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a b s t r a c t   

The stress-induced α’’ phase transformation in titanium alloys has received extensive attention due to its 
significant effect on mechanical properties. In this work, by adjusting the heat treatment process, the stress- 
induced α’’ phase transformation is activated in Ti-5Al-2.5Cr-5Mo-1Sn. The quasi-static tensile mechanical 
properties of the alloy under air-cooled and as-quenched states have been compared. Further, the mor
phology and orientation of the stress-induced α’’ phase and its interaction with dislocations are investigated 
by X-ray diffraction (XRD), optical microscope (OM), electron backscattered diffraction (EBSD) and trans
mission electron microscope (TEM) experiments. The value of average misorientation at the stress-induced 
α’’ bands region is larger than that in the β matrix, which indicates that the degree of plastic deformation in 
the stress-induced phase transformation region is higher. Therefore, the stress-induced α’’ phase exhibits a 
strong strain partitioning effect during the stretching process and improves the ductility of the material. The 
β/α’’ interface has a weak effect to hinder the dislocations, which results in low tensile strength of the alloy. 
This work can provide insight into the influence of stress-induced α’’ phase transformation on the me
chanical properties of transformation induced plasticity (TRIP) type titanium alloys. 

© 2022 Published by Elsevier B.V.    

1. Introduction 

The diversity of phase transformation types is the important 
characteristic of metastable β titanium alloys. With the increase of β 
phase stability, a series of structures such as α’ martensite [1], α’’ 
martensite [2], ω phase [3] and twinning [4] may be formed during 
deformation, which significantly affects the mechanical properties of 
titanium alloys. 

The α’’ phase transformation has attracted extensive attention 
because of its ability to produce high strain hardening rate [5] and 
low elastic modulus [6]. The α’’ phase in titanium alloys usually 
formed by the stress induction from the as-quenched metastable β 
phase. It is generally believed that the atomic shear process of β→α’’ 
phase transformation involves the shearing of {112}β planes in <  
111  > β direction and shuffling of atoms on parallel adjacent {110}β 

planes in <  110  > β direction [7]. In previous studies, a series of ti
tanium alloys with stress-induced α’’ phase transformation were 

designed by D-electron theory [8], such as Ti-12Mo [9], Ti-9Mo-6 W  
[10] and Ti-24 Nb-4Zr-8Sn [11]. These alloys undergo a transforma
tion induced plasticity (TRIP) effect during stretching, which enables 
high elongation of the material. However, the alloys generally exhibit 
low yield strengths of 200 MPa ~ 500 MPa, which is believed to be a 
negative effect of stress-induced α’’ phase transformation. In re
sponse to this phenomenon, Ti-3Al-5Mo-7 V-3Cr [12] and Ti-12Mo- 
5Zr [13] alloys were developed to introduce {332} <  113  >  twins to 
improve the yield strength of the alloys. Besides, Gao [14] designed 
Ti-7Mo-3Cr by introducing athermal ω phase into the alloy, which 
suppressed the occurrence of stress-induced α’’ phase transforma
tion during early stage of plastic deformation. This avoids the re
duction in yield strength while taking advantage of the high strain 
hardening effect caused by the stress-induced phase transformation. 

The above works reflect the significant effect of α’’ phase trans
formation on the mechanical properties of titanium alloys. On this 
basis, we explore the internal mechanism of the stress-induced α’’ 
phase transformation on the ductility and strength in Ti-5Al-2.5Cr- 
5Mo-1Sn titanium alloy. 

https://doi.org/10.1016/j.jallcom.2022.165563 
0925-8388/© 2022 Published by Elsevier B.V.   
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2. Material and methods 

The Ti-5Al-2.5Cr-5Mo-1Sn alloy in this work was cast via vacuum 
arc smelting for three times. The contents of metallic elements were 
analyzed via an inductively coupled plasma optical emission spec
trometer (ICP-OES, Agilent 730), the O, N, H concentration were 

determined by an ONH-3000 analyzer, and the C concentration was 
determined by CS-3000 analyzer. The measured chemical composi
tions are listed in Table 1. The β transus temperature for this material 
is about 900 ℃. The ingot underwent homogenization at 1000 °C for 
12 h, and was then forged at 800 °C, reaching a deformation of 75%. 
Finally, the forged samples were solution-treated at 930 °C for 
30 min, and then cooled to room temperature by water quenching 
and air cooling. 

The quasi-static tensile tests were carried out on an Instron 5565 
system using a video extensometer at a nominal strain rate of 
0.5 × 10−3 s−1. The dimensions of the tensile specimen are shown in  
Fig. 1a. After tension, samples were processed from the gauge sec
tions (the red circled zone in Fig. 1b) for subsequent X-ray diffraction 
(XRD), optical microscope (OM), electron backscattered diffraction 
(EBSD) and transmission electron microscope (TEM) observations. 

The phase identification before and after tension were made by 
XRD analysis using a Bruker D8 Focus diffractometer with Cu-Ka 
radiation and operating at 40 kV and 40 mA. The spot size, exposure 
time, scan speed, and scan interval were set as 1 mm (diameter), 
20 s, 2º/min, and 20º - 80º, respectively. An interaction volume of 
7.85 × 106 μm3 is achievable for the beam conditions employed in 
this study. The observation of stress-induced structures after tension 
was carried out on optical microscopy (LECO series Olympus PME-3) 
with a magnification of 100 × . The EBSD maps were recorded under 
a voltage of 25 kV and current of 26 μA on field emission scanning 
electron microscope (JSM 7200 F). Prior to this process, the surface of 
specimen was mechanically polished, and then electrolytically po
lished in a HClO4:CH3(CH2)3OH:CH3OH (6:34:60) solution at 30 V, 
and − 40 °C. The scan area was set as 1 mm × 1 mm for grain size 
statistics and 100 µm × 100 µm for the identification of stress-in
duced bands. The percentage of the initial indexed points is between 

Table 1 
Measured chemical compositions of the alloy in wt%.            

Elements Ti Al Cr Mo Sn C N O H  

Measured Bal.  5.16  2.49  4.94  1.08  0.021  0.011  0.090  0.0069 

Fig. 1. Schematic diagram of the tensile specimen. (a) Dimensions of the tensile 
specimen. (b) Target zone for microstructural characterization. 

Fig. 2. EBSD analysis of the air-cooled and as-quenched alloys. (a),(b) IPF maps of the air-cooled and as-quenched alloys, respectively. (c),(d) Phase maps of the air-cooled and as- 
quenched alloys, respectively. (e),(f) Statistical histograms and distribution curves for the β grain sizes in (a) and (b), respectively. 
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90% and 95%. After data cleaning using HKL’s CHANNEL5 software, 
the indexed points proportion reached 100%. The EBSD inverse pole 
figure (IPF) map, band contrast (BC) map, phase map, and kernel 
average misorientation (KAM) map were obtained by HKL’s 
CHANNEL5 and ATEX software. The TEM tests were performed under 
a Talos F200X transmission electron microscope equipped with a 
200 kV electron gun. Samples were prepared by ion thinning method 
after grinding with SiC papers to a thickness of ~100 µm. The se
lected area electron diffraction (SAED) patterns and high resolution 
(HR) TEM images were analyzed using Digital Micrograph (GMS 3, 
Gatan, Munich, Germany) software. 

3. Results and discussion 

3.1. Microstructure and mechanical properties of air-cooled and as- 
quenched alloys 

The materials are heat treated at 930 ℃ for 30 min, and then 
cooled to room temperature with air and water, respectively. After 

heat treatment, the air-cooled alloy consists of β and α phases 
(Fig. 2a and c). Under the condition of slow cooling, the α stabilizing 
elements Al and Sn and the β stabilizing elements Mo and Cr have 
enough time to diffuse, so that the α phase precipitates from the β 
phase to form a two-phase structure. In contrast, the as-quenched 
microstructure is composed of the single β phase (Fig. 2b and d). The 
metastable β phase is completely retained to room temperature 
under quenched conditions. Statistics on the measured β grain sizes 
and distribution curves fitted by Gaussian function are shown in  
Fig. 2e-f. The average β grain sizes of air-cooled and as-quenched 
alloy are 103.4 µm (standard deviation of 38.3) and 118.8 µm (stan
dard deviation of 50.7) respectively, which are approximately equal. 
Previous studies showed that the size of β grains depends on the 
holding temperature and holding time above the β transus tem
perature [15]. The heat treatment processes in this work keep these 
two parameters constant. Therefore, the influence of the initial β 
grain size on the mechanical properties of the two heat treatments 
states can be excluded. 

The quasi-static stretching curves of the air-cooled and as- 
quenched alloys are shown in Fig. 3a. The yield strength, ultimate 
tensile strength and total elongation of the air-cooled alloy are 
~1080 MPa, ~1150 MPa and 11.6%, respectively. In contrast, the yield 
strength, ultimate tensile strength and total elongation of the as- 
quenched alloy are ~380 MPa, ~1000 MPa and 14.2%, respectively. It 
is found that the yield strength and tensile strength of the as- 
quenched alloy are lower than those of the air-cooled alloy, while 
the ductility is improved. Fig. 3b shows the strain hardening rate 
curves of the two states. The air-cooled state shows a downward 
trend with strain accumulation, and gradually flattens during the 
plastic section (> 2%). However, the strain hardening rate of as- 
quenched state increases abnormally between 2% and 5% strains, and 
the maximum strain hardening rate reaches ~20 GPa. This phe
nomenon indicates that the phase transformation takes place in the 
as-quenched alloy during deformation. 

3.2. Microstructure analysis of the alloys after tension 

The XRD analysis of the two state alloys before and after tension 
are shown in Fig. 4. There is no change in the phase of the air-cooled 
alloy before and after tension, both of which are composed of α and β 
phases. However, the as-quenched alloy is composed of β phase 
before tension, and the diffraction peaks of α’’ phase appear after 
tension, indicating that stress-induced α’’ phase transformation oc
curs in this state during stretching process. 

The fracture morphologies of the two states after tension are 
shown in Fig. 5. For the air-cooled alloy, the slip bands can be clearly 
observed at the fracture surface (Fig. 5a), indicating that its plastic 

20

Fig. 3. Analysis of quasi-static tensile properties of air-cooled and as-quenched alloys. (a) Engineering stress-strain curves. (b) Strain hardening rate curves.  

Fig. 4. XRD analysis of the air-cooled and as-quenched alloys.  
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deformation mode is controlled by dislocation slip. However, the 
fracture surface of the as-quenched sample has a large number of 
dimples with a diameter of ~4 µm (Fig. 5b). This proves that the 
fracture mode of the as-quenched alloy is ductile fracture [16], 
which contributes to its higher elongation. 

3.3. Mechanisms analysis of the stress-induced α’’ phase 
transformation’s influence on mechanical properties 

Fig. 6a and 6b correspond to the metallographic microstructure 
of the as-quenched alloy before and after tension, respectively. By 
comparison, it is found that the stress-induced α’’ phase exhibits the 
morphology of bands. These bands are identified as an orthorhombic 
structure (space group: cmcm 63) by the EBSD IPF map (Fig. 7a). The 
body centered cubic (BCC) β phase and the orthorhombic α’’ phase 
are shown in red and blue respectively in the EBSD phase map 
(Fig. 7b). The KAM map shows that the localized misorientation 
angle distribution in the scanned area exhibits non-uniformity 
(Fig. 7c), reflecting the different degrees of plastic deformation 
among various microstructures. The ductility of titanium alloy 
composed of single β phase is usually low, which is due to the in
tergranular fracture caused by the concentration of strain at β grain 
boundaries. This phenomenon is also shown in Fig. 7c, the value of 
average misorientation at the β grain boundary is higher than that in 
the β grain interior. Be similar with the grain boundaries region, the 
stress-induced bands region also exhibits a high average mis
orientation value, which indicates that the degree of plastic de
formation in this region is higher than that of β matrix [17,18]. 
Therefore, the formation of stress-induced α’’ phase during the 
stretching process plays a role in coordinating the strain. The higher 
strain accumulation in the bands avoids the strain concentration at 
the grain boundaries, thus promoting the ductility of the material. 

The as-quenched samples after tension are further characterized 
by TEM. Bright-field (BF) image reveals the existence of parallel band 
structures in the β matrix with an average width of ~60 nm (Fig. 8a). 
The bands are identified as α’’ phase by the selected area electron 
diffraction (SAED) along the [011]β axis (Fig. 8b). Fig. 8c shows the 
high resolution (HR) TEM image at the interface of β/α’’. Combined 
with HRTEM image and SAED, the orientation relationship between 
β and α’’ phases can be judged as [011]β//[001]α’’, [011]β//[010]α’’ and 
[100]β//[100]α’’, as shown in diagram Fig. 8d. In addition, it is ob
served that the interface of β/α’’ exhibits the semi-coherent char
acteristic. The lattice misfit in the directions of [001]α’’, [010]α’’ and 
[100]α’’ are calculated [19]: 

= =

=

a a a b b b

c c c

/ , | 2 |/ 2 ,

| 2 |/ 2

[001] ’’ [010] ’’ [100]

’’ (1) 

Where aβ =bβ =cβ = 0.328 nm represent the lattice parameters of the β 
phase [20]; aα’’= 0.3166 nm, bα’’= 0.4854 nm and cα’’= 0.4652 nm re
present the lattice parameters of the α’’ phase [21]. 

The calculated lattice strains in the three directions are 3.5%, 4.7% 
and 0.3%, respectively, which conforms to the semi-coherent char
acteristic and is consistent with the experimental observation. 

Compared with the air-cooled state, the as-quenched alloy ex
hibits a low yield strength of ~380 MPa. The stress-induced α’’ phase 
transformation occurring at a low stress produces the stress plateau, 
which manifests as macroscopically yielding of the specimen [22]. 
Previous studies have shown that the trigger stress for stress-in
duced α’’ phase transformation fluctuates between 200 MPa ~ 
500 MPa, which is affected by the heat treatment process [23], the 
grain size of matrix β phase [24], the strain rate [25,26], and the 
composition of alloying elements [27]. Therefore, the low trigger 
stress of β→α’’ phase transformation in the as-quenched alloy results 

Fig. 5. The fracture morphologies of the air-cooled and as-quenched alloys after stretching. (a) Air-cooled state. (b) As-quenched state.  

Fig. 6. Metallographic analysis of the as-quenched alloy before and after tension. (a) Before tension. (b) After tension.  
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in its low yield strength. In addition, the ultimate tensile strength of 
the as-quenched state is also found to be lower than that of the air- 
cooled state. According to the Hall-Petch formula [28,29], within a 
certain range, the smaller the grain size of the material, the higher 
the strength. Given that the β grain sizes of the two states are very 
close, the effect of grain refinement on the strength of the alloy can 
be ruled out. Therefore, the difference in strength between the two 
states attributes to the effects of the stress-induced α’’ phase in as- 
quenched alloy and the α phase in air-cooled alloy. It is generally 
believed that the improvement of the strength of metallic materials 
is related to the dislocation mean free path. The relationship 

between the material flow stress increment Δσl and the dislocation 
mean free path Λ is shown as follows [30]:  

Δσl=nMGb/Λ                                                                          (2) 

Where n represents the maximum number of dislocations accu
mulated at the grain boundary on a specific slip plane; M represents 
the Taylor factor; G is the alloy shear modulus; and b represents the 
magnitude of the Burgers vector. 

The nanoscale secondary α phase can be formed from the β phase 
by aging heat treatment, which can hinder the movement of 

Fig. 7. EBSD analysis of the bands structure after tension. (a) IPF map. (b) Phase map. (c) KAM map.  

Fig. 8. TEM analysis of the bands structure. (a) TEM BF image. (b) SAED pattern along the [011]β zone axis recorded from the circled area in (a). (c) The HRTEM image of the β/α’’ 
interface. (d) Schematic diagram of the orientation relationship between the β and α’’ phases. 
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dislocations, thereby shortening the mean free path of dislocations 
and improving the tensile strength [31–33]. In order to explore the 
interaction between the second phase and dislocations in the two 
states alloys, the morphologies of the dislocations near the α phase 
and the α’’ bands are observed by TEM. Fig. 9a shows the TEM BF 
image of the air-cooled alloy. SAED pattern recorded from the circled 
area proves that the band in Fig. 9a is the hexagonal close-packed 
(HCP) α phase (Fig. 9b). It is observed that dislocations are hindered at 
the β/α interface to form dislocation pile-ups. As a comparison, the 
TEM BF image of the as-quenched alloy is shown in Fig. 9c, the bands 
structure in the figure is retrieved as α’’ phase, and its orientation 
relationship with β phase is [113]β//[112]α’’ (Fig. 9d). It is observed that 
dislocations can propagate directly through the bands without being 
hindered by the β/α’’ phase interface. Because the interface between α’’ 
and β phases is semi-coherent with low distortion, the difficulty of 
dislocation slip at the interface is reduced. Therefore, α’’ phase has a 
weak hindering effect on dislocations. The dislocation mean free path 
of as-quenched alloy is obviously higher than that of the air-cooled 
alloy, which is the reason why the ultimate tensile strength of as- 
quenched alloy with α’’ phase transformation is generally lower. 

4. Conclusion 

In this paper, the mechanism of the effect of stress-induced α’’ 
phase transformation on the strength and ductility of the material is 
explored in Ti-5Al-2.5Cr-5Mo-1Sn alloy. Due to the activation of 

stress-induced α’’ phase transformation, the alloy under as-quen
ched state exhibits lower yield strength and tensile strength, but 
higher total elongation than that of air-cooled state. The stress-in
duced α’’ bands exhibit a strong strain partitioning effect during 
deformation. This avoids the concentration of strain in the original 
large β grains, thereby promoting the improvement of alloy ductility. 
The interface between α’’ and β phases is semi-coherent. Compared 
with the α/β interface, the α’’/β interface exhibits a weaker effect to 
hinder dislocations movement, which is the reason for the low 
tensile strength of the as-quenched alloy. 
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