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A B S T R A C T

The samples cut from the Ti-8.5Cr-1.5Sn titanium alloy were prepared to explore the combined effects of dy-
namic compression-induce twins and martensite on the adiabatic shear behavior. The morphologies of the de-
formed microstructures were examined by means of optical microscopy (OM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) observations, which revealed a high density of twins and
martensite. The volume fraction of these features increased when the strain rate increased from 1000/s to 1500/
s, owing to the relatively large driving force associated with twinning induced plasticity (TWIP) and transfor-
mation induced plasticity (TRIP) effects. Such phenomena resulted in an increase in the unit strain increment
(induced by the unit stress increment Δε / Δσ) and the energy absorbed. At strain rates of 2000/s or higher,
adiabatic shear failure occurred and the values of Δε / Δσ and the absorbed energy were far greater than that at
1500/s. The twins and martensite around the adiabatic shear bands (ASBs) were broken due to severe local
deformation and subsequent dynamic recrystallization. Furthermore, the presence of twins and martensite in-
duced (in general) bifurcation of the ASBs, which played a crucial role in the plasticity of the alloy.

1. Introduction

Titanium and its alloys are increasingly used for aerospace, bio-
medical, and automotive applications due to their low density, good
corrosion resistance, and high strength-to-density ratio [1–3]. However,
these alloys are particularly susceptible to adiabatic shear localization
during dynamic loading, owing to their low thermal conductivity.
Adiabatic shear localization is an important failure mechanism, which
often occurs during the high-strain-rate deformation of materials [4–7].
This mechanism is generally characterized as a plastic flow instability
phenomenon, where thermal softening arising from the adiabatic
temperature rise exceeds work hardening and strain-rate hardening
[8,9]. In recent years, adiabatic shear bands (ASBs) in titanium alloys
have received considerable attention, and numerous studies, including
those focused on microstructural evolution and theoretically based
explanations, have been conducted on adiabatic shear localization in
titanium and its alloys. The results revealed that many twins are gen-
erated around the ASBs after dynamic loading of some titanium alloys
[10–12]. Furthermore, in some cases, martensite forms in alloys such as
Ti–6Al–4V [12], Ti-5553 alloy [13], and β-CEZ Ti alloy [14].

Twinning, as an important form of plastic deformation, contributes
directly to crystal deformation, and leads to changes in crystal

orientation. Similarly, the deformation twins generated during the de-
formation process of the alloy reduce the effective distance of the dis-
location slip, resulting in improved strength and plasticity of the alloy
via the twinning induced plasticity (TWIP). Marquis et al. [15] and
Venkatesh et al. [16] found that twins in titanium alloys increase the
quasi-static mechanical properties of the material. Moreover, Osovski
[17] performed a systematic comparison of pure titanium and Ti6Al4V,
and found that twinning will lead to significant delays in the occurrence
of dynamic recrystallization (DRX). This results in pure titanium with
superior resistance to adiabatic shear failure. Osovski proposed that
twins are an active source of dissipation, which therefore delays DRX
occurrence and consequently shear localization. Sun et al. [18] per-
formed high-speed compression tests on metals with different struc-
tures. The results showed that different twin boundary orientations
have non-equivalent effects on ASBs. For example, twins parallel to the
shear direction were gradually broken, while those perpendicular to the
shear direction hindered the expansion of the shear band.

Martensitic transformation can also be used to improve the prop-
erties of the material. Zackey et al. [19] investigated the mechanical
properties of high-strength steels. The results revealed that martensitic
transformation can maintain good plasticity while strengthening the
material during deformation. Therefore, the concept of a
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transformation induced plasticity (TRIP) effect was proposed. Since
then, the TRIP effect has been extensively investigated, and its appli-
cation to titanium alloy has been widely promoted. Brozek et al. [20]
systematically studied the stress-induced martensitic transformation in
Ti–Cr based alloys and found that the TRIP effect can improve the
mechanical properties of the alloy. Furthermore, Yan et al. [21] de-
signed a near-α titanium alloy with the TRIP effect, which improved the
strength and plasticity of the alloy. Unfortunately, most studies have
focused on quasi-static conditions, and only a few have considered
high-strain-rate deformation. Xu et al. [13] investigated the dynamic
properties of a Ti-5553 alloy via Split Hopkinson Pressure Bar and light
gas gun experiments. The results revealed that a martensitic transfor-
mation zone occurs around the ASBs, and the grains in this area were
severely elongated. Eskandari et al. [22] systematically investigated the
formation of ASB and plastic deformation mechanisms within neigh-
boring grains by high-resolution electron backscatter diffraction in Mn-
steel, and some significant results were obtained. It was found that
formation of athermal ε-martensite and ά-martensite within the shear
bands induced a brittle intersection structure and resulted in crack in-
itiation and propagation in this region. Moreover, the formation of
twins towards the ASB suggested that mechanical twinning occurred in
the neighbor grains.

However, studies focusing on the influence of both twins and mar-
tensite on the adiabatic shear behavior of the alloy are rare, although
this behavior is critical to improving the performance of materials
under dynamic loading. In this work, we studied a new β-type titanium
alloy, Ti-8.5Cr-1.5Sn, which was designed by Brozek et al. [23] in ac-
cordance with the “d-electron alloy theory” [24–26] proposed by
Morinaga. Twins and martensite can occur simultaneously in this alloy,
if the material is subjected to certain heat treatment and deformation
conditions. The effect of these features on the adiabatic shear behavior
will be discussed in the current study.

2. Experimental

The Ti-8.5Cr-1.5Sn titanium alloy (see Table 1 for the chemical
composition) was smelted in a 10-kg vacuum induction furnace. A
40mm×40mm×13mm block sample was cut out from the ingot
(see Fig. 1(a)). Subsequently, the sample was preheated for 20min at
1073 K, and then rolled to 7mm (via 10 paths) in the thickness direc-
tion, as shown in Fig. 1(b). A final cumulative reduction of 46% was
realized. After the rolling, the hot-rolled plate was air-cooled to room
temperature, annealed at 1173 K for 120min, and then water cooled.
Afterward, 5mm (diameter)× 5mm (height) samples (see Fig. 1(c))
were cut from the plate. These samples were then subjected to dynamic
loading tests using a Split Hopkinson Pressure Bar at room temperature.
Through wire-electrode cutting, samples for microstructural char-
acterization were cut from the dynamically deformed samples along the
loading axis.

Metallographic specimens were prepared via standard mechanical
polishing and subsequent etching in a solution of 2 mL hydrofluoric
acid + 18 mL nitric acid + 80 mL distilled water. The microstructural
characteristics were examined with a OlympusPME-3 optical micro-
scope. Moreover, the microstructural features of the titanium alloy after
dynamic loading were examined via scanning electron microscopy
conducted on a Quanta 200F field-emission scanning electron micro-
scope at 15 kV.

Samples for TEM were cut out to a 500-μm foil along the loading
axis, and then mechanically ground to a thickness of 30–50 μm. A 3-

mm-diameter disk was carefully punched out from the foil to ensure
that the shear band paths cross the center of the disk. Afterward,
electrolytic polishing was conducted for 90 s at 40 V and -30 K on a
twin-jet polisher using a solution of 60 mL perchloric acid +360 mL n-
butyl alcohol +600 mL methanol. TEM observation was performed on
a Tecnai F30 transmission electron microscope operated at 300 kV.

3. Results and discussion

3.1. The appearance of twins and martensite

Fig. 2(a) shows an optical micrograph of the alloy after heat treat-
ment. After this treatment, the alloy undergoes dynamic compression
loading (see resulting microstructure in Fig. 2(b)). The initial heat
treated sample has equiaxed β grains with diameter ranging from 200
to 300 μm, as shown in Fig. 2(a). No twin-like and martensite-like
structures were found in the grains. The heated alloy is composed of
equiaxed grains. However, many twin-like and martensite-like struc-
tures are generated during dynamic loading. These structures were
elucidated via TEM investigation. Fig. 3 shows TEM images of the alloy
after heat treatment and subsequent dynamic compression. Fig. 3(a)
shows the lath-like structure present in the β grain, and the corre-
sponding selected area electron diffraction pattern reveals that the
structure is martensite. The strain-induced martensite (width:
150 nm–200 nm) is arranged parallel to the longitudinal axis of the
alloy. In addition, very tiny secondary martensite (width: 60 nm) is also
observed (see dashed rectangle in Fig. 3(a)). The lath-like structure is
accompanied by other parallel structures in the alloy (as shown in
Fig. 3(b)), which can be identified as twins from a conventional selected
area diffraction pattern. This indicates that TRIP and TWIP effects can
occur simultaneously.

3.2. The effect of strain rate on twins and martensite

Since the samples were tested by a Split Hopkinson Pressure Bar, the
stress, strain and strain rate can be calculated from the data collected by
the strain gauge recordings on the incident bar and transmitter bar. The
strain rate responses for the alloy are plotted as a function of time in
Fig. 4. It is clear from Fig. 4 that the strain rates measured from the
SHPB test are not constant. Generally, the value at relative stable pla-
teau can be regarded as an average strain rate [27,28]. So, the average
strain rate of curve 1, 2, and 3 are 1000/s, 1500/s, and 2000/s, re-
spectively.

As mentioned in Section 3.1, there is no twins and martensite
generated in the annealed alloy (see Fig. 2(a)), but a large number of
twins and martensite can be found from the optical micrograph of the
alloy at strain rate of 1000/s, 1500/s, and 2000/s shown in Fig. 5. As
Fig. 5 (a) and (b) show, the alloy can be roughly divided into two areas:
less volume fraction of twins and martensite (denoted as Area I), more
volume fraction of twins and martensite (denoted as Area II). It can be
clearly seen that, at strain rate of 1500/s, there are more Area II present
in the alloy compared to the alloy at strain rate of 1000/s, where the
arrangement of twins and martensite is more dense. As is well known,
that twins and martensites are generated once the driving force reaches
their respective critical resolved shear stresses. The different micro-
structure for the two strain rates indicates that generation of both TWIP
and TRIP are closely related to the strain rate. To a certain degree,
higher strain rate is prone to induce more twins and martensite due to a
relatively larger driving force. The high volume fraction of these fea-
tures occurring at a strain rate of 2000/s is accompanied by a long and
narrow adiabatic shear band (width: 20 μm-50μm), which is distinct
from the matrix, as shown in Fig. 5(c).

Fig. 6 shows the true stress-true strain curves of the alloy exposed to
strain rates of 1000/s, 1500/s, and 2000/s. Generally, the dynamic
deformation processes can be divided into three stages, namely: strain
hardening stage (denoted as stage Ⅰ), dynamic equilibrium stage

Table 1
Chemical composition of the titanium alloy (wt.%).

Material Cr Sn Fe Si Ti

Ti-8.5Cr-1.5Sn 8.5 1.5 0.02 0.02 Balance
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(denoted as stage Ⅱ), and shearing instability stage (denoted as stage
Ⅲ). In stage Ⅰ, true stress increases with the increase of true strain until
achieving the peak stress. In stage Ⅱ, thermal softening effect induced

by the working heat is equal to hardening effect induced by the de-
formation, which results in a platform shown in the curves. In stage Ⅲ,
true stress decreases sharply with the increase of true strain which
called stress collapse. The emergence of stress collapse is mainly caused
by the dominant status of thermodynamic softening in the competition
with work-hardening. However, owing to the lack of adiabatic shear
failure at strain rates of 1000/s and 1500/s in this work, the true stress-
true strain curve consists of only the first two stages. Adiabatic shear
failure occurs when the strain rate of the alloy increases to 2000/s. This
is manifested as an additional shearing instability stage in the curve,
and the sample is broken along the direction of 45° to the compression
axis.

In addition, other hardening effects and softening effects that affect
the stress-strain curve shall also be noticed. As can be seen from Fig. 5, a
large number of twins and martensite appear under the dynamic
loading at different strain rates, which significantly contributes to work
hardening capacity of the alloy. Specifically, the yield stress of the
alloy, σy, is generally related to the grain size, d, through the Hall-Petch
equation [29,30]: = + −σ σ k dy y0

1/2, where σ0 is the friction stress and ky
is a positive constant of yielding associated with the stress required to
extend dislocation activity into adjacent unyielded grains. However, the
twins boundaries will lead to the increase of ky, which increases the
Hall–Petch slope [31–34]. In the process of deformation, the new

Fig. 1. Process for preparing samples: (a) before rolling; (b) after rolling; (c) the sample for dynamic compression.

Fig. 2. Optical micrographs of the titanium alloy: (a) after heat treatment; (b) after heat treatment and subsequent dynamic compression at strain rates of 2000/s.

Fig. 3. TEM images of the alloy after heat treatment at 1173 K and dynamic compression at strain rates of 2000/s: TEM image and selected area diffraction pattern of
(a) martensite; (b) twins.

Fig. 4. Strain rate-time curve of the alloy during dynamic compression.
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deformation twins and their boundaries will continue to appear, so the
value of ky will increase with the increase of the strain. At the same
time, a large number of dislocations are accumulated near the newly
formed twins boundaries, which hinder the dislocation motion, thus
improving the strength of the alloy, and having an effect of work
hardening [32,35]. Meanwhile, it has been widely reported [36–39]
that the transformation of martensite has similar effect on the
strengthening of the alloy in terms of the martensite plate thickness,
which also conforms to Hall-Petch relationship. On the other side,
however, the occurrence of DRX in the alloy would inevitably lead to
the presence of a significant softening behavior in the stress-strain
curve, which could bring about an important decrease in the mean flow
stress [40–42].

As Fig. 6 shows, at different strain rates, the alloy experiences dif-
ferent unit strain increments caused by unit stress increments (hereafter
defined as Δε / Δσ ; see Table 2) during the dynamic equilibrium stage.
At strain rates of 1000/s, 1500/s, and 2000/s, Δε / Δσ is
2× 10−4 MPa−1, 3.3× 10−4 MPa−1, and 9.3×10−4 MPa−1, respec-
tively. These differences reflect the plastic deformation degree of the
alloy to a certain extent, i.e., the deformation degree increases with
increasing ratio. When the strain rate rises from 1000/s to 1500/s, the
volume fraction of twins and martensite increases, and the value of Δε /
Δσ increases by 1.3× 10−4 MPa−1. Obviously, the increase of the
plastic deformation degree of the alloy at this stage is closely related to
the increase of the volume fraction of twins and martensite. When the
strain rate rises up to 2000/s, adiabatic shear failure occurs, and the

value of Δε / Δσ increases sharply by 6×10−4 MPa−1. The increase in
the plastic deformation degree of the alloy at this stage is closely cor-
related with the occurrence of adiabatic shear failure.

In addition, Mazeau [43] used the adiabatic shear localized energy
as the basis for measuring the adiabatic shear sensitivity of different
titanium alloys. The energy absorbed by the alloy during dynamic
compression can be expressed as follows:

∫=E σ dε•
ε

0 (1)

In the above equation, σ and ε represent the true stress and the true
strain, respectively. Table 3 shows the average flow stress, true strain,
and absorbed energy of the alloy under dynamic compression at three
strain rates. At strain rates of 1000/s, 1500/s, and 2000/s, the absorbed
energy of the alloy is 45.4 J/cm3, 62.9 J/cm3, and 183.4 J/cm3, re-
spectively. Obviously, when the strain rate increases from 1000/s to
1500/s, the degree of plastic deformation is exacerbated due to the
increase of the volume fraction of twins and martensite, which results in
the alloy consuming more energy; when the strain rate rises up to
2000/s, the occurrence of adiabatic shear failure leads to further energy
consumption.

3.3. The effect of twins and martensite on adiabatic shear behavior

A schematic of TEM observations illustrates that the size of the grain
near the ASB is correlated with the distance from the ASB in the alloy.
Fig. 7 shows a schematic of the area around the ASB and TEM images of
a typical region subjected to a strain rate of 2000/s. As the figure
shows, the alloy can be roughly divided into three areas: far away from
the center of the ASB (denoted as I), close to the ASB (denoted as II),
and inside the ASB (denoted as III). In area I, the twins and martensite
are evenly distributed in the alloy. The TEM image in Fig. 7 shows a
typical martensitic structure. In the image, the black region and the
gray region correspond to the strain-induced martensite and the β
phase, respectively. The phase boundary between the martensite and
the matrix is relatively clear, and the dislocation density around the
boundary is high, indicative of dislocation accumulation near this
boundary. The underlying reason lies in the fact that the coordinated
deformation between the two phases induces a large stress at the phase
interface, leading to an increase in the dislocation density. In area II,
i.e., close to the ASB, the plastic deformation becomes severe and dis-
location accumulation in both phases is intensified, thus leading to the
microstructure heavily deformed. In area III, the microstructure is
mainly composed of the ultra-fine and equiaxed grains (size:
∼200 nm). It is clearly seen that these small, equiaxed grains have well-
defined boundaries. As reported [44,45], high shear stress leads to the
lattice rotation of the deformed grains adjacent to the ASB, and the

Fig. 5. Optical micrographs of the alloy at
different strain rates: (a) 1000/s; (b) 1500/
s; (c) 2000/s.

Fig. 6. Dynamic compression true stress-true strain of the alloy at different
strain rates.

Table 2
Unit strain increment induced by unit stress increment at different strain rates.

ε•1 =1000/s ε•2 =1500/s ε•3 =2000/s

Δε/Δσ (10−4 MPa−1) 2 3.3 9.3

Table 3
Average flow stress, true strain, and absorption energy of the alloy at different
strain rates.

ε̇ Average flow stress/MPa True strain Absorbed energy/(J/cm3)

1000/s 928 0.055 45.4
1500/s 985 0.085 62.9
2000/s 1124 0.173 183.4
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formation of the ultra-fine grains in the ASB should be attributed to the
rotational dynamic recrystallization mechanism. Furthermore, Meyers
et al. [46,47] demonstrated that the rotational dynamic recrystalliza-
tion mechanism can reasonably explain the formation of ultra-fine
grains in ASB by the thermodynamics and dynamics calculations.
Moreover, the presence of DRXed grains is supported by the ring dif-
fraction patterns inserted in area III of Fig. 7.

Based on the microstructural difference, ASBs are divided into de-
formed bands (DBs) and transformed bands (TBs) [48]. Generally, the
DBs show the extensive plastic deformation characteristics, i.e. the se-
vere deformed and elongated grains. The TBs are considered as the
further development of the DBs. Therefore, more severe plastic de-
formation and higher temperature rising in the TBs than that of the DBs
[49–52]. In the current study, the formed ASB at 2000/s is a typical
transformed band, which is mainly composed of the ultra-fine and
equiaxed grains, as shown in area III of Fig. 7.

TEM observations of the alloy at strain rate of 1000/s and 1500/s
after dynamic compression are also conducted, as shown in Fig. 8(a)
and (b). At strain rate of 1000/s (Fig. 8(a)), the boundary of martensite
and the matrix, as well as dislocation accumulation near the boundary
can be clearly seen. As strain rate increases to 1500/s (Fig. 8(b)),
martensite has lost their original shape, and become fragmented due to

severe deformation. As mentioned in Section 3.2, no ASB is observed at
strain rate of 1000/s and 1500/s, and no dynamic recrystallization
occurred.

For additional microstructural analysis at the rate of 2000/s, we
selected four regions referred to as ①, ②, ③, and ④ (see Fig. 5(c); the
corresponding results are shown in Fig. 9 ①, ②, ③, and ④). Fig. 9 ① and ③

show SEM images of the areas adjacent to the ASBs in the alloy, while
Fig. 9 ② and ④ show regions that are relatively far from the ASBs. Many
twins and a large amount of martensite occur in the alloy, but the
number of these structures is significantly lower near the ASBs. As can
be seen from Fig. 5(a) and (b), the twins and martensite are originally
distributed evenly in the alloy. During ASB initiation and formation,
however, the twins and martensite in the vicinity of the ASBs are re-
fined, owing to dislocation motion and dynamic recrystallization,
which will absorb energy to some extent. Fig. 9① and ③ reveal the bi-
furcation of ASBs during the dynamic loading process. In fact, the local
stress at these locations and the structural fluctuation increase, owing to
the twins and martensite in the alloy, and ASB expansion is hindered by
ASB interaction with these locations [53]. The expansion is also hin-
dered by the twins and martensite perpendicular to the shear direction,
as reported by Sun [18], resulting in a bifurcation of the ASBs. This
distribution of the ASBs leads to dispersion of the plastic strain and
plays a crucial role in the plasticity of the alloy [54–57].

4. Conclusions

In this study, the effect of twins and martensite on the adiabatic
shear behavior in Ti-8.5Cr-1.5Sn alloy is systematically investigated
and discussed. When the strain rate increases from 1000/s to 1500/s,
the volume fraction of these features increases significantly, and the
degree of plastic deformation is correspondingly intensified, thus re-
sulting in an increase in the value of Δε / Δσ . Adiabatic shear failure
occurs when the strain rate reaches 2000/s. At this stage, the values of
Δε/Δσ and the absorbed energy increase further, owing to the severe
plastic deformation, DRX, and bifurcation of the ASBs. The TEM ana-
lysis shows that severe plastic deformation inside the ASBs leads to
DRX, and the subsequent breaking of twins and martensite. Moreover,
systematic SEM observation reveals that the presence of twins and

Fig. 7. Typical area near the ASB of the alloy and the corresponding schematic: (a) the area far away from the center of the ASB; (b) the area close to the ASB; (c) the
area inside the ASB.

Fig. 8. TEM micrographs of the alloy at different strain rates: (a)1000/s; (b)
1500/s.
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martensite induces (in general) bifurcation of the ASBs, which plays a
crucial role in the plasticity of the alloy.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.
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