility of these alloys. What's
more, due to the hindering effect of the stress-induced structures
on dislocations, the materials exhibit an increased strength.

These metastable B titanium alloys break through the long-
standing strength-ductility trade-off under quasi-static deforma-
tions. However, the deformation and failure mechanisms under
dynamic conditions are quite different, one of the most significant
differences is the adiabatic shear band (ASB), which appears in tita-
nium alloys due to plastic instability during dynamic compression,
causing the adiabatic shear failure [12-14]. Studies through high-
speed photography and infrared temperature measurement have
shown that the temperature and local strain in the ASB region are
much larger than thatin the matrix [ 15,16]. Besides, the high density
of geometrically necessary dislocations in ASB is detected by the
precession electron diffraction [17]. The adiabatic shearing behavior
of a titanium alloy is controlled by its microstructure: in pure tita-
nium containing both coarse and ultrafine grains, the average grain
size and texture evolution in the ASB region are significantly affected
by the energy stored in the matrix [18]; in Ti-1300 alloy, the o + B
lamellar microstructure is more susceptive to adiabatic shear local-
ization deformation than B phase microstructure [19]; in Ti-6Al-4 V
alloy, the ASBs are found regularly clustering distributed in the
bimodal structure, but net-like distributed in the lamellar structure
[20]. Different from traditional titanium alloys, the metastable B
titanium alloys undergo complex microstructural evolution during
the deformation, therefore, it is crucial to investigate the dynamic
deformation mechanisms, in order to improve its dynamic mechan-
ical properties and expand its application scope.

Yet, limited researches have been conducted on the dynamic
deformation of metastable f titanium alloys. Yang detected the for-
mation of twinning and martensite during dynamic compression of
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Ti-8.5Cr-1.5Sn [21], which is similar to the phenomenon that
Brozek found in the quasi-static tension test [22]. Xiao [23] ana-
lyzed the sequential mechanism of plastic deformation modes acti-
vated in Ti-2Al-9.2Mo-2Fe during dynamic compression and the
effects of different deformation mechanisms on textures. The twins
and martensite were found inside the ASBs of some titanium alloys
because of the high temperature and high quenching rate within
ASB region [24-27]. Especially, the twinning in ASB were demon-
strated to enhance the dynamic recrystallization [28]. These alloys
exhibit intricate stress-induced transitions during dynamic defor-
mation, however, the microstructural evolution is difficult to track
because of the high-speed characteristic of dynamic deformation.
Hence, the effect of stress-induced structures on the adiabatic
shearing behavior of alloys is still controversial.

The purpose of this work is to elucidate the mechanisms of the
microstructural evolution and adiabatic shearing behavior for
metastable B titanium alloys under dynamic deformations. A novel
metastable B titanium alloy Ti-6Mo-3.5Cr-1Zr (wt. %) is designed
based on the d-electrons theory, whose composition is adjusted
to Md of 2.399 and Bo of 2.802 in Md-Bo map [29,30]. The alloy
exhibits metastable characteristics and undergoes stress-induced
o (Slw) phase transformation during the dynamic compression.
The stop rings are applied to control the compressive strains.
Through optical microscopy (OM), X-ray diffraction (XRD), electron
backscatter diffraction (EBSD), transmission electron microscopy
(TEM) and differential scanning calorimetry (DSC) characteriza-
tions, the interaction between stress-induced structures and ASB
is explored, and the complex microstructural evolution inside the
matrix and ASB regions are revealed.

2. Material and method

The nominal composition of the designed alloy was Ti-6Mo-
3.5Cr-1Zr (wt. %), whose B transus temperature was measured to
be ~ 808 °C through metallographic method. The ingot was cast
via vacuum arc smelting for three times, and then it underwent
homogenization at 1000 °C for 12 h, followed by a hot rolling at
740 °C with a deformation of 75%. Finally, the samples were
solution-treated at 900 C for 30 min and water quenched. All heat
treatments were carried out under a high-purity argon
atmosphere.

Dynamic compression tests at room temperature were per-
formed on a Split Hopkinson Pressure Bar (SHPB) at a strain rate
of ~ 3000 s~ . The specimen with the size of ¢§5 x 5 mm was com-
pressed to fracture to test its compressive strength and malleabil-
ity. In addition, a series of stop rings were applied to control the
maximum deformation of the specimen to explore the microstruc-
tural evolution under different compressive strains, as shown in
the schematic diagram (Fig. 1). The material of the stop rings is
C350 maraging steel with a high yield strength of ~ 1800 MPa
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Fig. 1. Schematic diagram of dynamic compression experiment with stop rings.
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Fig. 2. Microstructural analysis of the as-quenched Ti-6Mo-3.5Cr-1Zr alloy. (a) EBSD IPF map. (b) SAED pattern with beam//[011]g//[11 2 0]e1//[1 2 10] . (¢) TEM DF image

acquired using the o reflection.

and a high hardness of ~ 57 HRC, which can hardly be deformed
under the loading conditions of this experiment. This material is
also used as a stop ring in other reports [31,32]. The inner and
outer diameters of the stop rings are 7 mm and 10 mm, respec-
tively. The heights of the stop rings were processed to be
4.5 mm, 4 mm, 3.75 mm and 3.5 mm, which correspond to 10 %,
20 %, 25 % and 30 % deformations, respectively. Subsequently, the
optical microscopy (OM), X-ray diffraction (XRD), electron
backscatter diffraction (EBSD), and transmission electron micro-
scopy (TEM) tests were performed on the specimen compressed
to the specified strains.

The metallography analysis was carried out on optical micro-
scopy (OM; LECO series Olympus PME-3). XRD were carried out
using Bruker D8 Focus (Acyo: 0.154 nm, 2°/min, from 20°-90°). Riet-
veld refinement was performed using TOPAS 4.2 software to quan-
titatively calculate the relative content of each phase. Differential
scanning calorimetry (DSC) test was carried out on NETZSCH DSC
404F3. EBSD maps were recorded under a voltage of 25 kV and cur-
rent of 26 pA on field emission scanning electron microscope (JSM
7200F). Prior to this process, the surface of specimen was mechan-
ically polished, and then electrochemically polished in a HCIO4:
CH5(CH,)30H:CH30H (6:34:60) solution at 30 V, and —40 °C. The
scan area, step size and confidence index for the as-quenched state
alloy were 1.5 mm x 1.5 mm, 5 pm and 0.33, respectively. While
the three parameters for the 10 % strain state alloy were
150 um x 150 pm, 0.25 pum and 0.18, respectively. EBSD data were
analyzed by HKL's CHANNEL5 software. TEM were performed
under a Talos F200X transmission electron microscope equipped
with a 200 kV electron gun. High resolution TEM (HRTEM) obser-

vations have been made by using an aberration-corrected FEI The-
mis Z transmission electron microscope. The tested samples from
the specimen’s matrix area were prepared by ion thinning method,
and that inside and near the ASB region were prepared following
lift-out and plan-view methods [33] in a dual-beam focused ion
beam (FIB) Helios Nanolab 600i (Thermo Fischer Scientific). TEM
data were analyzed using Digital Micrograph (GMS 3, Gatan,
Munich, Germany) software.

3. Results and discussion

3.1. Microstructure and dynamic compression properties of the as-
quenched alloy

As shown in the EBSD inverse pole figure (IPF) map (Fig. 2a), the
as-quenched alloy is composed of equiaxed B grains with an aver-
age grain size of ~ 120 pum. A selected area electron diffraction
(SAED) pattern taken along the [011]; zone axis is presented in
Fig. 2b, in addition to the B matrix, two variants of athermal ®
phases are also indexed. TEM dark-field (DF) image reveals that
the precipitated nanoscale athermal ® phases with grain sizes of
1 nm ~ 10 nm are randomly dispersed inside the B matrix
(Fig. 2¢) [34,35].

The true stress--strain curves of the dynamically compressed
specimens to 10%, 20%, 25%, 30% strain states and to fracture are
shown in Fig. 3a, extremely high strain hardening trend can be
observed. The compressive strength and malleability of the alloy
are ~ 1152 MPa and ~ 34 %, respectively. The microstructure of
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Fig. 3. The true stress-strain curves and microstructure after the dynamic compression. (a) The true stress-strain curves of the specimens dynamically compressed to broken
and the 10%, 20%, 25% and 30% strain states. (b) The microstructure of the specimen compressed to fracture.
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Fig. 4. EBSD and TEM analysis of the band structures. (a) EBSD IPF map. (b) EBSD Phase map. (c¢) TEM bright-field image. (d) SAED pattern recorded from the circled area in (c).
(e) HRTEM image at /p interface along [011] axis. The ® and B phases are highlighted by orange and blue dots, respectively.
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Fig. 5. XRD analysis of the alloy at 0%, 10%, 20% and 25% strain states.

the specimen compressed to failure is shown in Fig. 3b, in which a
lot of band structures are found.

3.2. Analysis of the microstructural evolution during dynamic
compression process

In order to gain an insight into the microstructural evolution
during the dynamic compression, EBSD characterization was

performed. However, the sharpness resolution of the Kikuchi pat-
tern would be significantly reduced by the high residual surface
stress generated in the compressed specimens with high strain,
hence, the low strain specimen of 10% strain is chosen for analysis.
Its EBSD IPF map is shown in Fig. 4a, the bands with the width of
3 pum ~ 10 pm run through the B grains and terminate at the grain
boundaries. The bands structure can be found in the EBSD phase
map (Fig. 4b), which are all hexagonal structure. These bands are
generated from the body centered cubic (BCC) B matrix at rela-
tively low strains, so the occurrence of stress-induced phase trans-
formation can be inferred [8-10]. Further TEM SAED indicates that
the stress-induced bands in Fig. 4c are the o phase (Fig. 4d). The
high-resolution (HR) TEM image recorded from the [011]; axis
shows the atomic arrangement at »/p interface (Fig. 4e), in which
the structural feature of the w phase and the B phase are high-
lighted by orange and blue dots, respectively. The interplanar dis-

tances of (01 i)ﬁ, (200)g, (0001), and (i 010),, are measured to be
0.23 nm, 0.16 nm, 0.28 nm and 0.4 nm, respectively. Based on the
observations of SAED and HRTEM, the orientation relationship

between the ® and B phases is deduced as {i 010}//{211}3 and

[11 2 0]w//[011]g, which is consistent with the orientation rela-
tionship reported in Ti-36Nb-2.2Ta-3.7Zr-0.30 (at. %) alloy [36].
The phase analysis of the alloy under different strains are
shown in Fig. 5. The alloy in each state is composed of B and ®
phases (the 0% state alloy contains only athermal ® phase, while
the alloy under 10%, 20% and 25% states contain athermal ® phase
and Slw phase). Rietveld refinements were performed to obtain the
relative contents of each phase [37]. The weighted profile R-factor

Table 1

The R,y;, of Rietveld refinements, relative contents and lattice parameters of p and o phases under 0%, 10%, 20% and 25% strain states.
Deformation strain, % Rwp, % alA (Blo) b/A (B/w) c/A (B/w) wt, % (B/w)
0 7.95 3.261/4.489 3.261/4.489 3.261/2.840 69.3/30.7
10 8.56 3.264/4.587 3.264/4.587 3.264/2.833 54.7/45.3
20 6.96 3.262/4.584 3.262/4.584 3.262/2.832 40.8/59.2
25 7.63 3.265/4.569 3.265/4.569 3.265/2.849 33.5/66.5
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Fig. 6. SEM observation of the adiabatic shear band. (a) Overall morphology of adiabatic shear band. (b) Enlarged view for the boxed area in (a). (c) Bifurcation at the end of

adiabatic shear band. (d) Enlarged view for the boxed area in (c).

Fig. 7. SEM observation of the crack and micro-voids.

(Rwp, %) of refinements, relative contents and lattice parameters of
B and o phases under 0%, 10%, 20% and 25% strain states are shown
in Table 1.

As the strain increases from 0% to 25%, the content of @ phase
increases from 30.7% to 66.5%, implying that the TRIP effect per-
sists during plastic deformation. As the stress accumulates during
the plastic deformation, the stress-induced phase transformation
is activated in a growing number of original B grains. The continu-
ous formation of Slw bands interlace with each other in a net-like
distribution, thus inducing the dynamic Hall-Petch effect [38]. The
flow stress increment Ao contribution from the Sl bands is given
by [39]:

AGy = nMGb/A (1)

where n is the maximum number of dislocations accumulated at
grain boundaries on a specific slip plane, M is the Taylor factor; G

Fig. 8. The target zones in the adiabatic shear band region.

is the alloy shear modulus, b is the magnitude of the Burgers vector,
A represents the dislocation mean free path, which is mainly deter-
mined by the mean spacing between the bands.

The phase interface of B/SI® can play the similar role of grain
boundaries strengthening. The dislocation mean free path is
reduced due to a motion hindering effect by the B/Sl® interface,
which eventually results in strain hardening of the material.

3.3. Analysis of adiabatic shear band and crack in samples with 30 %
strain

The formation of ASB is observed in samples with 30 % strain.
The direction of the ASB is 45° from the compressive direction
(Fig. 6a), and the Sl® bands on both sides of ASB deform along
the shear direction (Fig. 6b). In addition, the ASB in Fig. 6¢-d tends
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Fig. 9. TEM analysis of the outer edge of adiabatic shear band. (a) FIB sample
prepared by lift-out method. (b) TEM BF image showing the grain size. (c) TEM BF
image showing the band structures (the inset shows the SAED pattern obtained
from the circled area). (d) TEM DF image corresponding to the band structures
based on the [1 101],, reflection in the inset of (c).

to get around the stress-induced bands region and propagate along
the original B grains boundaries, which results in a bifurcation at
the end. This reflects the hindering effect on the ASB expansion
by the stress-induced structures. These obstacles in the formation
and expansion of the ASB results in a relatively high malleability of
the alloy.

Crack formation is also observed under this state (Fig. 7). Lots of
micro-voids are observed near the crack tip. This crack feature is

-’;., >~

Materials & Design 221 (2022) 110939

1200 nm

Fig. 11. TEM analysis of the center zone in adiabatic shear band. (a) FIB sample
prepared by plan-view method. (b) TEM BF image. (c) TEM DF image. (d) SAED
pattern obtained from the circled area in (b).

similar to that observed in pure Ti [40] and o/B dual phase titanium
alloys [41-43]. A reasonable inference is that micro-voids are first
generated in the adiabatic shear band, and their interconnection
and expansion lead to the formation of macroscopic cracks.

3.4. Microstructural analysis of the adiabatic shear band region
It is well known that the failure of titanium alloys under

dynamic compression first occurs at the ASB region, and the failure
of the ASB is dominated by its microstructure. In order to explore

Fig. 10. TEM analysis of the transition zone in adiabatic shear band. (a) FIB sample prepared by lift-out method. (b) TEM BF image showing the grain size. (c) TEM BF image
showing the band structure. (d) SAED pattern obtained from the circled area in (c). (e) HRTEM image of the band area. (f) The inverse FFT filtered HRTEM image of the band

area.
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Fig. 12. Temperature analysis of phase transformation among , o, and B phases. (a) DSC exothermic curve. (b) XRD analysis of two heat treatment states: 430°C/1h/WQ and

550°C/1Th/WQ.

the microstructural evolution in ASB region, three typical zones
including the outer edge (F1), the transition zone (F2) and the cen-
ter (F3) of the ASB are selected for TEM analysis (Fig. 8).

TEM observations on the outer edge of ASB (F1 zone in Fig. 8)
are shown in Fig. 9. Lift-out method is used to prepare FIB sample
in the target zone (Fig. 9a). The microstructure of this zone is con-
sisted of deformed ultrafine grains and dynamic recrystallization
grains [44-46], whose average grain size is significantly refined
to ~ 500 nm (Fig. 9b). In addition, a small amount of band structure
is observed (Fig. 9¢), which is confirmed as Slw phase by the SAED
(inset of Fig. 9¢) and TEM DF image (Fig. 9d).

TEM observations on the transition zone of ASB (F2 zone in
Fig. 8) are shown in Fig. 10. Lift-out method is used to prepare
FIB sample in the target zone (Fig. 10a). The average grain size in
F2 zone is ~ 300 nm (Fig. 10b). Band structures are also detected
in this zone (Fig. 10c), which are confirmed as the hexagonal close
packed (HCP) structure by SAED (Fig. 10d). The HRTEM image and
corresponding inverse fast Fourier transform (FFT) filtered image of
the band area are shown in Fig. 10e and Fig. 10f, respectively. The

interplanar distances of (01 1 0) is measured to be ~ 0.255 nm,
which indicates that the band structure is o phase generated by
recrystallization.

TEM observations on the center of ASB (F3 zone in Fig. 8) are
shown in Fig. 11. Plan-view method is used to prepare FIB sample
in the target zone (Fig. 11a). The TEM BF and DF images show that
the average grain size in this zone is less than 10 nm (Fig. 11b-c).
SAED pattern determines its structure as single B nanograins
(Fig. 11d).

In summary, the average grain size decreases from the outer
edge to the center of the ASB, which indicates an increasement
of the degree of dynamic recrystallization along this path. In addi-
tion, the microstructural evolution of (B + ®)—(B + ot)—(B) from the
outer edge to the transition zone and then to the center of the ASB
is observed. DSC is performed using the sample after dynamic com-
pression (including B and ® phases) to explore the mechanism of
microstructural evolution, as shown in Fig. 12a. The slope of DSC
exothermic curve changes abruptly in the two ranges of
430 °C ~ 550 °C and 740 °C ~ 840 °C, which indicates the occur-
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B grain boundaries
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Fig. 13. Schematic diagram of microstructural evolution and failure process of the Ti-6Mo-3.5Cr-1Zr alloy during dynamic compression.
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rence of phase transformation [47,48]. The samples after dynamic
compression are heat treated at 430 °C and 550 °C respectively for
1 h and then water quenched (WQ) to room temperature for XRD
analysis, as shown in Fig. 12b. The microstructure is composed of
(B + ®) phases after aging at 430°C and (B + o) phases after aging
at 550°C. This proves that the ® — o phase transformation takes
place between 430 °C ~ 550 °C, which is consistent with the DSC
results. Therefore, it can be concluded that the local temperature
in the transition zone of ASB exceeds 430 °C. On the other hand,
the phase transformation in the range of 740 °C ~ 840 °C corre-
sponds to the o — B. The existence of the single B phase in center
zone of ASB proves that the local temperature exceeds the B tran-
sus temperature (~808 °C). This phenomenon is consistent with
the internal temperature variation of the adiabatic shear band cal-
culated by Zhou through crystal plastic finite element method [49].

Based on the above analysis, the microstructural evolution and
failure process of the alloy during dynamic compression are
schematically shown in Fig. 13. The metastable g phase undergoes
a stress-induced phase transformation under the action of com-
pressive stress. The stress-induced @ bands shorten the dislocation
mean free path and thus increase the flow stress of the alloy. In
addition, the bands are observed to hinder the formation and
expansion of ASB. The grains in ASB are substantially refined. The
microstructural evolution of (B + ®)—(B + o)—(B) occurs along
the outer edge — transition zone — centre of ASB region. Further-
more, numerous micro-voids are generated inside ASB, which is
believed to result from a combination of the thermal softening
and microstructural softening (dynamic recrystallization) [50-
53]. The connection and expansion of these micro-voids form
cracks and lead to failure of the material.

4. Conclusion

In this work, a metastable B titanium alloy Ti-6Mo-3.5Cr-1Zr is
innovatively designed using d-electrons theory. The stress-induced
microstructural evolution and adiabatic shearing behavior of the
alloy under dynamic compression are investigated. The conclu-
sions are as follows:

(1) The compressive stress--strain curve of the alloy shows a
strain hardening trend with the compressive strength up
to ~ 1152 MPa. The strain hardening of the alloy is attribu-
ted to the occurrence of stress-induced  (Sl®w) phase trans-
formation. XRD showed that the content of ® phase
increases from 30.7% to 66.5% with the strain varies from
0% to 25%.

(2) The Slw bands hinder the formation and propagation of adi-
abatic shear bands (ASB), which delays the failure of the
alloy. The alloy therefore exhibits a high compressive frac-
ture strain of ~ 34%.

(3) Compared with the matrix, the average grain size in the ASB
region is gradually refined due to the dynamic recrystalliza-
tion. Nanograins with grain size less than 10 nm are
detected in the center of ASB. In addition, the microstruc-
tural evolution along outer edge — transition zone — center
of the ASB region is (B + ®)—(B + a)—(B), which is confirmed
to be caused by the temperature increasement in ASB.
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