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Abstract: The influence of oxygen content on the microstructure and mechanical properties of Ti-23Nb-0.7Ta-2Zr (at%) alloy in as-cast and 
cold-rolled states was investigated systematically in this paper. It is found that the alloy containing oxygen element is only composed of a 
single β phase, while the alloy without oxygen element consisted of β and α phases. Although the grain size becomes larger, the elastic de-
formation ratio, strength, and hardness of the alloy are all increased with an increase of oxygen content. The as-cast alloy has excellent plastic 
deformation ability, but the cold-rolled alloy containing oxygen element exhibits brittle characteristics. A conclusion can be drawn that oxy-
gen element can stabilize β phase, inhibit the phase transformation from β to α, and furthermore help to increase the strength and elastic de-
formation ability of the alloy. 
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1. Introduction 

β-Ti alloys are widely used in aerospace, automotive, and 
surgical fields because of their attractive properties, such as 
high strength-to-density ratio, good heat and corrosion re-
sistance, excellent biocompatibility and fatigue performance 
[1-3]. Among Ti-based alloys, bcc Ti-Nb-Ta-Zr alloys (e.g., 
Gum Metal) with some content of oxygen exhibit low elas-
tic modulus, high yield strain and high ductility and have at-
tracted considerable attention. Many works have been car-
ried out mainly focusing on their properties and deformation 
mechanism [4-12]. It was reported that Gum Metal prepared 
by complicated powder metallurgy (PM) processing showed 
a unique dislocation-free deformation mechanism, inferring 
that the Zr-O atom clusters could inhibit the dislocation ac-
tivity effectively [4]. 

The content of oxygen element is a decisive factor in de-
termining the microstructure and properties of Gum Metal, 
and it lies in the range from 0.7at% to 3at% to obtain the 
superior properties [4]. Kuramoto et al. [13] had systemati-
cally investigated the effects of oxygen on the properties of 

Gum Metal and showed that the elastic limit reached 1% 
and 2.5% with oxygen contents of 0.3at% and 1at% respec-
tively. The dependence of the microstructure and grain size 
on oxygen content in a melted Ti-Nb-Ta-Zr alloy was also 
investigated by Wei et al. [14]. However, there is a contro-
versy in defining the role of oxygen. Some research results 
show that oxygen is an α-stabilizer [8, 15], while Qazi et al. 
[16] pointed out that oxygen acted as a β-stabilizer in the 
solution treatment condition. 

To clarify the effect of oxygen on the phase stability, 
smelt Ti alloys with different oxygen contents in as-cast and 
cold-rolled states were used in the present work. X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM) 
were employed to investigate the microstructure and an In-
stron material testing system was used to test the mechanical 
properties of the alloys. 

2. Experimental 

Ti-23Nb-0.7Ta-2Zr-xO (at%; x=0, 1, and 2; and the cor-
responding alloy was termed as 0O, 1O, and 2O, respec-
tively) alloys were fabricated with a vacuum non-consuma-
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ble arc melting furnace under the protection of argon, using 
the mixtures of sponge Ti (~96.7wt% in purity), foils of Nb 
(~99.9wt% purity), pieces of pure Ta (~99.7wt% in purity) 
and Zr (purity > 99.7wt%). Oxygen was introduced into the 
alloys in the form of TiO2 powders, which were pre-com-
pacted to thin discs and then wrapped by a piece of Nb be-
fore melting. The ingot (about 120 g) was remelted 8 times 
to ensure compositional homogeneity. The center part of the 
ingot was cut into slices with the thickness of 0.5 and 6.1 
mm, respectively. The surfaces of the 6.1-mm thick slices 
were mechanically grinded into a thickness of about 6 mm 
and then the slices were cold rolled to a reduction of 90% in 
thickness. 

The oxygen content of the alloy was measured by 
chemical analysis. Phase constitutions were detected on a 
Bruker D8 XRD using Cu Kα radiation at a rate of 2°/min 
from 25° to 75°. Specimens for optical observations were 
mechanically polished and etched using a solution of 
HF:HNO3:H2O=1:4:7 (in volume ratio). The slices with the 
thickness of 0.5 mm were mechanically thinned and pol-
ished to thin foils with the thickness of about 30 μm. TEM 
samples were extracted from the polished thin foils and then 
thinned by a twin-jet electrolytic polisher in a methanol so-
lution of 6vol% perchloric acid and 34vol% butyl alcohol at 
temperatures of 30C to 20C and voltages of 15-30 V. 
TEM observations were carried out using a JEM 2100F mi-
croscope. 

Tensile samples with the gauge dimension of 7.6 mm×3 
mm×0.5 mm at the as-cast state and 18 mm×5 mm×0.6 mm 
at the cold rolling state were machined from the as-cast in-
got and the cold-rolled slices, respectively. Tensile tests 
were carried out on an INSTRON 8801 materials testing 
machine at a strain of 6.67×104 s1 for the as-cast samples 
and 4×104 s1 for the cold-rolled samples, respectively. 

Morphology observations of the tensile fracture were per-
formed on a CanScan 3400 scanning electron microscope 
(SEM). Vickers hardness was also measured by an 
HXZ-1000 tester.  

3. Results and discussion 

3.1. Microstructure 

Table 1 lists the oxygen content of the alloys. Because of 
the oxidation of the raw material, there is some oxygen ele-
ment in the 0O alloy. The actual oxygen content of the alloy 
is in good agreement with the designed content. 

Table 1.  Oxygen content of the as-cast Ti-23Nb-0.7Ta-2Zr-xO 
alloys 

Alloy Oxygen content / wt% Oxygen content / at% 

0O 0.05 0.20 

1O 0.30 1.15 

2O 0.66 2.48 

 

Fig. 1 shows the XRD patterns of the alloys. It can be 
found that there are characteristic peaks for α and β phases 
in the 0O alloy, but only peaks for β phase in the 1O and 2O 
alloys, implying that 1O and 2O alloys consist solely of β 
phase and the 0O alloy is composed of α and β phases. It 
means that the phase transformation from β to α phase has 
been inhibited by the additive of oxygen element, because of 
the decrease of martensitic transformation temperature from 
β to α, which was previously verified by the investigation 
on Ti-23Nb (at%) and Ti-23Nb-1.0O (at%) alloys [17]. 
Moreover, except for the change in relative peak density 
caused by the preferred orientation change, no extra peaks 
could be found in the XRD patterns of the 1O and 2O alloys 
after cold rolling.  

 

Fig. 1.  XRD patterns of Ti-23Nb-0.7Ta-2Zr-xO alloys: (a) as-cast; (b) cold-rolled. 
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It is well known that the phase transformation routine 

from β to α is different with the composition and external 
stress state of the Ti alloys. In most cases, β phase cannot 
transform directly to α phase, but experiences an intermedi-
ate process, leading to the occurrence of some intermediate 
phases, such as α, α or  phase. In our experiment, XRD 
analysis confirms that a phase transformation from β to α 
happens in the 0O alloy and the similar phase transforma-
tion is not found in the as-cast or cold-rolled 1O and 2O al-
loys. It demonstrates that oxygen element can stabilize β 
phase in Ti-23Nb-0.7Ta-2Zr alloy. 

If there is a secondary phase in the alloy, it will impede 
grain growth during cooling and make the grain size smaller. 

The above XRD analysis confirms that the 0O alloy consists 
of β and α phases and the 1O and 2O alloys is only com-
posed of β phase. Therefore, it is reasonable to deduce that 
the grains size of the 1O and 2O alloys must be greater than 
that of the 0O alloy. Fig. 2 shows the optical morphologies 
of the as-cast 0O, 1O, and 2O alloys. It can be seen that 
grains in the 1O and 2O alloys are much coarser than those 
in the 0O alloy. The average grain size of the alloys is about 
200, 770, and 930 μm for the 0O, 1O, and 2O alloys, re-
spectively. Therefore, the addition of oxygen element can-
not refine the grain size of the alloy but increase the grain 
size sharply, which implies that second phase exists in the 
0O alloy. 

 
Fig. 2.  Optical morphologies of the as-cast Ti-23Nb-0.7Ta-2Zr-xO alloys: (a) 0O; (b) 1O; (c) 2O. 

3.2. Mechanical properties 

The effects of oxygen content and cold rolling on the 
mechanical properties of the alloys will be evaluated by ten-
sile test, hardness measurement and fracture analysis. Fig. 3 
shows the tensile stress-strain curves and Vickers hardness 
of the alloys. From the stress-strain curves showed in Fig. 
3(a), it can be found that the as-cast alloys have good plastic 
deformation ability and the corresponding stress-strain 
curves exhibit a stress plateau, indicating that a martensite 

phase transformation occurs. On the contrary, the 
cold-rolled alloys exhibit poor plastic deformation ability 
and no stress plateau appears in the stress-train curves. Dur-
ing test, the cold-rolled 1O and 2O alloys broke immediately 
after yielding except for the cold-rolled 0O sample. 

Table 2 lists the mechanical properties of the alloys 
measured from the stress-train curves shown in Fig. 3(a), 
where y, b, f, e, and  represent the yield strength, ten-
sile strength, fracture strength, elastic deformation ratio, and  

 

Fig. 3.  Mechanical properties of the Ti-23Nb-0.7Ta-2Zr-xO (x=0, 1, 2) alloys: (a) tensile stress-strain curves; (b) Vickers hardness. 
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Table 2.  Mechanical properties of the alloys measured from the stress-strain curves 

As-cast Cold-rolled 
Alloys 

y / MPa b / MPa f / MPa e / %  / % y / MPa b / MPa f / MPa e / %  / % 

0O 230 255 349 1.12 18.76  620  680  615 1.24 4.89 

1O 395 421 532 1.44 18.43  910  984  950 1.57 2.83 

2O 790 828 684 2.08 17.13 1150 1170 1130 1.76 2.15 

 

total deformation ratio, respectively. It is obvious that the y, 
b, f, e, and  values of the as-cast or cold-rolled alloys are 
all increased with the increase of oxygen content. Moreover, 
the y, b, and f values can be dramatically increased by 
cold rolling, while the deformation ability decreases sharply. 
Considering the above experimental result, i.e., the grain 
size of the 1O or 2O alloys is much coarser than that of the 
0O alloy, the strengthening mechanism of these alloys can-
not be attributed to grain refinement. According to Saito’s 
model, Zr-O clusters would be generated in the Ti-Ta-Zr-Nb 
alloys with the addition of oxygen, which will strengthen the 
alloys by means of inhibiting the movement of dislocations 
[4]. Within a certain range of oxygen content, the number of 
Zr-O clusters will increase with increasing oxygen content, 
leading to the increase in the strength as well as the decrease 
in the deformation ability of the alloys. 

Hardness is an important performance index for metal 
materials. Fig. 3(b) displays the dependence of the hardness 
of the as-cast and cold-rolled alloys on oxygen content. 

Every value shown in Fig. 3(b) is the average value of 20 
different positions on the samples. It is obvious that the 
hardness of the alloys can be improved by the increase of 
oxygen content for the as-cast and cold-rolled alloys. 

3.3. Fracture morphology 

As mentioned above, the tensile strength can be im-
proved but the plastic deformability could be deteriorated by 
cold rolling, which can also be verified by the typical frac-
ture morphology of the tensile samples shown in Fig. 4. It 
can be seen from Fig. 4(a) that the fracture of the as-cast al-
loy contains a large amount of deep and equiaxed dimples, 
demonstrating that the alloy experiences a strong plastic de-
formation process before fracture. As for the cold-rolled al-
loys, although there are some dimples in the fracture, the 
dimples are much shallower and smoother and show some 
characteristic features like those of amorphous alloy, e.g., 
vein patterns on the compressive fracture surface at room 
temperature [18-19], indicating that this alloy is poor in the 
plastic deformation ability. 

 

Fig. 4.  SEM images of the tensile fracture for as-cast (a) and cold-rolled 1O alloys (b). 

3.4. TEM analysis 

It is known that the usual morphology of martensite can 
be presented in the band or needle shape. However, as seen 
under TEM observations in Fig. 5(a), there exists a kind of 
V-shape microstructure in the as-cast 0O alloy, consisting of 
lamellar α and β phases alternatively. The microstructure of 
the 1O or 2O alloy is relatively simple and is only composed  

of a single β phase. No similar V-shape morphology can be 
observed in the 1O or 2O alloy under TEM observations, as 
shown in Figs. 5(b) and 5(c). From this perspective, it can 
be concluded that the addition of oxygen may inhibit the 
phase transformation from β to α, which is in accordance 
with previous results drawn from XRD patterns in this study. 
To investigate the influence of cold rolling on microstruc-
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tural evolution in the alloy, the TEM image of the cold- 
rolled 0O alloy is also shown in Fig. 5(d). The alloy after 
cold rolling remains in the alternative or coexistence of α 
and β phases, but the V-shape morphology characteristic 
disappears. Comparing Fig. 5(a) to Fig. 5(d), we can find 
that the width of lamellar α phase is different in the as-cast 

and cold-rolled alloys. The width of white lamellar V-sha-
ped α phase in the as-cast alloy is about 30 nm, but the la-
mellar in the cold-rolled alloy becomes much bigger and its 
width reaches to about 90 nm. Therefore, combined with the 
previous XRD analysis, it could be inferred that the volume 
fraction of α′′ phase increases after cold rolling. 

 

Fig. 5.  TEM morphologies of the alloys: (a) as-cast 0O alloy; (b) as-cast 1O alloy; (c) as-cast 2O alloy; (d) cold-rolled 0O alloy. 

Fig. 6 shows the high-resolution transmission electron 

microscopy (HR-TEM) images of the boundary between α 
and β phases. The inset in the upper right corner of Fig. 6 is 

the selected area diffraction (SAD) pattern along the [001]β 

direction of the same area. From the HR-TEM image shown 

in Fig. 6, the interplanar spacing of (110)β can be measured 

to be about 0.237 nm, which has good agreement with the 

calculation value from the SAD pattern. Moreover, some 

planes parallel to the (110)β plane could be found in the α 
phase and its interplanar spacing measured from the 

HR-TEM image is also about 0.237 nm, indicating that this 

kind of plane is (002)α′′ . 

 

Fig. 6.  HR-TEM image of the α/β phase boundary in the 
as-cast 0O alloy. 

4. Conclusions 

(1) Oxygen can stabilize β phase and the phase transfor-
mation from β to α in the alloy could be inhibited by the 
addition of oxygen. The single β-Ti alloy could be fabri-
cated easily by adding oxygen element. 

(2) Although the grain size of the alloy becomes coarser, 
the elastic deformation ratio, strength, and hardness could be 
improved by the addition of oxygen. 

(3) The strength of the alloy could be increased by cold 
rolling but the plastic deformation ability could be decreased 
dramatically. The fracture model of the alloy transfers from 
plastic to brittle ones after cold rolling. 
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