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a b s t r a c t

To meet the demands of both processing and serving, to the best of our knowledge, this is the first report 
exhibiting large range control of the yield ratio from 0.31 to 0.96 with decent elongations over 10% in the 
same alloy with low-cost thermal treatments. The yield ratio of the metastable Ti-30Zr-5Mo alloy was 
regulated via adjusting trigger stress of the stress-induced phase transformation and work-hardening 
ability through changing the α phase content. Materials with acicular α phase of different contents were 
successfully prepared via low-cost thermal treatment. The effects of the α phase content on the stress- 
induced α' martensite phase transformation and work hardening behavior were then investigated. In the Ti- 
30Zr-5Mo alloy with dual phases, due to the crystal difference and element partitioning, the hardness of the 
α phase is higher than that of the β matrix, and the hardness difference between the phases increases with 
increasing α phase. In addition to Mo, Zr plays an important role in stabilizing the β phase in high-Zr- 
containing alloys. Deformation initiates in the β phase of both single-phase and duplex-phase alloys. The 
deformation mechanism of the β phase is dependent on both the β domain and β stability. Due to the low 
trigger stress and excellent work hardening ability, stress-induced α' martensite phase transformation is 
helpful to lower the yield ratio. As the α phase content increases, the trigger stress increases, and when the α 
phase content increases to 40%, dislocation slip dominates rather than stress-induced α' martensite phase 
transformation, and a high yield strength of 944 MPa is obtained. The α/β phase interfaces act as effective 
obstacles to hinder dislocation movement and provide working hardening, and the obstruction effect is 
more significant with an increase in the hardness difference between the α and β phases. The stress-induced 
α' phase transformation and/or the deformation coordination between the α and β phases guarantee decent 
elongations of no less than 10% in the large control of the yield ratio from 0.31 to 0.96 with a yield strength 
from 254 to 1013 MPa. It paves the way to develop “Unititaniam” alloys for wide possible applications.

© 2023 Published by Elsevier B.V. 

1. Introduction

The yield ratio, which is the ratio of the yield strength to the 
tensile strength of materials, is a key parameter in plastic processing. 

In particular, the necessity of processes such as stamping makes high 
formability indispensable for materials. High formability generally 
requires a low yield ratio, which is equivalent to a high work hard-
ening rate and resistance to deformation from yielding to plastic 
instability [1–3]. The lack of strain hardening with a high yield ratio 
results in inhomogeneous strain redistribution during stamping. On 
the other hand, the yield ratio is also an important index for com-
ponent design to ensure structural safety, and a high yield ratio can 
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effectively save materials and reduce weight [4]. Therefore, various 
yield ratios are required for different applications.

In recent years, titanium alloys have been widely applied in 
aerospace and chemical fields for their high specific strength and 
excellent corrosion resistance [5]. It is known that titanium alloys 
can exhibit α, β and ω phases dependent on temperature and pres-
sure [6,7]. In order to improve the mechanical strength of α or α + β 
titanium alloys, a number of efforts, including severe plastic de-
formation [8], addition of alloying elements [9] and thermo-me-
chanical treatment [10], have been attempted in the last three 
decades. However, achieving good strength-ductility balance in α or 
α + β titanium alloys is still challenging. Thus, studies on β and 
metastable β titanium alloys have attracted rich interest recently, 
particularly due to their high potential of excellent ductility and 
lower elastic moduli than those of α, and α + β alloys [11], which can 
effectively prevent the stress shielding caused by elastic modulus 
mismatch between materials and bones. Therefore, these alloys have 
also attracted widespread attention in the biomedical fields [12–14].

The yield ratio of a metastable β titanium alloy is closely related 
to its deformation mechanisms [15]. When the critical triggering 
stress of deformation-induced transformation/twinning is lower 
than the yield strength of the matrix, the stressestrain curve of the 
alloy will exhibit a typical “double-yielding” phenomenon [16,17]. In 
this case, the transformation/twinning is stress-induced, and the 
alloy has both low yield strength and high work hardening ability. 
Therefore, it is expected to achieve a large-scale regulation of the 
yield ratio and meet the service requirements under different 
working conditions by regulating the critical trigger stress of stress- 
induced phase transformation/twinning and improving the tensile 
strength by continuous phase transformation.

The critical trigger stress of the stress-induced martensitic 
phase transformation (SIMT) depends on various factors, such as 
solute concentration [18–20], grain sizes of the β phase [21,22], 
volume fractions of the second phase [23–27], deformation tem-
perature [28,29] and strain rate [30,31]. Due to the metastable 
characteristics of metastable β titanium alloys, their micro-
structures, including phase constituents, size, morphology, and 
distribution, can be changed through low-cost thermal treat-
ments. Furthermore, thermal treatment is more feasible for the 
components after processing. Therefore, thermal treatment is 
expected to become a low-cost and effective way to control the 
yield ratio of alloys.

The α and β duplex structure can be obtained by heat treatment 
in the α and β dual phase region. The effects of the α phase fraction 
on the deformation mechanism and mechanical properties have 
attracted great research attention. Liao et al. studied the metastable 
β-51.1Zr-40.2Ti-4.5Al-4.2 V (mass %) alloy with α and β dual phases 
and found that with increasing α phase fraction, {101( )1}α′ de-
formation twinning and kink bands disappeared, and only the 
stress-induced α′ martensitic transformation occurred [32]. Frank 
Niessen et al. found that in the β-type Ti–10 V–2Fe–3Al alloy con-
taining 5% α phase, the stress-induced α′′ martensite phase trans-
formation and {130} <  310  >  α′′ mechanical twinning occurred in 
the three-point bending test [33]. In a study of α and β dual-phase 
Ti–10 V–2Fe–3Al alloy, Li et al. also found that with an increase in 
the α phase fraction, the stress-induced α′′ martensitic transforma-
tion in the alloy became difficult. When the α phase fraction ex-
ceeded 50%, the stress-induced martensitic transformation was 
completely suppressed [25]. Chen et al. found that in the Ti–10 
V–3Fe–3Al alloy, the deformation mechanism of the alloy changed 
from SIMT and stress-induced twinning (SIT) to dislocation slip with 
increasing α phase fraction [18,25]. The above results suggest that 
either the deformation-induced martensite transformation or the 
mechanical twinning operative in metastable β Ti alloys containing 
the mixed α and β phases are strongly affected by the volume frac-
tion of the α phase.

The above research focuses on the deformation mechanism 
change in the β phase, but little evidence has shown that the β phase 
deforms initially. When two phases coexist, which phase deforms 
preferentially and how to coordinate the deformation between two 
phases is of great significance for understanding the microscopic 
deformation mechanism and crucial for adjusting the yield ratios of 
the materials. During the thermal treatment, the β phase stability 
will change due to the α-stabilizing and β-stabilizing elements par-
titioning between the phases, whereas whether neutral element (Zr 
or Sn) partitioning occurs is obscure.

As a solid solution strengthening element, Zr is infinitely soluable 
in titanium alloys. The high addition of Zr can prohibit hydro-
xyapatite formation for the removal implants and lower the mag-
netic susceptibility [34–36]. High Zr-containing titanium alloys have 
attracted attention in biomedical fields [18,37]. Ti-30Zr-5Mo is a 
metastable β titanium alloy with a low yield ratio and stress-induced 
α' phase transformation designed for spinal fixation rods [18,38]. 
Whether the neutral Zr element will redistribute between the α and 
β phases, how it affects the β stability, which is closely related to the 
deformation mechanism and the work hardening ability of the alloy, 
and how the α phase affects the stress-induced α' phase transfor-
mation with the same crystal structure need to be clarified. Fur-
thermore, the β domain is also affected by changing the α phase 
fraction. It may change the deformation mechanism and affect the 
work hardening behavior. In addition, due to the element parti-
tioning, the α/β interfaces may change and have an effect on the 
work hardening ability. The aim of this work is to investigate the 
synergistic effects of β stability, β domain, and α/β interfaces on the 
regulation of the yield ratio of a Ti-30Zr-5Mo alloy containing mixed 
α and β phases.

2. Materials and methods

The specific preparation process of the Ti-30Zr-5Mo (mass %) 
material has been provided in our previous work [30]. The as-cast 
alloy was forged at 1000 °C and then air cooled. Small samples cut 
from the forged alloy were solution treated at 600, 650, 680 and 
700 °C for 60 min followed by ice-water quenching. The β transus 
temperature is 690 °C, as determined by metallography. They are 
referred to as ST600, ST650, ST680, and ST700, respectively, and the 
processing procedure is shown in Fig. S1.

To evaluate the mechanical properties of the materials, dog- 
bone-shaped tensile specimens with a gauge length of 13 mm and a 
cross section of 3 mm × 1.5 mm were prepared by wire electrical 
discharge machining (WEDM) and mechanical polishing to #3000 
grit by SiC papers. Tensile tests were performed at room temperature 
using a Shimadzu AG-Xplus100kN tensile testing machine with a 
rate of 0.5 mm/min. At least three specimens were tested for each 
condition to ensure validity.

The specimens for microstructure analysis were mechanically 
polished using #800∼#3000 grit SiC papers followed by electro-
polishing with a solution of 5% perchloric acid, 35% n-butanol, and 
60% methanol at 263 K to remove the residual deformation layer 
induced by mechanical polishing. The specimens for optical ob-
servation (Zeiss AXIO) were further etched with Kroll’s solution of 
4% hydrofluoric acid, 10% nitric acid, and 86% deionized water. The 
in-situ microstructural evolution and ex-situ microstructure details 
were analyzed by scanning electron microscope (Zeiss Gemini 300) 
with electron backscatter diffraction (EBSD, Symmetry). EBSD ana-
lysis was carried out at an accelerating voltage of 20 kV and an ac-
quisition rate of 383.64 Hz. The element distribution was analyzed 
by a transmission electron microscope (TEM, JEM-2100 F) equipped 
with an energy dispersive spectrometer (EDS), and the voltage was 
200 kV. The specimens for TEM observation were initially me-
chanically thinned to around 60 µm and then electrolyzed with the 
same electropolishing solution at 238 K and with 35 V voltage. The 
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phase was identified by the X-ray powder diffraction method. The 
XRD (Smart Lab) tests were carried out using Cu-Kα radiation at an 
accelerating voltage of 40 kV, current of 30 mA, and scan range be-
tween 30° and 90°with a scan rate of 6°/min. The phase fraction was 
determined by XRD using the following equation:
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Vi represents the volume fraction of the i-th phase, I is the dif-
fraction peak intensity of each phase, R represents the reference 
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v is the unit cell volume, F is the structure factor of the unit cell, P 
is the multiplicity factor, θ is the Bragg diffraction angle, and e−2 M is 
the temperature factor.

The micromechanical properties of different phases were ex-
amined using a nanoindentation facility (Bruker Hysitron TI980) 
equipped with a scanning probe microscope (SPM), and more than 5 
indentations were conducted at each phase to achieve statistically 
valid data. All measurements were conducted with a fixed depth of 
50–80 nm.

3. Results

Fig. 1 shows the XRD patterns of various heat-treated materials. It 
is clear that ST700 is composed of a single β phase, while ST600, 
ST650, and ST680 consist of both α/α′ and β phases. With increasing 
temperature, the intensity of the α/α′ peak decreases, which is due to 
the continuous dissolution of the α/α′ phase. The volume fractions of 
the α/α′ phase in the ST600, ST650, ST680 and ST700 materials are 
50%, 40%, 20% and 0%, respectively (Fig. 1(b)). Based on elements 
analysis shown later, this phase is α rather than α′, 50α, 40α, 20α and 
0α are used hereinafter to refer to materials containing different α 
phases.

Fig. S2 shows the optical micrographs of the materials after for-
ging and thermal treatments. It is clear that the widmanstatten and 
basket-weave microstructure can be observed in the forged material. 
After thermal treatments, a large number of fine acicular-like α or α′ 
phases with hexagonal closed packed structure exist inside the in-
itial β grains. In the ST600 and ST650 materials, it is difficult to 

distinguish the details of the very fine phases under OM (Fig. S2(b- 
c)). However, in the ST680 material, the acicular second phases ob-
served in the matrix decrease, but the size coarsens (Fig. S2(d)). 
When the temperature increases to 700 °C, as shown in Fig. S2(e), 
the material consists of a single equiaxed structure. Combined with 
the XRD patterns, it can be seen that the fine or coarse second 
phases in the matrix are the α or α′ phases, and the equiaxed phase is 
the β phase.

Fig. 2 shows the EBSD phase map of various materials with the β 
matrix in green and the α phase in red. For the 50α material, the 
colony α/α′ extends from the grain boundaries into the grain inter-
iors of the β phase, and the acicular α/α′ phases are distributed inside 
the β phase. With increasing temperature, the colony and acicular α/ 
α′ phase become shorter and thinner. When the temperature in-
creases to 680 °C, both the number and size of the colony and aci-
cular α phase significantly decrease. With increasing temperature, 
the area fraction of the α phase decreases from 29.9% in ST600 to 
18.9% in ST650 and to 4.1% in ST680. The tendency is similar to that 
determined by XRD, although the data obtained by EBSD are lower 
than those calculated by XRD due to the limited recognition rate of 
EBSD mapping or the tiny α phase.

Fig. 3 shows the mechanical properties of the different materials. 
Their typical engineering stressestrain curves and the changes in 
strength and elongation are presented in Fig. 3(a) and (b), respec-
tively. The yield strength (YS) and ultimate tensile strength (UTS) of 
the 50α and 40α materials are higher, and the materials yield con-
tinuously. With a decrease in the α phase content, the 20α and 0α 
materials exhibit a typical "double-yielding" phenomenon, and the 
YS and UTS decrease while their total elongations (tELs) increase 
significantly. As the α phase content in the materials decreases from 
50% to 40%, the UTS and YS decrease from 1110 to 985 MPa and from 
1013 to 944 MPa, respectively. Due to the “double-yielding” phe-
nomenon, the YS of the 20α material is 531 MPa and decreases to 
253 MPa as the α phase content decreases to 0%, and the UTS de-
creases from 926 MPa to 823 MPa. The uniform elongation (uEL) and 
tEL increase from 3.6% to 27.5% and from 10.1% to 34%, respectively, 
as the α phase content decreases from 50% to 0. The yield ratio de-
creases from 0.91 to 0.31 as the α phase content decreases from 50% 
to 0, although there is a fluctuation in the 40α material.

Numerous studies have shown that the "double-yielding" phe-
nomenon of materials is related to the stress-induced phase trans-
formation or mechanical twinning [39–41]. To reveal the 
relationship between the primary yielding phenomenon and the 
microstructure change, a loadingeunloading test was performed for 
the 0α material. When the stressestrain curve entered the primary 
yielding region, the material was unloaded. The diffraction pattern 

Fig. 1. (a) XRD patterns and (b) volume fraction of α phase in the Ti-30Zr-5Mo materials treated at different temperatures. 
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(Fig. S3 (a)) and acicular morphology (Fig. S3 (b)) of the α′ phase can 
be easily identified, verifying that the first yield strength corre-
sponds to the critical trigger stress of the stress-induced α′ mar-
tensitic transformation.

For high-performance structural materials, a sufficient strain 
hardening ability is required to prevent the early occurrence of 
necking. Fig. 4 shows the true stressestrain curves and the corre-
sponding work-hardening rate (WHR) of the different materials. Si-
milar to conventional alloys with SIMT or SIT phenomena, the work 
hardening of the 20α and 0α materials can be divided into five ty-
pical stages based on the slope change in the curves, i.e., dropping 
continuously (stage I), surging in a narrow plastic deformation range 
(stage II), plunging quickly (stage III), hitting a plateau (stage IV), and 
going down until fracture (stage V). Unlike the 20α and 0α materials, 
whose WHRs exhibit a “hump” shape, the WHR curves of the 40α 
and 50α materials only have three stages, i.e., decreasing con-
tinuously (stage I) to a plateau (stage II) and declining until fracture 
(stage III). Compared to the 50α material, the 40α material exhibits a 
longer plateau, indicating better necking resistance.

To elucidate the different work-hardening behaviors of different 
materials, the materials strained to fracture are examined by XRD, 
and the patterns are shown in Fig. 5. Since the α phase and α′ mar-
tensite phase have the same crystal structure and similar lattice 
parameters, the peaks in the patterns coincide. However, the content 
of stress-induced α' martensite can be determined by the peak 
height change of α/α' phase in the XRD pattern before and after 
deformation. For the 50α and 40α materials, the β phase with a body- 
centered cubic (BCC) structure is stable, and almost no phase 
transformation occurs, indicating that the plastic deformation of the 
β phase in these two materials is dominated by dislocation slip, in 
agreement with in many BCC-type titanium alloys [18,42,43]. Its 

Fig. 2. Phase map showing phase distributions in different materials; (a) ST600 (50α), (b) ST650 (40α), and (c) ST680 (20α). 

Fig. 3. Tensile properties of Ti-30Zr-5Mo alloy with various α volume fraction; (a) engineering stress-strain curves and mechanical properties with standard deviations, and (b) 
changes of strength and elongation with varying α phase fraction.

Fig. 4. True stress-strain curves (solid) and work hardening rate (dash) as a function 
of true strain for Ti-30Zr-5Mo alloy with various α volume fractions.
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limited ductility is related to the limited strain hardening ability, 
which results in the inhomogeneous deformation in the initial stage 
of deformation [44]. Unlike the 50α and 40α materials, whose vo-
lume fractions of the α/α' phase are almost unchanged (1% and 5%), it 
is evident that the stress-induced martensite transformation from β 
to α' occurs in the 20α and 0α materials during deformation. The 
good ductility is related to the SIMT. As indicated by the volume 
fraction change of the α/α' phase shown in Fig. 5(c), the amount of 
stress-induced martensite (SIM) α' phase is much larger in the 0α 
material (76%) than in the 20α material (57%), which provides better 
work-hardening abilities for the 0α material.

To investigate the details of the deformation modes in the 
materials with different WHR evolution tendencies, the de-
formation microstructures of the fractured 50α and 40α materials 
are analyzed by EBSD, as shown in Fig. 6. There are no apparent 
microstructure differences between the heat-treated and the 
fractured materials, i.e., The fractured materials are still composed 
of α and β phases. The staggered α laths are evenly distributed in 
the β matrix, and no obvious stress-induced α' martensite is ob-
served. Compared to the kernel average misorientation (KAM) 
maps of the heat-treated material shown in Fig. 6(b) and (f), a 
larger misorientation is observed at the grain boundaries and α/β 
phase boundaries in the fractured 40α and 50α materials shown in 
Fig. 6(d) and (h), indicating a higher density of defects and a larger 
plastic deformation degree at those boundaries. Furthermore, the 
average value of KAM is larger in the 50α material (0.571) than in 
the 40α material (0.558).

The relationship between the α phase and stress-induced α′ 
martensitic transformation during deformation was investigated in 
the 20α material by in situ EBSD, as shown in Fig. 7. The strains (0%, 
2%, 4% and 10%) are determined by both the stressestrain curve and 
the WHR curve in Fig. S4. They correspond to the initial strain of 
Stage I, Stage II, Stage III, and Stage IV, respectively.

The IPF maps of the 20α material at different strains are shown in 
Fig. 7. At a strain of 0%, the material is composed of α and β phases, 
and the acicular α phase is uniformly distributed in β grains. When 
the strain increases to 2%, the lath-like stress-induced α′ martensitic 
phases initiate from the β grain boundaries, cross the entire grain 
and stop at the other boundaries. It is confirmed again that the 
primary yield point in the stressestrain curve corresponds to the 
occurrence of stress-induced α' martensitic phase transformation. 
The α′ martensite can cross vertically when passing through the 
elongated α phase, which indicates that the α/β interfaces in this 
material are not strong enough to hinder the α′ growth. When the 
strain increases to 4%, the newly formed stress-induced α' marten-
site appears, and the preformed stress-induced α' martensite 
broadens significantly. When α' martensite with the same orienta-
tion meets during the broadening process merging will occur, in-
dicating that the stress-induced α' martensite transformation will 
continue to occur in Stage II and that the preformed martensite 
broadens and consumes the β matrix in the material. The stress- 
induced α' martensite refines the β grains, leading to the dynamic 
HallePetch effect and continuously increased work hardening rates. 
When the strain increases to 10%, which corresponds to the end of 
Stage III, the stress-induced α' martensitic transformation is almost 
fully combined and occupies the entire grain. The stress-induced α' 
martensitic transformation is basically saturated, and the contribu-
tion of the stress-induced α' martensitic transformation to work 
hardening is balanced with the work softening caused by the reac-
tion annihilation of dislocations. Compared with the fractured 
structures of the 20α material, no obvious broadened deformation 
products are found in the fractured structures of the 40α and 50α 
materials, again verifying that the stress-induced α' martensitic 
transformation is suppressed with increasing α content.

Fig. 8 shows the detailed analysis of the EBSD results for the 20α 
material strained at 2%. The orientation relationship between the 

Fig. 5. (a) XRD spectra, (b) volume fraction of α/α′ phase, and (c) volume fraction of stress-induced α′ phase in the Ti-30Zr-5Mo materials with various α volume fraction after 
fracture.
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stress-induced α' phase and the β matrix at the corresponding po-
sition of Fig. 8(a) is shown in Fig. 8(b). The Burgers orientation re-
lationship (0001)α'//(110)β, <  112( )0  > α'// <  111  > β is followed 
between the α' and β phases, which is the same as that between the 
quenched α' and β phases [45]. The KAM map in Fig. 8(c) shows that 
a larger misorientation occurs at the α'/β and α'/α boundaries, in-
dicating serious dislocation pile-up. In addition, the local strain 
gradient can be found in the stress-induced α' phase, as the mis-
orientation changes from high to low from the α'/β phase boundary 
to the interior of the α' phase, and dislocations tend to pile up at the 
phase boundaries. Fig. 8(d)-(f) shows that the typical misorientation 
between α' and α is 60°/ <  112( )0  >  , which corresponds to high- 
angle grain boundaries of type II [46,47]. When the stress-induced α' 
meets the α phase, the α phase tilts a small angle of 4–7° around <  
78( )13( ) >  to coordinate the deformation. The α phase is so 

narrow that the stress can be transferred from one boundary to the 
other; therefore, on the other side of the α phase boundaries, α' with 
the same variant can nucleate and grow further. The α phase can 
hardly hinder the growth of the α' phase.

To study the relationship between the α phase and stress-in-
duced α' martensite phase transformation, the variant relationship 
between them during deformation was analyzed. Table 1 lists 12 
possible variants for the β→α' transformation in the studied titanium 
alloys through the Burgers orientation. Fig. 9(a) shows the 3D crystal 
orientation analysis of different variants in the labeled area of grain 
1, and four variants of the α phase are observed in the region (V1- 
V4). When the strain increases to 2% (Fig. 9(b)), two variants of the 
stress-induced α' martensite (V1-α′ and V2-α′) appear. When the 
strain increases to 4% (Fig. 9(c)), the third variant (V3-α′) is activated. 
As the strain continues to increase (Fig. 9(d)), α′ martensitic variant 3 

Fig. 6. (a), (b), (d) and (e) Inverse pole figure (IPF) and (c) and (f) KAM maps of the 40α and the 50α materials before and after deformation; (a) heat-treated 40α material, (b) and 
(c) fractured 40α material, (d) heat-treated 50α material, (e) and (f) fractured 50α material.

Fig. 7. IPF maps of the 20α material at different strains during in-situ EBSD analysis; (a) ε = 0%, (b) ε = 2%, (c) ε = 4% and (d) ε = 10%. 
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(V3-α′) broadens, and when the strain increases to 10%, variant 3 
(V3-α′) occupies most of the grain 1 region. The preactivated variant 
1 of α′ martensitic (V1-α′) disappears completely, and only a small 
amount of variant 2 of (V2-α′) is visible, indicating that V1-α′ and 
V2-α′ undergo reorientation to the same orientation as variant 3 
(V3-α′) with increasing strain. The broadening and reorientation of 
martensite will affect the mechanical properties of the materials. On 
the one hand, the phase boundaries (PBs) (α′/β and α/β) are effective 
obstacles to dislocation motion, the size of the α′ martensitic plates 
formed in the early stage of deformation is small, and high densities 
of α′/β and α/β interfaces exist, resulting in an increase in strain 
hardening. However, as the strain increase, the β→α′ phase trans-
formation continues to occur, along with the reorientation and 
merging of the pregenerated α′ phase, reducing the interface area 
and gradually weakening the strain hardening effect. On the other 
hand, reorientation can effectively alleviate the stress concentration.

Fig. 10 shows the fractography of the 50α, 40α, 20α and 0α ma-
terials. The dimples in both the 50α and 40α materials are large, 
while compared to the 40α material with uniform dimples, some 
shallow dimples are visible in the 50α material. In contrast, the 
dimples in the 0α material are smaller and evenly distributed, while 
in the 20α material, mixed dimples with the similar morphologies in 

the 40α and 0α materials are observed. Combined with Fig. 8, nu-
merous stress-induced α′ martensitic phase transformations occur 
during tensile deformation in the 20α and 0α materials, and the 
content reaches 57% and 76%, respectively. It is speculated that the 
fine dimples in the fracture of the 20α material are caused by stress- 
induced α′ martensite, while the large dimples are related to the α 
phase, and the verification will be carried out in the future. The SIMT 
during tensile deformation guarantees excellent tensile plasticity of 
the materials with low α phase content.

4. Discussion

4.1. Regulation of α phase content

Static recrystallization and α→β phase transformation occur in 
the forged material when subsequently heated below the β transus 
temperature, and the α phase is retained by dissolving the α phase 
formed during air cooling after forging [48]. During the transfor-
mation process of α→β, the β phase nucleates at the α/β interfaces 
and then grows. In the initial stage, the concentration of β stabilizing 
elements in the α phase is very high due to the limited content of the 
β phase, resulting in an obvious element concentration difference 

Fig. 8. EBSD analysis of the 20α material strained at 2%; (a) IPF map, (b) overlap of pole figures of two phases in annotation area in (a), (c) KAM map, (d) The IPF and BC map of α /α′ 
phase, and (e) (f) Misorientation between α and α′ phases.

Table 1 
Possible 12 variants of β→α/α' phase transformation in the studied titanium alloy based on Burgers orientation relationship. 

α/α' variants {110}β // {0001}α/α' < 111 > β //  < 112̄0 > α/α' α/α' variants {110}β // {0001} α/α' < 111 > β //  <  112̄0 > α/α'

V1 (011)β // (0001)α/α' [111̄] β //[112̄0]α/α'
V7 (101)β // (0001)α/α' [1̄11] β //[112̄0]α/α'

V2 [11̄1] β //[112̄0]α/α' V8 [111̄] β //[112̄0]α/α'

V3 (101̄)β // (0001)α/α' [11̄1] β //[112̄0]α/α' V9 (11̄0)β // (0001)α/α' [111̄] β //[112̄0]α/α'

V4 [111] β //[112̄0]α/α' V10 [111] β //[112̄0]α/α'

V5 (011̄)β // (0001)α/α' [1̄11] β //[112̄0]α/α'
V11 (110)β // (0001)α/α' [11̄1] β //[112̄0]α/α'

V6 [111] β //[112̄0]α/α'
V12 [1̄11] β //[112̄0]α/α'
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between these two phases. Therefore, the dissolution rate of the α 
phase at the interface is fast, and the α/β phase boundaries are 
changed to ellipsoidal or acicular-like shapes [49]. Due to the dif-
ferent thermal stabilities of the α and β phases, with increasing 
temperature, the α phase formed during the forging process 

gradually changes to the β phase, and finally different contents of the 
acicular α phase can be obtained. The materials are kept at a certain 
temperature for 60 min, which is long enough for the element dif-
fusion in each phase to reach the equilibrium state at that tem-
perature.

Fig. 9. IPF maps of the 20α material at different strains; (a) ε = 0%, (b) ε = 2%, (c) ε = 4% and (d) ε = 10%. 

Fig. 10. SEM fractographs of the Ti-30Zr-5Mo alloy with various α volume fractions; (a) 50α, (b) 40α, (c) 20α and (d) 0α. 
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4.2. Effect of the α phase fraction on the deformation mechanism

For the dulex phase titanium, which phase deforms initially is 
crucial to understand the deformation mechanism. The micro-
mechanical properties of the α and β phases are determined by na-
noindentation. Table 3 summarizes the elastic modulus (Er) and 
nanohardness (H) of the α and β phases in the 50α and 20α materials. 
Compared with the β phase, the hardness of the α phase is more 
scattered, which is caused by anisotropy in the α phase with a dense 
hexagonal structure [50–53]. In addition, the hardness of the α phase 
is higher than that of the β phase, and as the α phase content in-
creases, the hardness difference between the β and α phases be-
comes larger. In the 50α material, the hardness of the β phase and α 
phase are 2.6 GPa and 3.8 GPa, respectively. In the 20α material, the 
hardness of the β phase and α phase are 3.2 GPa and 3.8 GPa, re-
spectively. Similarly, the elastic modulus of the α phase is greater 
than that of the β phase, and with increasing α phase content, the 
elastic modulus difference between the two phases becomes larger. 
Therefore, deformation will initiate from the β phase, and the de-
formation mechanism of the β phase becomes important.

The above results indicate that the deformation mechanism of 
the alloy changes with varying α phase fractions. The stress-induced 
α′ martensite phase transformation occurs during deformation in the 
0α and 20α materials. As the content of the α phase increases to or 
over 40%, the stress-induced α′ martensite transformation is hin-
dered, suggesting that dislocation slip dominates during de-
formation.

It has been reported that the α phase content affects the de-
formation mechanism by tuning the β domain size and β stability 
through element partitioning in the α and β phases. Liao [32] et al. 
showed that in a metastable Ti-Zr-Al-V alloys, as the α phase content 
increases, V is enriched in the β matrix, and the β domain decreases, 
thereby changing the deformation mechanism of the alloy. Li [25]
et al. said that in addition to the content, the morphology of the α 
phase was also important. The acicular and spherical α phases have 
the same effect on element partitioning but different effects on the β 
domain. The acicular α phase is more effective in reducing the β 
domains compared to the spherical phase.

For the Ti-30Zr-5Mo alloy, an acicular α phase is obtained to 
reduce the β domains for the mean free path of dislocations. As the α 
fraction increases to 40%, the combination of β domain refinement 
and β stability enhancement hinders the stress-induced α′ phase 
transformation. When the α phase content is 20%, the reduction in β 
domains is not evident due to the small amount of α phase, and the β 
phase stability change caused by element partitioning is more 
dominant. At high temperature, the β stabilizing element is prone to 
diffuse to the β phase, resulting in enrichment in the β phase, 
thereby increasing the β stability, and finally restricting the occur-
rence of stress-induced phase transformation.

To investigate the distribution of the β stabilizing element Mo 
and neutral element Zr in the α and β phases of materials with dif-
ferent α phase contents, TEM spectroscopy was performed. As shown 
in Fig. 11 and Table 2, Ti is evenly distributed in both the α and β 
phases of the 50α materials but slightly enriched in the α phase of 
the 40α and 20α materials. Mo, as a β stabilizing element is obviously 
enriched in the β phase. It is noteworthy that Zr is enriched in the β 
phase of all the studied duplex phase materials, which confirms that 
when Zr and the β stabilizing element coexist, Zr will be enriched in 
the β phase as a β stabilizing rather than a neutral element. Namely, 
in high-Zr-containing Ti alloys, the effect of Zr on the β stability is 
not negligible.

Fig. 12 is the Bo-Md value of high Zr-containing Ti-Zr-Mo and Ti- 
Zr-Nb alloys [38,54,55], it can be found that both the metastable β 
phase boundaries of the Ti-Zr-Mo and Ti-Zr-Nb alloys shift to the 
lower right corner and expand the β phase region, which indicates 
that Zr acts as a β stabilizing element in the high- Zr-containing 

alloys. The metastable β boundaries of Ti-Zr-Mo alloys are at the 
bottom right of Ti-Nb-Zr alloys, indicating that the β stabilizing 
ability of Zr in Ti-Zr-Mo alloys is greater than that in Ti-Nb-Zr alloys. 
Due to the stronger β stabilizing ability of Mo than Nb, it is inferred 
that the β stabilizing ability of Zr depends on the coexisting β sta-
bilizing elements.

Moeq is an indicator to describe the β stability. In previous stu-
dies, Zr was treated as a neutral element and did not appear in the 
calculations, but as mentioned above, Zr exhibits β stabilizing ability, 
therefore, the calculation equation should be optimized. It has been 
reported that the β phase in the Ti-Mo and Zr-Mo binary alloys can 
be stabilized when the Mo content exceeds 10% and 3%, respectively 
[56,57]. For a simple calculation, in Ti-30Zr-Mo ternary alloys, a 7.9% 
content of Mo is required to stabilize the alloy; however, a single β 
phase is obtained in the Ti-30Zr-5Mo alloy, so the β stabilization 
effect of 30% Zr is equivalent to that of 2.9% Mo, so the optimized 
coefficient of Zr elements is calculated as 0.1, and the Moeq calcula-
tion is rewritten as.

Moeq= 1.0Mo+ 0.30Sn+ 0.33 Nb+ 0.25Ta+ 0.10Zr+v.s.(mass%) (3).
As shown in Table 2, the β stability increases with increasing α 

phase fraction. Generally, when the Moeq is between 7.4 and 12, the 
stress-induced martensite phase transformation occurs; when the 
Moeq is between 13 and 18, deformation of the β-type titanium alloy 
is dominated by {332} <  113  >  mechanical twinning. When the Moeq 

is above 20, dislocation slip becomes prominent [20]. The Moeq va-
lues of the β phase in the 40α and 50α materials are 11.96 and 13.34, 
respectively, which are located in a region where stress-induced 
martensitic phase transformation and mechanical twinning may 
occur. However, either SIM or SIT is observed in the 40α and 50α 
materials, which may be affected by the reduced β domains.

If the stress-induced α′ martensitic phase transformation occurs, 
what role does the α phase play in the α′ growth process? The stress- 
induced α′ martensitic phase in the 20α material can pass through 
the α phase, and the in situ EBSD analysis indicates that a large strain 
accumulates near the α′/α interfaces. It is deduced that the growth of 
the stress-induced α′ martensite phase is blocked by the α phase, and 
the strain accumulates at the α′/α interfaces. Then, the α will tilt a 
small angle to coordinate the deformation. Due to the small width of 
the α phase, the stress could be transferred from one boundary to the 
other. On the opposite interface of this α phase, the α′ martensite, 
which has the same variants as the preforming martensite will nu-
cleate and continue to grow. The hardness difference between the α 
and β phases is not strong enough to hinder the growth of the α′ 
phase.

4.3. Effect of α phase content on the tensile properties

The yield ratio is dependent on both the YS and UTS. In me-
tastable β alloys, the YS is the competitive result of SIM, SIT and 
dislocation slip. Commonly, the SIM and SIT trigger stress is de-
pendent on the loading temperature, the chemical composition, the 
microstructure and the strain rate. In this study, the experiments are 
carried out at ambient temperature with the same strain rates, and 
the β phase deforms initially. Therefore, the microstructure and the 
chemical composition of the β phase are the main factors to consider. 
It is known that SIM trigger stress at room temperature is closely 
related to the martensite starting temperature (Ms); the smaller the 
difference between room temperature and Ms is, the lower the 
trigger stress of SIM. With increasing β stability, the Ms will be 
lowered, which results in the higher trigger stress of SIM and high 
yield ratio. Therefore, to obtain a low yield ratio, the β stability 
should be regulated. In the 0α and 20α materials, the SIM trigger 
stress is lower than the critical stress for dislocation slip; therefore, a 
lower yield strength is obtained in these two alloys. However, 
compared with the 0α material, the β phase stability in the 20α 
material is higher, resulting in a lower Ms, thereby leading to an 
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increase in trigger stress at room temperature accordingly. In the 
40α and 50α materials, the combination of a reduced β domain and 
high β stability hinders the SIM. The high β stability may lead to a 
much lower Ms, making the deformation temperature for SIM (Md) 
near or lower than room temperature. SIM is prevented or the 
trigger stress of SIM exceeds the critical stress for dislocation slip; 
therefore, high yield strengths are obtained. It is noteworthy that 

even though both the 40α and 50α materials deform by dislocation 
slip, the 50α material has higher strength than the 40α material.

In Ti-30Zr-5Mo materials with various α phase contents, the 
acicular-like α phase is dispersed in the β matrix, the softer β phase 

Fig. 11. TEM-EDS analysis of the Ti-30Zr-5Mo materials with various α volume fractions; (a1-a4) 50α, (b1-b4) 40α and (c1-c3) 20α. 

Table 2 
Chemical contents in β phase of the Ti-30Zr-5Mo materials with various α volume 
fractions. 

Materials Zr Mo Ti Moeq

50α 35.4  ±  1.2 9.8  ±  0.4 Bal. 13.34
40α 37.8  ±  1.1 8.2  ±  0.9 Bal. 11.96
20α 37.8  ±  0.2 7.1  ±  0.2 Bal. 10.57
0α 28.9  ±  0.4 4.9  ±  0.5 Bal. 7.82

Table 3 
Nano-indentation hardness of the Ti-30Zr-5Mo materials with various α volume 
fractions. 

Materials Phases Elastic modulus/GPa Micro hardness/GPa

50α β 92  ±  9 2.6  ±  0.5
α 115  ±  12 3.8  ±  0.7

20α β 92  ±  2 3.2  ±  0.3
α 103  ±  27 3.8  ±  1.9

Fig. 12. Phase diagram for Ti alloys based on the Bo and Md as well as the deduced 
metastable β phase boundaries of high-Zr-containing Ti alloys.
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will be preferentially deformed during the deformation process, and 
the α/β phase interfaces as well as the grain boundaries provide 
barriers for dislocation slip. The HallePetch relationship is also 
obeyed in phase boundaries conditions. It has been reported that the 
HallePetch slope ky is strongly dependent on the hardness ratio of 
the constituent phases. Increasing the hardness difference of the two 
phase dramatically increases the slope ky and therefore renders a 
more effective barrier to dislocation motion [58]. Furthermore, the 
yield strength ( YS) of α + β dual-phase Ti alloys can be expressed as 
follows based on the rule of mixture:

f f(1 )( ) ( )YS ss ss gb cs ms0 0= + + + + + +
(4) 

when considering the strengthening effects of α and β phase by solid 
solution (including ss and ss), grain boundaries ( gb), phase bound-
aries ( cs) and modulus mismatch ( ms) [59]. Therefore, the modulus 
mismatch between the β and α phases also hinders dislocation 
motion, thereby increasing the strength, similar to the mechanism of 
modulus hardening in the deformed particles. In the 20α material, 
the β phase is still metastable for SIM, the β phase transforms into 
the α' phase under stress, and the α/β interfaces are not strong en-
ough to hinder the α' growth due to the minor hardness difference 
and modulus mismatch of 0.6 GPa and 11 GPa between the α and β 
phases. The α' will continue to nucleate and grow on the other side 
of the α boundaries. In the 50α material, the main deformation is 
dislocation slip. The deformation also initially occurs in the β phase 
due to the lower hardness. Because the hardness difference and 
modulus mismatch of the α and β phases are much larger than that 
in the 20α material, the α/β interfaces are effective obstacles for the 
dislocations to go across, which can accumulate more geometrically 
necessary dislocations. In addition, the higher density of α/β inter-
faces in the 50α material renders more uniform deformation rather 
than stress concentration, causing a good combination of strength 
and ductility in the 50α material. From the interface strength of the 
20α and 50α materials, it is speculated that the α/β interface strength 
of the 40α material is between those of the 20α and 50α materials. 
Therefore, the 40α material has a lower ultimate tensile strength 
than the 50α material. According to the HallePetch relationship, the 
lower yield strength of the 40α material is attributed to the β do-
mains being larger than those of the 50α material. In addition to 
lowering the yield strength, SIM can coordinate the deformation and 
alleviate the stress concentration by extending from the high strain 
part to the low strain part, thereby delaying the necking of the 
materials and improving the ductility of the 0α and 20α materials 
[60]. For the dislocation slip-dominated 40α and 50α materials, the 
accommodation capacity of dislocations is mainly dependent on the 
α/β interfaces. The short dislocation free motion path lowers the 
pile-up degree, which makes vb= valid at strains up to 10%.

WHR is also an important parameter for the yield ratio because 
it can delay the necking of the material. The WHR curves of the 0α 
and 20α materials indicate that the SIM significantly improved the 
WHR. The “hump” is closely related to the SIM process. The WHR 
curve enters the second stage when SIM initiates. With increasing 
strain, the transformation from β to α' continues, the preformed 
one grows and broadens, and the dislocation free motion paths 
decrease in the β matrix, causing the dynamic HallePetch effect. 
As the deformation proceeds, the WHR saturates, and then the 
reorientation of the α' phase and annihilation of the dislocations 
lower the WHR, but due to the dynamic HallePetch effect, a WHR 
plateau can be obtained. Compared with the 20α material which 
has a smaller amount of α' phase transformation, the plateau in 
the 0α material is longer. The SIM is beneficial for lowering the 
yield ratio while improving the ductility. For the 40α and 50α 
materials, the “humps” are invisible; however, working hardening 
still remains. Compared with the 50α material, the work 

hardening curve of the 40α material lasts longer. Therefore, it is 
speculated that due to the greater hardness difference of α/β in-
terfaces in the 50α material, the obstruction effect of the inter-
faces on dislocations is stronger, and it is more likely to cause 
stress concentration to make the material neck earlier.

5. Conclusions

In this work, the α phase fractions of the Ti-30Zr-5Mo alloy were 
regulated by changing the heat treatment temperature parameters 
in the α + β dual phase field. The effects of the α phase content on the 
deformation mechanisms, yield strength and yield ratio of the alloy 
are then explored. The following conclusions are obtained. 

(1) Acicular α phase evenly distributed in the matrix with different 
fractions can be obtained by changing the heat treatment tem-
perature near or below the β transus temperature. Materials 
with α phase fractions of 50%, 40%, 20% and 0% are successfully 
prepared by annealing at temperatures of 600, 650, 680 and 
700 °C for 60 min, respectively.

(2) The stress-induced α' martensitic phase transformation occurs in 
the 0α and 20α materials during tensile deformation. The 
"double-yielding" phenomena appear in the stressestrain 
curves, and the yield ratios are 0.31 and 0.57, respectively. As the 
α fraction increases from 0% to 20%, the yield strength increases 
from 254 MPa to 531 MPa. The SIM is hindered in the 40α and 
50α materials, and the yield strengths are increased to 944 MPa 
and 1013 MPa, respectively, owing to the second phase 
strengthening of the α phase. Correspondingly, the yield ratio 
reaches 0.96 and 0.91, respectively.

(3) In the Ti-30Zr-5Mo alloy with dual phases, the hardness of the 
α phase is higher than that of the β matrix, and the hardness 
difference between the α and β phases increases with in-
creasing α phase content. Deformation initiates in the β phase 
of both single-phase and duplex-phase alloys. The deforma-
tion mechanism of the β phase is dependent on both the β 
domain and β stability. With increasing α phase content, the β 
domains are refined, while the β stability increases and the 
stress-induced α' martensitic phase transformation is pre-
vented. The α/β phase interfaces are the effective obstacles to 
hinder the dislocation movement, and the obstruction effect is 
more significant with increasing hardness difference between 
the α and β phases.

(4) When the α phase content is zero, the yield strength of the 
material is 254 MPa, the tensile strength is 843 MPa, and the 
total elongation is 34%. With the increase in the α phase, the 
yield strength and tensile strength increase with some ductility 
sacrifice. When the α phase content is 50%, the yield strength 
and tensile strength of the material reach 1013 MPa and 
1110 MPa, respectively, and an excellent elongation of 10% re-
mains. By changing the α phase fractions with low-cost thermal 
treatments, a large range of yield ratios from 0.31 to 0.96 and 
yield strengths from 254 to 1013 MPa can be obtained in the Ti- 
30Zr-5Mo alloy with decent elongations.
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