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A B S T R A C T   

To study the effect of O on β-Ti alloys with various β phase stability, Ti–xNb–0.4O (x = 30, 32, 34, 36, 38, 40, 42, 
mass%) alloys were prepared by arc melting followed by homogenization, hot rolling, and solution treatment. To 
ensure the O content of the alloys, melting and hot rolling were performed under an Ar atmosphere, and ho-
mogenization and solution treatment were performed under vacuum conditions. The mass fractions of O in the 
Ti–Nb–O alloys were finally accurately controlled in the range of 0.4–0.5%. The phase composition of the alloys 
was determined by analyzing the X-ray diffraction patterns, the microstructure was observed by optical mi-
croscopy, and the mechanical properties were measured by tensile tests. The ω phase and α" phase were found in 
the solution-treated Ti–30Nb–0.4O. Ti–30Nb–0.4O showed the lowest yield strength owing to the existence of 
the α" phase. O suppressed ω phase and α" phase transformations during quenching, and showed an obvious 
solution-strengthening effect. Because the O content of the alloys was essentially the same, the Ti–xNb–0.4O 
alloys showed similar tensile strengths. The Young’s moduli of the alloys ranged from 60 to 69 GPa, and the 
elongations were all higher than 15%. Particularly, Ti–36Nb–0.4O exhibited desirable mechanical properties, 
including a Young’s modulus of 61 GPa, a tensile strength of 760 MPa, and an elongation of approximately 35%.   

1. Introduction 

Ti alloys are widely used in biomedical applications because of their 
excellent corrosion resistance and mechanical properties [1]. Commer-
cially pure Ti (C.P.-Ti) and Ti–6Al–4V ELI are widely used in the clinical 
field. However, many studies have indicated that the mechanical 
properties of C.P.-Ti could not meet the requirements for human im-
plantation because its abrasion resistance is low [2–4]. The release of Al 
and V ions from Ti–6Al–4V ELI may cause long-term health problems 
such as neurological diseases and Alzheimer’s disease [5,6]. Addition-
ally, the Young’s moduli of C.P.-Ti and Ti–6Al–4V ELI are much higher 
than that of human bone, which results in a stress-shielding effect and 
finally causes bone resorption and implant failure. Recently, non-toxic β 

stabilizers such as Ta, Nb, and Mo have been added in large quantities to 
obtain β-type Ti alloys with improved biocompatibility [7–12]. 
Ti–Nb-based alloys are the most widely studied β-type Ti alloys because 
they generally show low Young’s moduli and exhibit a shape memory 
effect and/or superelasticity [13–16]. Unfortunately, the β-type Ti alloys 
with low Young’s moduli generally exhibit low strength, which limits 
their application [17,18]. Solution and precipitation strengthening are 
two feasible methods for improving the strength of β-type Ti alloys. The 
strength and superelasticity can be enhanced by adding Zr and Sn, which 
are two common alloying elements besides β stabilizing elements [19, 
20]. The tensile strength and fatigue performance can be increased by α 
phase and ω phase precipitations [21]. However, the 
solution-strengthening effects of Zr and Sn are limited, and the Young’s 
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modulus is commonly increased by the α phase and ω phase. 
As an interstitial element in Ti alloys, O shows a strong solution- 

strengthening effect, which increases the strength of Ti alloys [22]. 
Based on the first principles of density functional theory, the mutual 
repulsion between interstitial O atoms and substituted Nb atoms in 
Ti–Nb–O alloys increases the β phase stability and changes the 
martensite transformation behavior of Ti–Nb alloys [23,24]. The addi-
tion of O can suppress the formation of the athermal ω phase during 
quenching, which is beneficial for obtaining a low Young’s modulus 
[25]. Adding O to Ti–Nb-based alloys can increase their strength and 
elastic strain owing to the strong interaction between the screw dislo-
cation and the strain field generated by the O atom in the octahedral 
interstitial position [26–29]. In the case of O-modified Ti–Nb–Ta–Zr, the 
strength increases monotonically with increasing O content, whereas the 
elongation-to-failure first decreases and then returns to a relatively high 
level [30,31]. Ti–29Nb–13Ta–4.6Zr–0.7O exhibits a dislocation glide 
that is more homogeneous and extensive, as well as multiple slip systems 
in single grains and a greater frequency of cross-slip, which leads to a 
higher work-hardening rate and delays the occurrence of local stress 
concentration [30]. Unfortunately, the Young’s modulus of 
Ti–29Nb–13Ta–4.6Zr–0.7O increases to 75 GPa, which is higher than 
that of Ti–29Nb–13Ta–4.6Zr. The Young’s moduli of β-type Ti alloys are 
sensitive to the phase composition and β phase stability [32]. A low O 
content hardly causes a large increase in Young’s modulus [33]. In Ti– 
(30-42)Nb alloys, the Young’s modulus first increases and then de-
creases with an increase in the Nb content, owing to the variety of phase 
compositions [3,18,34]. In this study, approximately 0.4% O was added 
to Ti–(30-42)Nb alloys to study the effects of O on the phase, micro-
structure, and mechanical properties of the Ti alloys with various β 
stability. 

2. Experiments 

High-purity Ti particles (99.99%), high-purity Nb particles 
(99.95%), and TiO2 powder (99.99%) were used as raw materials. The 
ingots with nominal components of Ti–(30, 32, 34, 36, 38, 40, 42) 
Nb–0.4O were prepared in a high-vacuum non-consumable arc-melting 
furnace with an ultimate vacuum of 5 × 10− 3 Pa. Each ingot was flipped 
and re-melted more than five times to ensure a uniform composition. 
The ingots were homogenized at 1000 ◦C for 10 h and hot-rolled under a 
reduction of 80% to sheets with a thickness of 2.2 mm. The samples for 
the following analyses and tests were cut from the sheets by electrical 
discharge machining and subjected to solution treatment at 1000 ◦C for 
1 h, followed by water quenching. Surface oxidation layers were 
removed by grinding with sandpaper after each heat treatment. 

The O content of the alloys was determined using an inductively 
coupled plasma mass spectrometry. The sample for optical microstruc-
ture observation was mirror-polished with a SiO2 suspension and etched 
in a 5 vol% hydrogen fluoride solution. The phase composition was 
determined by analyzing the X-ray diffraction (XRD) patterns obtained 
using a Bruker D8 Advance diffractometer with Cu–Kα radiation at a 
current of 40 mA, a voltage of 40 kV, and a scanning speed of 6◦/min. 
The solution-treated specimens were mechanically polished to a thick-
ness of approximately 50 μm using up to 2400# SiC waterproof paper, 
dimpled using a phosphor bronzer ring, ion-milled to a thin foil, and 
finally observed using JEOL JEM-2000EXII transmission electron mi-
croscopy (TEM) at a voltage of 200 kV. The Young’s modulus was 
measured by the free-resonance method using a rectangular sample with 
dimensions of 40 mm × 10 mm × 1.4 mm. The transverse bending vi-
bration of the sample was generated using an excitation signal from an 
excitation sensor. The resonant frequency of the sample was measured 
using a pickup sensor. The dynamic Young’s modulus was calculated 
using the following equation [35]:  

E = 0.9694(mL3fr2)/(wd3),                                                                        

where m, L, w, and d were the weight, length, width, and thickness of the 
specimen, respectively, and fr was the intrinsic resonance vibration 
frequency. The sample (12 mm × 3 mm × 1.4 mm) was subjected to 
tensile testing at room temperature (~20 ◦C) using an Instron-type 
testing machine with an applied strain gauge. The crosshead speed 
was 0.5 mm/min. The deformed microstructures were further analyzed 
using electron backscattered diffraction (EBSD). 

3. Results and discussion 

3.1. Chemical compositions 

According to the view that the O content of Ti alloys was generally 
0.1–0.2% without specific addition [34], 0.3% O was added to the alloys 
in the form of TiO2 to obtain a final O content of 0.4–0.5%. The ingots 
were prepared in a high-vacuum furnace, homogenization and solution 
treatment were carried out under vacuum conditions, hot rolling was 
carried out under an Ar atmosphere, and finally, the O content of the 
alloys matched the expected values, as shown in Table 1. These results 
suggest that the vacuum conditions of the devices and preparation 
processes satisfy the requirements for preparing Ti alloys with a 
controllable O content. 

3.2. Phases and microstructures 

The XRD patterns of the Ti–xNb–0.4O alloys after solution treatment 
are shown in Fig. 1a. A weak diffraction peak corresponding to the α" 
phase was found in Ti–(30, 32, 34)Nb–0.4O alloys. The α" phase peak 
disappeared in Ti–(36, 38, 40, 42)Nb–0.4O alloys, which showed only β 
phase diffraction peaks, indicating that the martensite starting (Ms) 
temperatures of the alloys were all below room temperature [36]. Only 
equiaxed β grains were observed in all the Ti–xNb–0.4O alloys by optical 
microscopy, as shown in Fig. 1b. The α" phase was hardly observed in Ti– 
(30, 32, 34)Nb–0.4O alloys primarily owing to the small size. Some lath 
structures were observed in the TEM bright-field image of 
Ti–30Nb–0.4O (Fig. 2a). Weak diffraction spots corresponding to the α" 
phase and ω phase were found in the selected area electron diffraction 
(SAED) pattern (Fig. 2b). The nano-sized ω phase and lamellar α" phase 
were observed in the TEM dark field images, respectively (Fig. 2c and d). 

For the Ti–Nb binary alloys with Nb content ranging from 30% to 
38%, the diffraction peaks corresponding to α" phase and ω phase were 
found in the XRD patterns, and dense α" phase with acicular structure 
was usually observed by optical microscopy [3,37–39]. In this study, the 
α" phase was hardly observed by optical microscopy, and ω phase was 
not detected by XRD. Small-sized α" phase and ω phase were observed by 
TEM, indicating that both α" phase and ω phase transformations during 
quenching were inhibited by O addition. 

3.3. Tensile behaviors 

The true stress–strain curves and the corresponding work-hardening 
rate curves of the alloys calculated from the tensile engineering curves 
are shown in Fig. 3. Obvious yielding between elastic deformation and 
plastic deformation was hardly observed in the curves of the Ti–(30, 32, 
34, 36, 38)Nb–0.4O alloys, owing to the metastable β phase [16,40]. 

Table 1 
Chemical compositions of the Ti–xNb–0.4O alloys (mass%).  

Alloys Ti Nb O 

Ti-30Nb-0.4O Bal. 29.8 0.45 
Ti-32Nb-0.4O Bal. 32.3 0.47 
Ti-34Nb-0.4O Bal. 34.1 0.48 
Ti-36Nb-0.4O Bal. 35.1 0.47 
Ti-38Nb-0.4O Bal. 38.5 0.46 
Ti-40Nb-0.4O Bal. 39.4 0.47 
Ti-42Nb-0.4O Bal. 41.9 0.41  
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Yielding occurred in Ti–(40, 42)Nb–0.4O, suggesting that the β phase 
was stable. After elastic deformation, the Ti–(30, 32, 34, 36, 38) 
Nb–0.4O alloys showed a gradual increase in stress with an increase in 
strain during the plastic deformation stage, suggesting work-hardening 
behavior. The stress of Ti–40Nb–0.4O increased slightly from yielding 
to fracture. Ti–42Nb–0.4O exhibited typical yielding behavior. The 
stress decreased after elastic deformation and then increased slightly 
during plastic deformation. 

The work-hardening rate (θ) curves of the Ti–(30, 32, 34, 36, 38, 40, 
42)Nb–0.4O alloys were calculated from the true stress–strain curves 
using the following equation:  

θ = dσT/dεT                                                                                          

where σT is the true stress, εT is the true strain, and dσT/dεT is the work- 
hardening rate [41]. 

The work-hardening rate was very high in the elastic deformation of 
all the Ti–Nb–O alloys because the stress rapidly increased with the 
increase in strain. The intersection point between the true stress–strain 
curve and the work-hardening rate curve was marked by a circle in each 
figure. For the plastic deformation part of the Ti–(30, 32, 34, 36, 38) 
Nb–0.4O alloys, the work-hardening rate was maintained at a high level 
with the increase in strain because they had a good work-hardening 
ability. A sharp decrease in the work-hardening rate occurred near the 
strain corresponding to the maximum stress. When the strain was further 
increased from the intersection point, the stress quickly reached the 

Fig. 1. (a) XRD patterns of the Ti–xNb–0.4O alloys and (b) optical microstructure of Ti–30Nb–0.4O subjected to solution treatment.  

Fig. 2. TEM results of Ti–30Nb–0.4O subjected to solution treatment: (a) bright field image, (b) SAED pattern, (c) dark field image of ω phase, and (d) dark field 
image of α" phase. 
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maximum value, the work-hardening rate decreased to 0, and fracture 
occurred. As the yield appeared in the Ti–(40, 42)Nb–0.4O alloys, the 
intersection points were located near the yielding points. For 
Ti–40Nb–0.4O, the work-hardening rate was maintained at a low level 
with increasing strain, suggesting a weak work-hardening ability. For 
Ti–42Nb–0.4O, there were three intersection points. The first intersec-
tion point was localized at the strain immediately after the elastic 
deformation. The work-hardening rate became negative because the 
stress decreased with increasing strain during yielding. The work- 
hardening rate then became positive and increased with increasing 
strain, indicating that work-hardening occurred and became stronger. 
After intersecting with the stress–strain curve, the work-hardening rate 
decreased again and intersected with the stress–strain curve. The work- 
hardening rate curve revealed the deformation process of 
Ti–42Nb–0.4O, including yielding, plastic deformation with low work- 
hardening ability, and fracture. Compared to the Ti–(30, 32, 34, 36, 
38)Nb–0.4O alloys, the Ti–(40, 42)Nb–0.4O alloys did not show quick 
fracture after the intersection points, and the work-hardening rates 
slowly decreased to 0. The tensile behaviors of Ti–(30, 32, 34, 36, 38) 
Nb–0.4O alloys quite agree with the view that the intersection point is 
generally regarded as the “necking point” in the tensile process [30]. 
However, this view is not consistent with the behavior of Ti–(40, 42) 
Nb–0.4O alloys. In fact, the disappearance of work-hardening in the 
plastic deformation stage indicates the end of uniform deformation, that 
is, the beginning of necking. In other words, when the work-hardening 
rate decreases to 0, the stress reaches the maximum value, and 
necking begins with a further increase in the strain. For the Ti–(30, 32, 

34, 36, 38)Nb–0.4O alloys, the strain corresponding to the 
work-hardening rate of 0 was very close to the intersection point; 
therefore, they agreed with the general view. For the Ti–(40, 42) 
Nb–0.4O alloys, uniform deformation continued for a while under a low 
work-hardening rate, and necking was postponed. 

Many deformation bands were observed in the deformed 
Ti–30Nb–0.4O alloy, as shown in Fig. 4a. The deformation bands 
decreased with increasing Nb content (Fig. 4b) and disappeared for 
Ti–40Nb–0.4O (Fig. 4c). The bands were evident according to the EBSD 
observations, as shown in Fig. 5a. An approximately 50.5◦ misorienta-
tion between the bands and the matrix was found by measuring the 
point-to-origin misorientation (Fig. 5b) from point A to point B in 
Fig. 5a, suggesting that the deformation bands were {332}β<113>β 
twinning [42,43]. The high work-hardening rate of Ti–(30, 32, 34, 36, 
38)Nb–0.4O alloys was primarily attributed to dynamic strengthening 
caused by twinning [42]. With the increase of Nb content, the decrease 
of the bands also indicated the increase of β stability. 

3.4. Mechanical properties 

Because yielding was hardly observed in the Ti–(30, 32, 34, 36, 38) 
Nb–0.4O alloys, a 0.2% proof stress (σ0.2) was calculated and denoted as 
the yield strength (σy). For the Ti–(40, 42)Nb–0.4O alloys with obvious 
yielding, the lowest stress after yielding was selected as the yield 
strength (σy). Fig. 6 shows the Young’s modulus (E) measured by the 
free-resonance method and the yield strength (σy), tensile strength (σb), 
and elongation (εl) measured by the tensile test. The changes in 

Fig. 3. True stress–strain curves and work-hardening curves of (a) Ti–30Nb–0.4O, (b) Ti–32Nb–0.4O, (c) Ti–34Nb–0.4O, (d) Ti–36Nb–0.4O, (e) Ti–38Nb–0.4O, (f) 
Ti–40Nb–0.4O, and (g) Ti–42Nb–0.4O. 
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mechanical properties were primarily attributed to the phase composi-
tions and β phase stability. With the increase of the β stabilizer, the α′ 
phase, α" phase, and ω phase sequentially appear and disappear after 
solution treatment [44]. A single β phase can be obtained in alloys with 
sufficient β stabilizer. The Young’s modulus of the phase from high to 
low is Eω > Eα’ > Eα" ≈ Eβ [45]. The α" phase is typically soft and ductile, 
whereas the ω phase is hard and brittle [46]. Ti–30Nb–0.4O consisted of 
α" phase, ω phase, and β phase and showed a Young’s modulus of ~64 
GPa, a σy of ~423 MPa, and a σb of ~711 MPa, respectively. It was re-
ported that the α" phase disappears prior to the ω phase with the increase 

of β stability [44]. In this study, the α" phase first disappeared with 
increasing Nb content in the Ti–xNb–0.4O alloys, but the ω phase still 
existed in Ti–32Nb–0.4O and Ti–34Nb–0.4O. Thus, the E was almost 
constant, the εl decreased, and the σy increased. When the Nb content 
was further increased to 36%, the ω phase was also inhibited, so the E 
and σy decreased together with εl increasing. The lowest Young’s 
modulus is generally obtained for alloys with the β stability shifting from 
metastable to stable, and a lower σy is related to the unstable β lattice 
[47,48]. It is believed that Ti–36Nb–0.4O is close to the critical 
component. When the Nb content was increased from 36% to 42%, the β 
phase was changed from a metastable state to a stable state, and the E 
and σy increased with the further increase of β stability. Ti–36Nb–0.4O 
exhibits the lowest Young’s modulus of approximately 61 GPa, whereas 
Ti–42Nb–0.4O exhibits the highest Young’s modulus of approximately 
68 GPa. Moreover, the σy gradually increased to ~851 MPa for 
Ti–42Nb–0.4O. The Ti–(32, 34, 36, 38, 40)Nb–0.4O alloys exhibited a 
similar σb of approximately 760 MPa and the σb of Ti–42Nb–0.4O was as 
high as ~869 MPa. Both Ti–32Nb–0.4O and Ti–34Nb–0.4O showed a 
similar εl of ~18%, which is lower than those of Ti–30Nb–0.4O and 
Ti–36Nb–0.4O. Twinning can supply twinning-induced plasticity in the 
Ti alloy with a metastable β phase, which is suppressed by excessive β 
stabilizer addition [49]. When the Nb content increased from 36% to 
42%, the εl gradually decreased from ~35% to ~16%, primarily because 
of the disappearance of twinning. 

3.5. Discussion 

For β-type Ti alloys, the occurrences of the double yielding phe-
nomenon, nonlinear deformation, and {332}β<113>β twinning during 
the deformation process are all mainly due to the instability of the β 

Fig. 4. Optical microstructures of (a) Ti–30Nb–0.4O, (b) Ti–38Nb–0.4O, and (c) Ti–40Nb–0.4O after tensile tests.  

Fig. 5. EBSD results of Ti–38Nb–0.4O after tensile test: (a) EBSD map with IPF color coding and (b) point-to-origin misorientations from A to B in (a).  

Fig. 6. Mechanical properties of the Ti–xNb–0.4O alloys measured by the free 
resonance method (E) and tensile tests (σy, σb, and εl) at room temperature. 

Q. Li et al.                                                                                                                                                                                                                                        



Vacuum 215 (2023) 112311

6

phase, and they disappear in the alloy with stable β phase [49]. For 
Ti–Nb binary alloys, the α" phase can be found in the solution-treated 
alloys with Nb content up to 38% (24 mol.%), the ω phase can be 
found in the solution-treated alloys with Nb content up to 40.5% (26 
mol.%), and double yielding phenomenon still appears in Ti–42Nb 
(Ti–27Nb in mol.%) [50,51]. O can effectively decrease the Ms tem-
peratures of Ti alloys [52]. In this study, the double-yielding phenom-
enon did not appear in the studied Ti–Nb–O alloys, indicating that 
stress-induced martensite transformation (SIMT) did not occur. How-
ever, twinning occurred in the Ti–Nb–O alloys, with the Nb content up to 
38%. It suggests that O effectively suppresses the ω phase and α" phase 
transformations during quenching and SIMT during tension but does not 
strongly suppress deformation twinning. Therefore, the metastable β 
phase can be maintained in Ti–xNb–0.4O alloys with a large range of Nb 
content, which is beneficial for obtaining a low Young’s modulus. 

O also showed effective solution strengthening in the Ti–xNb–0.4O 
alloys. The Ti–(36, 38, 40)Nb–0.4O alloys with the Young’s moduli of 
61–63 GPa showed a relatively high σb up to 760 MPa, which was much 
higher than previously reported low-modulus β-type Ti alloys, such as 
Ti–29Nb–13Ta–4.6Zr and Ti–35Nb–7Zr–5Ta [49,53,54]. For the alloy 
with a stable β phase, the σb is often lower than that of the alloy with the 
metastable β phase owing to the disappearance of dynamic reinforce-
ment caused by twinning [34,48]. In this study, Ti–42Nb–0.4O showed a 
σb of up to ~869 MPa, which was close to that of some α+β-type Ti 
alloys, such as Ti–6Al–4V ELI (~895 MPa) and Ti–13Nb–13Zr (~996 
MPa), and its Young’s modulus was lower than those of the alloys [55, 
56]. The Ti–(36, 38, 40, 42)Nb–0.4O alloys exhibited different yield 
ratios. It is supposed that Ti–36Nb–0.4O, with a lower yield ratio, is 
easily formed by cold deformation. By contrast, the Ti–(40, 42)Nb–0.4O 
alloys with a higher σy and a higher yield ratio have a higher ability to 
resist plastic deformation. Therefore, the present studied Ti–(36, 38, 40, 
42)Nb–0.4O can satisfy different requirements of mechanical properties 
for applications. In particular, Ti–36Nb–0.4O shows good comprehen-
sive mechanical properties, including a low Young’s modulus, high 
strength, and good plasticity, and is suitable for hard-tissue replacement. 

4. Conclusions 

The following conclusions can be drawn from the above results and 
discussion:  

(1) O content of 0.4–0.5% in Ti–Nb alloys was obtained by adding 
0.3% O to the alloys in the form of TiO2. The formations of the α" 
phase and ω phase during quenching are suppressed by O 
addition.  

(2) The metastable β phase deforming behavior, including twinning 
are found in the Ti–(30, 32, 34, 36, 38)Nb–0.4O alloys, and the 
Ti–(40, 42)Nb–0.4O alloys show a stable β phase deforming 
behavior. The solution strengthening of O results in high tensile 
strength, regardless of twinning deformation.  

(3) The 0.4% O added Ti–Nb alloys exhibited desirable mechanical 
properties, including high strength, low Young’s modulus, and 
good plasticity. 
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