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Abstract: Dynamic compressive properties, microstructure evolution and deformation modes of binary Ti-16V alloys have been 

investigated. Mechanical tests were performed on the split Hopkinson pressure bar. In addition, optical microscopy, electron 

backscatter diffraction technique and transmission electron microscopy were applied to observe deformed microstructures. The 

results show that flow stress and strain hardening rate are both insensitive to loading strain rates. Critical instability strain rate of 

Ti-16V alloys is measured to be about 3000 s

-1

. {332} 113� �  type mechanical twinning and stress induced ω phase transformation 

are dominant dynamic deformation modes of Ti-16V alloys. Schmid factor, calculated by the twinning Schmid factor model, is 

proved to be a key parameter determining the activation of twinning behavior of Ti-16V alloys. 
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Over the past few decades, a diverse range of metastable 

β titanium alloys have been rapidly developed due to their 

excellent biocompatibility, shape memory effect, deform-

ability and super elasticity

[1-3]

. These superior features have 

been found to be sensitive to alloy composition

[4]

. For me-

tastable β titanium alloys, the deformation mode is signifi-

cantly influenced by the phase stability governed by ele-

ment content. With a decrease of β phase stability, a transi-

tion of dislocation slip to mechanical twinning and stress 

induced phase transformation may occur

[5]

. The relationship 

between deformation mode and phase stability could be 

described by the Bo-Md  diagram

[6]

. 

Deformation modes of metastable β titanium alloys are 

recognized to be complex, such as {332} 113� �  and/or 

{112} 111� � type twinning, stress induced phase transforma-

tion and dislocation slip

[7]

. Kuan et al observed plate-shaped 

stress induced ω phase and wavy slip in tensile microstruc-

tures of Ti-15.8V and Ti-19.9V alloys

[8]

; Oka and Taniguchi 

showed the experimental evidence of {332} 113� �  type 

twinning in cold rolled Ti-15.5V alloys

[9]

; Hanada and Izumi 

explained the relationship between 

{ }

332 113� �  type twin-

ning and stress induced ω phase in Ti-16~22V alloys, which 

indicated that stress induced ω phase is preferentially in-

duced in {332} 113� �  type twinning

[10]

; Wang et al reported 

that the deformation modes of Ti-16~22V alloys changed 

from plate-shaped stress induced ω phase transformation 

with the habit plane of {5052}  to {332} 113� �  type me-

chanical twinning

[11]

; Koul and Breedis found stress induced 

α' phase with hexagonal close packing structure in deformed 

Ti-16V alloys

[12]

. Above all, twinning and stress induced 

phase transformation were verified to be dominant 

quasi-static deformation mechanisms of metastable Ti-V al-

loys but dynamic deformation modes are rarely reported. 

Dynamic mechanical response of metals may be quite dif-

ferent from those deformed at a quasi-static strain rate. Gen-

erally, flow stress increases with increasing strain rate. For 

example, Ti-15V-3Sn-3Al-3Cr alloys have a strain rate 

hardening behavior

[13]

. Of course, a strain rate softening be-

havior was observed in other materials, like TRIP/TWIP steel 

with high content of manganese

[14]

. A lot of studies on dy-

namic deformation modes of titanium alloys were also con-

ducted. Ahmed et al showed that an increase of strain rates 
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from 10

-3

 to 10

2 

s

-1

 leads to a restriction of stress induced 

phase transformation and a proliferation of twins

[15]

. Zhan et 

al observed multiple deformation mechanisms including 

{332} 113� �  and {112} 111� �  type twinning, stress induced 

phase transformation and dislocation slip in dynamically de-

formed microstructures of metastable Ti-Nb alloys

[5]

. Note 

that the activation of twinning depends strongly on the ten-

sile or compression direction with respect to the crystal ori-

entation but the relationship was still unknown. 

In this work, metastable Ti-16V alloys were taken as re-

search materials. Dynamic compressive tests were per-

formed to measure mechanical properties. Microstructure 

evolution and multiple deformation modes were observed 

and investigated. A calculation model of twinning Schmid 

factor (SF) was established to show the importance of SF to 

the predication of deformation modes. 

1  Experiment 

The Ti-16V alloys were prepared by non-consumable vacuum 

arc melting using high purity Ti and electrolytic vanadium. The 

chemical composition is presented in Table 1. The cast ingot was 

hot rolled, solution treated at 993 K for 1 h and then quenched in 

water. The samples with a height and diameter of 5 mm for com-

pressive tests were cut from the plates along the rolling direction 

by electrical discharge machining. Dynamic compressive tests 

were carried out on the split Hopkinson pressure bar (SHPB). 

Specimens for optical microscope (OM) observations on Zeiss 

Axiovert 200Mat were wet ground using silicon carbide papers, 

polished in SiO

2

 suspension liquid and etched in a solution (16 mL 

distilled water, 3 mL nitric acid and 1 mL hydrofluoric acid). The 

samples for electron backscatter diffraction (EBSD) analysis per-

formed on JSM-7001F were polished in the OPS solution for 30 

min. The transmission electron microscopy (TEM) samples were 

dryly ground and twinjet polished in another solution (45 mL 

perchloric acid, 105 mL butyl alcohol and 350 mL methanol) at 50 

V and 243 K. TEM observations were performed on the 

JEM-2010 microscope. 

2  Results and Discussion 

2.1  Phase stability 

Deformation modes of metastable titanium alloys are 

significantly influenced by β phase stability

[11]

, which can 

be predicted by the 

Bo-M d

 law. Bo is bond order evalu 

ating the covalent bond strength between Ti and other al-

loying elements; Md presents the d-orbital energy level of 

titanium alloys. The average Bo and Md of Ti-16V alloy 

were calculated to be 2.792 and 2.360, respectively

[16, 17]

. 

Fig.1a shows the location of Ti-16V alloy in the Bo-Md  

diagram. Note that the location was in the “twinning re-

gion” and “β+ω phase zone”. The inverse pole figure (IPF) 

of the water quenched sample is exhibited in Fig.1b, show-

ing the equiaxed microstructure with average grain size of 

163 µm. In addition to the β phase, quenched ω phase was 

also observed (see Fig.1c). 

2.2  Mechanical response 

Dynamic mechanical curves of Ti-16V alloys are shown in 

Fig.2. The loading strain rates were chosen to be 1000~  

3700 s

-1

, in which adiabatic shear band (ASB) and fracture 

formed. It was found that the strain hardening effect was 

featured in each curve. Different from α titanium alloys, the 

work hardening behavior was not common in β-Ti with 

adequate slip systems. Chichilia et al pointed that twin- 

dislocation intersections play a significant role in strain 

hardening behaviors, although dislocation motion accounts for the 

majority of dynamic deformations

[18]

. For metastable β titanium 

alloys, multiple deformation products probably intersected with 

each other, which may contribute to the strain hardening effect. It 

was also found that the rates of strain hardening at different strain 

rates were nearly identical, which was resulted from the fact 

 

Table 1  Chemical composition of the Ti-16V alloy (wt%) 

V C O N H Fe Ti 

15.54 0.01 0.025 0.003 0.001 0.025 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Bo-Md  diagram showing the location of Ti-16V alloy (a), EBSD IPF of the water quenched Ti-16V alloy (b), and TEM dark-field 

image of quenched ω phase (c) 
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Fig.2  True stress-plastic strain curves of Ti-16V alloys com-

pressed at different strain rates 

 

that the adiabatic heat generated at high strain rates was not 

enough to alter the dominant deformation mode. Moreover, the 

flow stress was insensitive to the strain rate. 

2.3  Microstructure observation 

Fig.3 shows optical micrographs of specimens com-

pressed at various strain rates. Equiaxed β grains were ob-

served in water quenched Ti-16V alloy (see Fig.3a). At a 

strain rate of 1000 s

-1

, lots of plate-like features were ob-

served, as shown in Fig.3b. With an increase of strain rate, 

these plate-shaped features began to intersect (see Fig.3c). 

If the strain rate reached to 3000 s

-1

, the ASB was activated 

and propagated along the 45° direction with the compres-

sive axis in Fig.3d. Thus, the critical instability strain rate 

of the Ti-16V alloys was measured to be about 3000 s

-1

. 

Beyond 3000 s

-1

, crack formed and propagated along the 

ASB, as shown in Fig.3e. 

Based on OM observations, multiple deformation prod-

ucts could not be still identified. The EBSD technique was 

further applied to observe the deformed microstructures. 

The sample compressed at 1000 s

-1 

was taken as an example 

to show the dynamic deformation feature due to a slight 

lattice distortion. As shown in Fig.4a, microstructure details 

were exhibited clearly by the overlapping map of IPF and 

image quality (IQ) figure. Part of plate-like features were 

determined to be {332} 113� �  type twinning, a common 

twinning system in β titanium alloys

[19,20]

. The coincidence 

site lattice of this twinning system is ∑11 boundary

[21]

, 

corresponding to 50.5° misorientation angle around 110� �  

direction as indicated in Fig.4b. Fig.4c shows the boundary 

of {332} 113� �  type twinning, which was corresponding to 

part of deformation products in OM observations. However, 

there also existed some products which could not be recog-

nized because of the size difference with twins. Therefore, 

finer deformation products were further observed by TEM. 

Fig.5 shows the plate-shaped feature identified as 

stress induced ω phase with hexagonal crystal structure ac-

cording to the selected-area electron diffraction patterns, 

which was consistent with finer features in OM and EBSD 

observations. There is a discrepancy of the activation of 

stress induced ω phase transformation in Ti-V alloys

[9, 22]

, 

which was caused by interstitial oxygen atoms contained in 

materials. Wang et al found that high level of oxygen may 

suppress the stress induced ω phase transformation in Ti-20V 

alloys

[23]

. Min et al reported that the oxygen content ranging 

from 0.1%~0.5% leads to a suppression of β phase to ω 

phase

[24]

. In this work, the oxygen content of the experimen-

tally used Ti-16V alloy was 0.025%, which resulted in de-

formation modes including twinning and stress induced ω 

phase transformation. Similar results were also observed in 

quasi-static tensile microstructures of Ti-16V alloys

[25]

. 

2.4  Twinning activation 

Twinning is resulted from the shear movement of atoms 

along specific direction on specific crystalline plane

[26]

. The 

Schmid law is commonly used to predict the activation of 

twinning or slip. And the selection of the activated twinning 

variant can also be predicted by the Schmid law

[27]

. For  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Optical micrographs of the undeformed specimen (a) and samples compressed at different strain rates: (b) 1000 s

-1

, (c) 2500 s

-1

,   

(d) 3000 s

-1

, and (e) 3700 s

-1

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

200

400

600

800

1000

1200

T
r
u
e
 
S

t
r
e
s
s
/
M

P
a
 

Plastic Strain

 1000 s

-1

 2500 s

-1

 3000 s

-1

 3700 s

-1

, fracture

 

 

200 µm 

a b 

c 

d 

e 



1418                            Wang Qiaochu et al. / Rare Metal Materials and Engineering, 2019, 48(5): 1415-1420                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Overlapping map (IPF and IQ) of the specimen compressed to 0.044 (plastic strain) at 1000 s

-1

 (a), line traces across the region ar-

rowed in Fig.4a showing misorientation angles (b) and {332} 113� �  type twinning boundary map (c) (the normal direction of the 

observed plane is parallel to the compressive axis) 

 

{332} 113� � type twinning system, it can be activated in 

twelve different ways, termed variants in this research

[28]

: 

(332)[113] , (332)[113] , (332)[113] , (332)[113] , (323)[131] , 

(323)[131] , (323)[131] , (323)[131] , (233)[311] , (233)[311] , 

(233)[311]  and (233)[311] . In the present work, the twin-

ning SF was defined similarly to slip as:  

cos cosSF Φ λ= ⋅                             (1) 

Ф is the angle between compressive direction and normal 

direction to the twinning plane; λ is the angle between 

compressive direction and twinning shear direction. Both 

are ranged in 0°~180°. 

The spherical coordinate system for SF calculation with 

one example ( (332)[113]  variant) is presented in Fig.6. The 

coordinate system is established around a body centered 

cubic (bcc) unit cell. The axes of X, Y and Z are in accor-

dance with �100�, ��10� and �001� direction, respectively. 

The unit vector PO

����

 indicates the loading direction, which 

is determined by the angle pair (θ, α). θ is the angle be-

tween the loading direction and the Z axis; α is the angle 

between the loading projection on the XOY plane ( RO

����

) and 

the X axis. The ranges of θ and α are 0~180° and 0°~360°, 

respectively. The unit vector PO

′ ′

�����

 is parallel to the unit 

vector PO

����

. The grey surface ABC is presented as (332) 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  TEM bright-field images of stress induced ω phase in the 

specimen compressed at 1000 s

-1

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Illustration of the coordinate system applied to calculate 

the twinning SF values 

 

twinning plane and PQ

����

 is the normal vector of that. The 

twinning shear direction of [113]  is indicated by vector 

CD

����

 delineated by the red line. 

According to Eqs. (1)~(6), SF values can be calculated 

and the results are shown in Fig.7. It is noticed that com-

pressive direction is fixed in the EBSD analysis system but 

variable in the coordinate system of bcc unit cell. For a 

given twinning variant, the SF values of grains with differ-

ent orientations can be obtained based on Fig.7. Different 

from slipping, negative SF values were resulted from the 

unidirectional twinning shear direction

[29]

. The SF map of 

other variants can be calculated by varying PQ / PQ

���� ����

 and 

CD / CD

���� ����

. 

( )

cos PO PQ / PQφ = ⋅

���� ���� ����

                         (2) 

( )

cos P O CD / CDλ

′ ′

= ⋅

����� ���� ����

                        (3) 

( sin cos sin sin cos )PO , ,θ α θ α θ= − ⋅ − ⋅ −

����

            (4) 

0.640, 0.640, 0.426PQ / PQ =

���� ����

� �                  (5) 

0.302, 0.302, - 0.905CD / CD =

���� ����

� �                  (6) 

Given a specific grain orientation, it is postulated that 

the variant with high SF values would be activated preferen-

tially

 [27]

. The maximum of SF values among all variants is 
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defined as the SF value possessed by the twinning system, 

which is illustrated as the top layer in Fig.8. The black 

square (0°≤α≤45°, 0°≤θ≤90°) was picked up due to the ro-

tational symmetry of the SF map. Note that the samples 

were cut perpendicular to the compressive axis, indicating 

that the compressive axis was parallel to the ND direction 

set in the ESBD analysis system. According to the defini-

tion of Euler angles (φ

1

, Φ, φ

2

) of grains, angle θ and α can 

be transformed by the Euler angle as follows: 

90

180 > 90

            

θ=

-     

Φ Φ

Φ Φ

°





°



�

                         (7) 
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                 (8) 

As a result, the SF values of grains in Fig.4a can be de-

picted in Fig.9a. Obviously, these symbols scattered in 

zones with different levels of SF values. Note that twinned 

grains were located in regions with high SF values while 

untwinned grains scattered in zones with relatively low SF 

values. Therefore, there existed a critical SF value deter-

mining the activation of twinning. Exact SF values of grains 

in Fig.4a are listed in Fig.9b. The range of the critical SF 

value was measured to be 0.392~0.399, which was indi-

cated by the dotted line. The critical SF value can be used 

to predict the activation of twinning behavior of Ti-16V al-

loys. If the SF value of one grain is higher than that, twin-

ning behavior will be more possible to be activated, other-

wise the grain may deform by other modes possibly. 

Therefore, the SF value is a key factor for predicting the 

deformation mode and the activation of twining behavior 

has a strong relationship with the orientation of a grain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Calculated SF map of (332)[113]  twinning variant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  SF map of {332} 113� �  type twinning covered by twelve 

variants 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  SF map of {332} 113� �  type twinning with experimentally 

investigated grains (a) and corresponding SF values of 

twinned and untwinned grains (b)  

 

3 Conclusions 

1) The Ti-16V alloys exhibit a pronounced strain hard-

ening effect at high strain rates while the flow stress and 

strain hardening rate are insensitive to the loading strain 

rate. 

2) The critical instability strain rate of Ti-16V alloys is 

measured to be about 3000 s

-1
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3) A combination of {332} 113� �  type mechanical twin-

ning and stress induced ω phase transformation are verified 

to be dominant dynamic deformation modes of Ti-16V al-

loys. 

4) Schmid factor is a key parameter determining the ac-

tivation of the twinning behavior of Ti-16V alloys. 
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