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A B S T R A C T   

A novel metastable β-type Ti–6Mo-3.5Cr–1Zr alloy is designed using d-electrons theory to introduce diverse 
phase transformations. Stress-induced ω (SIω) phase transformation dominates the initial deformation, while the 
SIω bands are transformed to α+β phase as the strain increases. The sequential mechanism associated with 
β→SIω→α+β is first reported in titanium alloys.   

1. Introduction 

Since first discovered in Ti–8Cr (wt. %) alloy by Frost et al. [1], ω 
phase had received extensive attention due to its various morphologies 
and diverse phase transformation mechanisms associated with complex 
kinetic and thermodynamic formation processes, contributing to sig
nificant effects on mechanical properties. 

The precipitation of ω phase from the β phase has been demonstrated 
to happen by the collapse of the (111) plane. The lattice of ω phase 
transforms from a trigonal structure to a hexagonal structure with the 
increasing degree of collapse [2,3]. According to the formation paths, 
the ω phase in titanium alloys can be classified into three categories: 
athermal ω phase [4,5], isothermal ω phase [6] and stress-induced ω 
(SIω) phase [7,8]. The first two types are dispersedly distributed in the β 
matrix. Their formation usually leads to an increase in the strength and a 
significant decrease in the ductility [9,10]. It has been experimentally 
observed that athermal ω phase can transform into β and α phases under 
external loading or thermal conditions. The ω-free dislocation channels 
were found in Ti–Nb alloys due to the athermal ω→β phase trans
formation, which confines the dislocation slips to localized regions and 
thus induces the brittleness of the alloy [11]. In addition, ω phase can 
assist the nucleation of α phase. The aging transition temperature of 
ω→α is experimentally determined between 300 ◦C and 500 ◦C [12–15]. 
The SIω phase transformation usually generates a band-like micro
structure, creating transformation induced plasticity (TRIP) effect and 
thereby improving mechanical properties of the material [16–18]. 

Besides, its formation often accompanies with the generation of {112}<
111> β twins due to their similar atomic shear [19], resulting in the 
zigzag configuration of {112}<111> β twin and SIω phase [20]. 

In this work, Ti–6Mo-3.5Cr–1Zr (wt. %) alloy was designed based on 
the d-electrons theory [21,22]. The alloy composition was pinpointed 
close to the ω phase transformation region in the d orbital level - bond 
order (Md-Bo) map: Md = 2.399, Bo = 2.802. The as-quenched alloy 
undergoes a series of stress-induced microstructure transformations 
during quasi-static tension. Interestingly, a novel sequential phase 
transition associated with β→SIω→(β+α) is reported for the first time. 
The underlying transformation mechanism is analyzed in details. 

2. Material and methods 

The experimental alloy was cast via vacuum arc smelting for three 
times. The contents of metallic elements were analyzed via an induc
tively coupled plasma optical emission spectrometer (ICP-OES, Agilent 
730). The O, N and H concentrations were determined by an ONH-3000 
analyzer, and the C concentration was determined by CS-3000 analyzer. 
The nominal and measured chemical compositions are listed in Table 1. 
The ingot underwent homogenization at 1000 ◦C for 12 h and was then 
forged at 740 ◦C with a deformation of 75%. Finally, the forged samples 
were solution-treated at 900 ◦C for 30 min and water quenched. All heat 
treatments were carried out under high-purity argon atmosphere. The 
tensile samples with 2 × 8 × 1 mm gauge section were stretched on an 
Instron 5565 system using a video extensometer at a nominal strain rate 
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of 0.5 × 10 − 3 s− 1. The XRD tests were carried out using Bruker (2◦/min, 
from 20◦-90◦; λCuα: 0.154 nm). The electron backscatter diffraction 
(EBSD) experiments were performed on a field emission gun scanning 
electron microscope (JSM 7200F) equipped with an EDAX velocity super 
probe. A FEI Themis Z transmission electron microscopy (TEM) with 
double-hexapole spherical-aberration corrector was used to observe the 
nano structures. To increase the efficiency of the computation without 
losing the element information, the virtual crystal approximation (VCA) 
method was applied to calculate the density of states (DOS). Formation 
enthalpy (Hf) and cohesive energy (Ec) were calculated by using the 
CASTEP module of the Materials Studio software. The difference in total 
energy, maximum force, maximum stress and maximum displacement 
for geometry optimization were set to be 1 × 10− 7 eV/atom, 0.01 eV/Å, 
0.05 GPa, and 0.001 Å during the optimization calculation, respectively. 

3. Results and discussion 

The true stress-strain curve of the alloy stretched to failure is shown 
in Fig. 1a. The true ultimate tensile strength and elongation to failure are 
measured to be 1123 MPa and 35%, respectively. XRD result shows that 
the as-quenched alloy is composed of β and ω phases (Fig. 1b). EBSD 
inverse pole figure (IPF) map and phase map detect the existence of β 
phase and determine its average grain size of ~95 μm (Fig. 1c and d). 
However, further selected area electron diffraction (SAED) reveals the 
existence of two nanoscale athermal ω variants in the β matrix, which 
cannot be detected in TEM bright-field image due to its extremely small 

size (Fig. 1e and inset). The orientation relationship of athermal ω 
phases with the β matrix satisfies [011]β//[11 2 0]ω1//[2 11 0]ω2. The 
TEM dark-field (DF) images corresponding to [000 1]ω1 and [000 1]ω2 
reflections show that both variants are uniformly dispersed in β matrix, 
with particle diameters less than 10 nm (Fig. 1f and g). 

The true stress-strain curve of the alloy stretched up to 1.5% strain is 
shown in Fig. 2a. The 0.2% offset yield stress (σ0.2) is 588 MPa. The 
stress at 1.5% strain is 630 MPa, which is 7% higher than the σ0.2. This 
indicates that the material undergoes strain hardening. Both EBSD IPF 
map (Fig. 2b) and TEM BF image (Fig. 2d) detect the appearance of band 
structures. Combining the EBSD phase map (Fig. 2c) and SAED patterns 
corresponding to the matrix region (S1) and the band region (S2) 
(Fig. 2e and f), the band structure is identified as ω phase, which is 
induced by the external stress. In addition, the volume fraction of SIω is 
determined by EBSD phase map to be 4.64%. The SAED spots of SIω 
overlaps with those of the athermal ω1 variant that pre-exists in the 
matrix. The TEM DF images of the ω1 and ω2 variants reveal that the 
interior region in the band contains more ω1 variants than that in the 
matrix, but no ω2 variants are observed inside the bands (Fig. 2g and h). 
Composition analysis of the rectangular region (interface between the 
SIω and β matrix) in Fig. 2d shows that there is no elemental segregation 
(Fig. 2i). It is proved that the initial SIω bands is only formed by stress- 
induced atomic shear rather than by temperature-driven atomic diffu
sion. The schematic diagram of the atomic shear process of β→ω phase 
transformation is shown in Fig. 2j [23]. The A and B atoms in β phase are 
shifted by 1/12[111] to the A′ and B’, respectively, forming a unit cell of 

Table 1 
Nominal and measured chemical compositions of the alloy in wt.%.  

Elements Ti Mo Cr Zr C N O H 

Nominal Bal. 6 3.5 1 – – – – 
Measured Bal. 5.91 3.38 1.06 0.018 0.015 0.14 0.0052  

Fig. 1. Mechanical properties and microstructure analysis of the as-quenched alloy. (a) True stress-strain curve of the alloy stretched to failure. (b) XRD analysis. (c) 
EBSD IPF map. (d) EBSD phase map. (e) TEM bright-field image (The inset shows SAED pattern along the [011]β zone axis). (f–g) TEM dark-field images corre
sponding to the [000 1]ω1 and [000 1]ω2 reflections in SAED, respectively. 
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the hexagonal ω phase, while a partially collapsed trigonal ω phase 
lattice is formed when the shear distance is between 0 and 1/12[111]. 
The atomic arrangement at the SIω/β interface along the [011]β axis is 
shown in Fig. 2k, where the SIω band is on the left and the β matrix is on 
the right. Three hexagonal ω1 variant particles (marked as ωA, ωB and ωC, 
highlighted in red) are observed inside the band. There are a few 
partially collapsed trigonal ω structures (highlighted by green) and un
transformed β matrix between the particles. In addition, the interface of 
ωB/ωC shows the chaotic arrangement of atoms, which is caused by the 
coalescence of the growing interface of the two particles, as shown in the 
schematic diagram (Fig. 2l). Therefore, it can be concluded that the 
initial formation of the SIω bands is related to the growth and coales
cence of the single athermal ω variant pre-existing in the matrix. 

The true stress-strain curve of the alloy at a tensile strain of 5% is 
shown in Fig. 3a. The stresses at 1.5% strain and 5% strain are 639 MPa 
and 688 MPa, respectively, indicating further hardening of the material. 
EBSD IPF map (Fig. 3b) and phase map (Fig. 3c) show that the volume 
fraction of the SIω bands at 5% strain is 33.5%, which is significantly 

higher than that at 1.5% strain. This indicates the continued occurrence 
of the β→SIω phase transformation as the strain accumulates. Interest
ingly, TEM observations show that a series of fine lamellar structures 
appear inside the initial ω bands (Fig. 3d). SAED pattern implies the 
existence of α phase in the lamellar region (Fig. 3d inset). Furthermore, 
the high-resolution atomic image also shows the existence of β phase in 
the lamellar structure, whose orientation relationship with the α phase 
satisfies [011]β//[0001]α (Fig. 3e and f). The interface between the two 
phases exhibits a stepped feature, as shown by the yellow dotted line in 
Fig. 3f. Compared with the α-layer, the width of the β-layer is very small, 
so the diffraction characteristic associated with the corresponding β 
phase is not obvious in the SAED pattern. These results prove that the 
lamellar structure is formed by the SIω→α+β phase transformation. 
Fig. 3g shows the distribution characteristics of the elements of Ti, Cr, 
Mo and Zr in the α/β lamellar region. The content of Ti in the α lamellar 
is high while the contents of Cr and Mo are low with the opposite trend 
shown in the β lamellar. As a neutral element, the content of Zr exhibits a 
uniform distribution. This demonstrates the occurrence of elemental 

Fig. 2. Microstructure analysis of the alloy at 1.5% strain. (a) True stress-strain curve. (b) EBSD IPF map. (c) EBSD phase map. (d) TEM bright-field image. (e–f) SAED 
patterns recorded from the S1 and S2 areas in (d), respectively. (g–h) TEM dark-field images of ω1 and ω2 variants using the reflections of (000 1)ω1 and (000 1)ω2 in 
(e), respectively. (i) TEM mapping images of each element (Ti, Mo, Cr and Zr) at β/ω interface. (j) Schematic diagram of the atomic shear process of β→ω phase 
transformation. (k) High-resolution TEM image of the interface between the stress-induced ω band and the β matrix. (l) Schematic diagram of the atomic arrangement 
at the interface between ωB and ωC particles in (k). 
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diffusion during stretching. Unlike the common thermal diffusion pro
cess, the quasi-static tensile process at room temperature excludes the 
influence of thermal effect. The diffusion force is provided by the 
accumulation of stress in the initial band structure, which is similar with 
the stress-induced diffusion phenomenon reported in other alloys 
[24–28]. Therefore, the SIω→α+β phase transformation exhibits both 
characteristics resulting from elements diffusion and atomic shear. The 
atomic shear path of SIω→β corresponds to the reverse process in Fig. 2j. 
The atomic shear path of SIω→α is shown in Fig. 3h [29]. The A, B, C and 
D atoms on the (11 2 0)ω plane move 1.48 Å to the A′, B′, C′ and D’ 
positions, respectively. An expansion of ~4.7% along [0001] and a 
shrinkage of ~4.5% along [1 1 00] leads to the formation of α unit cell. 
The orientation relationship between ω and α phases is (0001)α//(11 2 
0)ω, [11 2 0]α//[0001]ω. 

The TEM energy-dispersive X-ray spectroscopy (EDS) line scan pro
file acquired across the lamellar structure shows the periodic composi
tion modulation characteristic (Fig. 4a), which is related to the 
interphase distribution of α and β phases. The compositions of α and β in 
the lamellar region (αb and βb) obtained from Fig. 4a, together with the 

compositions of matrix β phase (β0) and athermal ω/initial SIω phase 
(ω0) are shown in Table 2. On the basis of the quantized compositions, 
the density of states (DOS) of these phases are analyzed (Fig. 4b). The 
DOS of β0 shows that its fermi level is near the wave crest, indicating that 
the atoms are metallically bonded to each other. When the β0 lattice 
collapses into an ω0 lattice, a pseudogap appears at the fermi level, 
indicating that the atomic bonds exhibit covalent properties. As the 
ω0 lattices transform into αb phase lattices, the increase in depth and 
width of the pseudogap reveals the rise in the covalent bonds of the 
atoms, which eventually leads to the hardening of the material [30]. 

The driving force of the β→SIω→α+β phase transformation is eval
uated by the formation enthalpy (Hf) and the cohesive energy (Ec): 

Hf =
1
n

Etot − aETi
solid − bEMo

solid − cECr
solid − dEZr

solid (1)  

Ec =
1
n

Etot − aETi
atom − bEMo

atom − cECr
atom − dEZr

atom (2)  

where Etot represents the total energy of the single phase; n is the number 

Fig. 3. Microstructure analysis of the alloy at 5% strain. (a) True stress-strain curve. (b) EBSD IPF map. (c) EBSD phase map. (d) TEM bright-field image (inset shows 
the SAED pattern recorded from the circled area). (e–f) High-resolution TEM image of the lamellar area. (g) TEM mapping images of each element (Ti, Mo, Cr and Zr) 
corresponding to the lamellar area. (h) Schematic diagram of the atomic shear process of ω→α phase transformation. 
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of atoms in a unit cell; Ei
solid is the energy per atom of element i in the 

solid state of the crystal structure; Ei
atom is the energy per atom of i under 

isolated state; a, b, c and d represent the atomic fraction of Ti, Mo, Cr and 
Zr in the alloy, respectively. 

The calculation results of Hf, Ec and lattice constants for β0、ω0、αb 
and βb phases are listed in Table 3. The Hf and Ec of the ω0 are lower than 
those of the β0 phase, so the athermal ω phase can be precipitated from 
the matrix during the quenching process, and the stress-induced ω phase 
transformation can occur at a low stress. The Hf and Ec values of αb and 
βb are higher than ω0, indicating that extra driving force is essential for 
the activation of SIω→αb+βb phase transformation such as the external 
loading. This is similar to the thermal-induced ω→β and ω→α phase 
transformations during the aging treatment [31,32]. 

4. Conclusion 

In summary, a metastable β-type titanium alloy Ti–6Mo-3.5Cr–1Zr 
was developed in this work. At initial stage of plastic deformation, 
stress-induced ω (SIω) phase transformation dominates and its formation 
is accomplished by the localized growth and coalescence of single 
athermal ω variant pre-existing in the β matrix. As the strain increases, 

the generated SIω bands are transformed to α+β phase, undergoing 
sequential transformation associated with β→SIω→α+β. Density of 
states analysis shows that the covalent components in β phase, SIω 
phase, stress-induced α phase increase successively, which leads to the 
hardening of the material. The thermodynamic and kinetic mechanisms 
of the stress-induced β→ω→α+β phase transformation are revealed by 
the formation enthalpy and cohesive energy calculation and atomic 
shear analysis, respectively. This work will enrich us to understand the 
transformation mechanisms in metastable titanium alloys and can be 
used in materials design to simultaneously optimize the strength and 
plasticity. 
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Fig. 4. Composition and density of states analysis of the stress-induced phases. (a) TEM EDS line scanning analysis along the lamellar structure. (b) DOS maps of the 
β0, ω0, αb and βb. 

Table 2 
The compositions of β0, ω0, αb and βb phases (at. %).  

Element Ti Cr Mo Zr 

β0 93.127 3.232 3.063 0.578 
ω0 93.127 3.232 3.063 0.578 
βb 85.886 11.547 1.888 0.679 
αb 96.16 2.644 0.608 0.588  

Table 3 
Lattice constant (after geometrical optimization), formation enthalpy and 
cohesive energy of β0、ω0、αb and βb.  

Phase Space 
group 

a/Å b/Å c/Å Hf 

(eV⋅atom− 1) 
Ec 

(eV⋅atom− 1) 

β0 229 (Im 3 
m) 

3.218 3.218 3.218 − 8.23 − 14.86 

ω0 191 (P6/ 
mmm) 

4.552 4.552 2.775 − 8.31 − 15.48 

βb 229 (Im 3 
m) 

3.156 3.156 3.156 − 8.06 − 14.75 

αb 194 (P63/ 
mmm) 

2.903 2.903 4.634 − 2.01 − 8.54  
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