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Abstract: Ti−Zr alloys (oxygen content 0.42−0.54 wt.%) were prepared via powder metallurgy and hot working. The 
results indicate that the Ti−Zr alloys exhibit Zr-rich and Zr-lean areas with the same α-phase structure, and the Zr-rich 
area shows a slightly higher oxygen content and a much finer grain size. The Ti−Zr alloys present a good combination 
of high strength (σs=700−900 MPa) and total elongation (>20%), and solid solution strengthening of oxygen plays a 
major role. Zr does not influence much the oxygen-induced brittleness due to its high structural similarity to Ti. 
Therefore, the high value of 0.54 wt.% is still within the critical oxygen content for the ductile-to-brittle transition of Ti 
and does not degrade the ductility. 
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1 Introduction 
 

Titanium (Ti) and its alloys have been widely 
studied for biomedical applications, due to their 
high specific strength, high corrosion resistance, 
and good biocompatibility. Commercially pure Ti 
has the best ductility, but can only be used as small 
parts in wear and fatigue resistant areas, due to its 
low strength [1]. Ti alloys of high strength are 
usually used for high-loading large implants [2]. 
For example, in dental implants, pure Ti parts are 
not hard sufficiently, so that wear on the surface 
occurs to induce inflammation and mechanical 
instability [3]. Thus, Ti−6Al−4V and Ti−Zr alloys 
have been developed to satisfy the high and 
complex stress situations of teeth [1,4,5]. The Ti 
alloys can be strengthened mainly through 
microstructural adjustments (refining grain size and 

α lath thickness, increasing α/ phase ratio and 
dislocation density) and solid solution. The solution 
strengthening of Ti alloys includes alloying Ti with 
different metallic and interstitial elements. There 
are numerous compositions for commercial Ti 
alloys with various transition metals. However, 
most transition elements have a weak strengthening 
effect on Ti due to low interactions with dislocation 
gliding [6]. Except that, aluminum (Al) and tin (Sn) 
with high valence structures, can impede prismatic 
dislocation emission and reduce basal dislocation 
cross-slipping [7]. But, some metallic elements are 
not suitable for biomedical applications due to cell 
toxicity and insufficient biocompatibility. For 
example, Al, as a strong strengthening element for 
Ti, will induce inflammatory and proteolytic 
alterations in human monocytic cells [8]. 

Interstitial elements, such as carbon (C), 
oxygen (O), nitrogen (N) and hydrogen (H), usually  
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have a strong bonding with Ti atoms and occupy 
octahedral interstice due to small atomic size. 
Therefore, interstitial elements have much robust 
strengthening effects over transition metals due to 
high suppression of dislocation motions and large 
lattice distortion [9]. Among these impurity 
elements for Ti, O has gained increasing attention 
on its strengthening effect, because O has the 
highest solubility in Ti. The α-Ti can maintain a 
concentration of 34 at.% of O in the matrix without 
the formation of oxides. The high solution 
strengthening ability of O in Ti has been widely 
reported [10]. SUN et al [10] found that the yield 
strength of Ti can be effectively increased by    
the introduction of O, from about 500 MPa at  
0.23 wt.% O to about 800 MPa at 0.64 wt.% O. 
KANG et al [11] found both the strength and the 
work hardening rate of Ti can be improved by 
raising the O content from 0.082 to 0.268 wt.%. 
The authors also reported the increase of hardness 
of Ti−Zr alloy with the increase of O contents [12]. 
However, high content of O will embrittle Ti     
by transforming Ti—Ti metallic bond to covalent 
bond, impeding dislocation sliding or inducing 
precipitation of oxides, intermetallics, and 
martensite phases [13,14]. The concentration limit 
of O in Ti not to degrade seriously the ductility is 
different for different alloy compositions. Generally, 
β-Ti alloys are much more resistant to O-induced 
brittleness than α-Ti alloys. For example, an O 
content of 0.65 wt.% totally embrittles an α-Ti 
(Ti−6Al−2V), while the similar O content does not 
degrade much the ductility of a β-Ti alloy 
(Ti−16V−2Al) [15]. YAN et al [14] also verified 
that, through careful microstructural evaluations 
and compositional analyses, the critical O content is 
about 0.33 wt.%, and does not induce much 
brittleness of Ti−6Al−4V. In particular, even for 
α-Ti alloys, the influence of O is varied with 
compositions. The increasing content of O from 
0.06 to 0.12 wt.% decreases the tensile strain of 
Ti–8Al alloy from 20% to 1% [16], while this 
concentration range does not attack pure Ti at    
all [17]. It is possible that Al, with a high affinity to 
O, decreases the critical content of O for 
ductile-to-brittle transformation by a strong 
covalent bond. It seems that there is a strong 
compositional dependence of O in affecting the 
ductility of Ti. Zr, an active element for O, has 
widely been used for alloying Ti, for example, in 

Ti−15Zr dental alloy [18]. O can also solute- 
strengthen Ti−Zr alloy [19], but its influence on 
ductility has seldom been reported, especially at 
high concentrations. 

In this work, Ti−Zr alloys with different 
contents of Zr and a high O content (0.4−0.5 wt.%) 
were prepared by powder metallurgy and followed 
by hot rolling. The mechanical behavior of various 
Ti−Zr alloys was evaluated, in order to show the 
effect of the high O content, and the underlying 
mechanism was discussed. 
 
2 Experimental 
 
2.1 Materials preparation 

For introducing O, Ti powder (<45 m) of O 
content of 0.25 wt.% was mixed with Zr powder 
(<75 m) of O content of 0.4 wt.% according to 
compositions of Ti−5wt.%Zr, Ti−10wt.%Zr and 
Ti−15wt.%Zr. The mixed powders were cold 
isostatically pressed at room temperature and   
180 MPa into a size of d30 mm × 250 mm. The 
Ti−Zr compacts were sintered in a vacuum of 
1×10−5 Pa, 1400 °C for 8 h. The sintered samples 
were cut into 10 mm-high columns, and then 
repeatedly hot rolled and heated in air at 750 °C, 
with a total reduction in thickness of 75%. For 
eliminating the residual stress during rolling, the 
plates were reheated at 600 °C for 30 min, and 
water quenched. 
 
2.2 Mechanical tests 

Room temperature quasi-static tensile tests 
were conducted on an MTS machine with a strain 
rate of 1×10−3 s−1. The gauge section of the  
standard tensile sample is 20 mm in length and  
2.0 mm × 3.7 mm in cross profile. 
 
2.3 Microstructural observation 

X-ray diffraction (XRD) analyses were 
performed on a Rigaku D/max 2550VB+. X-ray 
diffractometer with Cu Kα radiation (40 kV, 300 mA, 
step size of 0.02°). The XRD patterns were 
recorded in a 2θ range of 10°−80°. The 
microstructures were observed using an FEI Quanta 
FEG 250 scanning electron microscope (SEM) 
equipped with an energy dispersive X-ray analysis 
(EDX) unit. Specimens for SEM were prepared 
from cross-sections of the deformed samples. 

Samples for electron backscattered diffraction 
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(EBSD) and transmission electron microscopy 
(TEM) were electro-polished by using Struers 
Tenupol 5. The polishing operation was in the 
electrolyte of 5% perchloric acid, 60% methanol 
and 35% butanol (in volume fraction) at 243 K. The 
details of microstructures were characterized on the 
Helios Nanolab G3 UC dual-beam electron 
microscope with EBSD unit to obtain electron 
backscatter diffraction patterns. Data collection and 
post-processing analysis were performed on Aztec 
and Channel 5. TEM observations were conducted 
using an FEI Tecnai 20 transmission electron 
microscope (TEM). 
 
2.4 Oxygen measurements 

The O contents of Ti powder, Zr powder, and 
Ti−Zr alloys were measured by using a Leco 
TCH600 oxygen−nitrogen analyzer. 
 
3 Results 
 
3.1 Phase structures 

Figure 1 shows the XRD patterns of 
as-sintered (Fig. 1(a)) and as-rolled (Fig. 1(b)) 

Ti−Zr alloys. All the Ti−Zr alloys have a single α 
phase structure, and as-rolled alloys show an 
orientation with the rolling direction (α(1000) plane is 
missing in the testing direction). Both the lattice 
parameters of a and c increase with the content of 
Zr (Fig. 1(c)), higher than that of pure Ti [20].    
In Fig. 1(d), the c/a ratios of Ti−Zr alloys with  
high O contents in this work are higher than   
those of as-cast Ti and Ti−Zr alloys with low O 
contents [20,21]. 

 
3.2 Microstructures 
3.2.1 As-sintered and as-rolled states 

Figure 2 shows microstructures of as-sintered 
and as-rolled Ti−Zr alloys. There are some residual 
pores in the as-sintered alloys (Figs. 2(a−c)). Since 
almost all the pores can be effectively eliminated by 
hot rolling (Figs. 2(b−d)), the density of alloys will 
not be paid much attention to. All the alloys consist 
of α laths, which precipitate during cooling from  
phase. While there is a bright phase coexisting with 
α laths, it is also of α phase structure but rich in Zr. 
Such a Widmanstätten-like structure is formed by 
continuous and uniform precipitation, and can also 

 

 
Fig. 1 XRD patterns (a, b) and lattice parameters (c, d) of various Ti−Zr alloys: (a) As-sintered; (b) As-rolled;        

(c) Changes of a and c in as-rolled alloys; (d) c/a values in as-rolled alloys in this work and in Refs. [20,21] 
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Fig. 2 Microstructures of as-sintered and as-rolled Ti−Zr alloys: (a) Ti−5Zr, as-sintered; (b) Ti−10Zr, as-sintered;     

(c) Ti−15Zr, as-sintered; (d) Ti−5Zr, as-rolled; (e) Ti−10Zr, as-rolled; (f) Ti−15Zr, as-rolled 

 

be observed in Ti−Zr and other similar α-Ti   
alloys [22−24]. 

After hot rolling, the grain structures are 
stretched along the rolling direction, and the 
lamellar structures are refined. For example, the 
spacings of Zr-rich lath for Ti−5Zr, Ti−10Zr and 
Ti−15Zr are 8.7, 7.4 and 5.1 μm, respectively, and 
the thickness is refined to about 1 μm. 
3.2.2 Compositional analyses 

The compositions of different laths in various 
Ti−Zr alloys were measured by EDX. It is shown 
that the contents of Zr in Zr-rich laths are 9.1, 17.8 
and 20.3 wt.% for Ti−5Zr, Ti−10Zr and Ti−15Zr 
alloys, respectively, while those in Zr-lean laths are 

4.6, 7.4 and 7.5 wt.%, respectively. Though the 
results are semi-quantitative, they indicate the 
inhomogeneous distributions of Zr in micro- 
structures. The O contents, measured by chemical 
methods, slightly increase with Zr contents 
increasing, and the values are 0.42, 0.47 and   
0.54 wt.% for Ti−5Zr, Ti−10Zr and Ti−15Zr, 
respectively. 

The compositional profiles of different 
elements in Ti−15Zr are shown in Fig. 3. Zr can 
still be clearly seen to be rich in dendrite-like 
structures, while the distribution of O has a strong 
overlap with that of Zr. It seems that O can 
distribute in the whole microstructural area, but 
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may preferentially be close to the Zr-rich area. 
3.2.3 EBSD characterization 

Figure 4 shows the grain structures of Ti−15Zr 
after hot rolling, and the grain size and orientations 
can be observed. The major area, i.e., Zr-lean area, 
is composed of equiaxed grains with mostly high 
angle grain boundaries. However, in some fine- 

grain areas, low angle grain boundaries can be seen 
due to insufficient recovery and recrystallization. 
The mean grain size of the Zr-lean lath is roughly 
estimated to be 10 μm. However, the grains in the 
Zr-rich area are much finer. The average grain size 
in the Zr-rich area is about 2 m, and many grains 
are of the sub-micron scale. The Zr-lean and Zr-rich  

 

 

Fig. 3 Compositional profiles of elements in Ti−15Zr alloy: (a) Selected area; (b) Ti; (c) Zr; (d) O 

 

 
Fig. 4 Microstructures of Ti−15Zr by EBSD: (a) SEM; (b) Inverse pole figure (IPF) + SEM; (c) Grain boundary + 

Image quality (IQ); (d) IPF of Zr-rich strips 
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areas exhibit different orientations. The Zr-rich 
areas have more grains in (0001) orientation, as 
shown in Figs. 4(b, d). According to Fig. 4(c), 
plenty of low-angle grain boundaries are observed 
in the Zr-rich areas, indicating the formation of 
sub-grains. 
3.2.4 Dislocation structures 

The detailed dislocation structures in as-rolled 
Ti−15Zr alloy can be depicted through TEM 
characterization in Fig. 5. The network structures in 
a large grain in Figs. 5(a, b) indicate a planar 

gliding manner of dislocations. There are two 
groups of gliding, with an intersection angle of 60. 
For the fine grain in Fig. 5(c), there is a strong 
interlocking of cellular dislocation subgrains, which 
is in agreement with EBSD results. Figure 5(d) 
indicates the hcp lattice structure of Fig. 5(a), and 
no other precipitate or twinning is found. 
 

3.3 Mechanical behavior 
The tensile behavior of various Ti−Zr alloys  

is shown in Fig. 6. All the Ti−Zr alloys show high 
 

 

Fig. 5 TEM images of as-rolled Ti−15Zr alloy: (a, c) TEM of deformation network; (b) STEM image; (d) SAED of (a) 
 

 
Fig. 6 Tensile engineering stress−strain curves (a) and work hardening curves (b) of various Ti−Zr alloys 
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strength and good ductility. The mechanical 
properties of Ti−Zr alloys are described in Table 1. 
Both the yield strength and tensile strength increase 
with Zr content increasing. The uniform elongations 
() were measured from engineering stress−strain 
curves by cutting off the necking parts, and the 
elongation to failure () included the necking parts. 
The elongation to failure of Ti−Zr alloys is around 
20%, and the uniform elongation is about 10%. The 
tensile strength increases with the content of Zr. 
However, Ti−15Zr alloy shows a slightly decreased 
uniform elongation. The work hardening rate curves 
of all three alloys are rather stable and are almost 
the same during uniform deformation, as shown in 
Fig. 6(b). 
 

Table 1 Tensile properties of Ti−Zr alloys 

Alloy s/MPa b/MPa /% /% 

Ti−5Zr 724.0±5.2 801.1±4.3 26.1±2.3 10.01.0

Ti−10Zr 786.7±5.3 819.5±6.7 24.9±2.0 10.90.4

Ti−15Zr 891.2±7.4 914.2±8.6 20.2±2.0 8.60.2

 

3.4 Fractography 
The microstructures of the fracture surface of 

Ti−Zr alloys after tensile tests are shown in Fig. 7. 
It is indicated that most fracture occurs in a 
transgranular manner, showing good ductility of the 
grain structures. For Ti−15Zr, more microcracks 
can be found in the former Zr-rich area. 
 
4 Discussion 
 
4.1 Evolution of microstructures 

The introduction of O to Ti−Zr alloys was 
mainly through raw Ti and Zr powders with high O 
content. O may be in the form of the solid solution 
inside Ti and Zr particle and surface oxide layer on 
Ti and Zr particle. Then, the powder metallurgical 
process, including handling, cold pressing, and 
sintering, may increase the content of O by about 
0.1−0.15 wt.%. Therefore, the O content of Ti−Zr 
alloy after sintering can be estimated to be in the 
range of 0.4−0.5 wt.%, and the experimental values 
are reasonable. Since O has a high solubility in Ti, 
during sintering at 1400 °C, all the O will dissolve 
in β-Ti as the calculated equilibrium O content 
could be around 2.7 wt.% [14]. During cooling, 
β-phase transforms to α phase at about 882 °C [25]. 
Due to the continuous and uniform precipitation, 

 

 

Fig. 7 Fracture morphologies of Ti−Zr alloys after tensile 

tests: (a) Ti−5Zr; (b) Ti−10Zr; (c) Ti−15Zr 

 
Zr-rich metastable area is formed, leading to the 
formation of the Widmanstätten-like structure. This 
structure shares the same hcp crystal structure but 
slightly different chemical compositions, as shown 
in Fig. 1 and Fig. 3. The Widmanstätten-like 
structure of Ti−Zr alloy can be deformed and 
refined during hot rolling. After hot rolling, the 
structure is transformed into a large number of fine 
grains and sub-grains through dynamic 
recrystallization. These grains and sub-grains 
formed by hot rolling can also prevent crack and 
contribute to the high strength [24]. 
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As shown in Fig. 3(d), different O distributions 
in the Zr-rich and Zr-lean areas should be attributed 
to the higher affinity of O to Zr than that of O to Ti. 
The significantly higher bonding energy of Zr—O 
(53.1 eV) compared with that of Ti—O (37.5 eV) 
indicates that O atoms tend to bond with Zr instead 
of Ti [26,27]. 
 
4.2 Effects of oxygen on strength and ductility 

For O-containing Ti−Zr alloys, solid solutions 
of both O and Zr will bring about strengthening 
effect. However, the extents of strengthening of O 
and Zr are different in Ti. Therefore, MEDVEDEV 
et al [18] indicated that Ti−15wt.%Zr alloy will 
have a strength gain of 50 MPa over pure Ti. While, 
SUN et al [10] and KANG et al [11] established 
empirical relationships of strength increment with 
O concentrations as 769.8 MPa/(wt.%[O]) and 
0.43 GPa/(at.%[O]1/2) , respectively. When the O 
content increases by 0.4 wt.%, the strength gain will 
be as high as 300 MPa. Moreover, compared with a 
fine-grained (grain size of 1−2 μm) Ti−15Zr 
reported by KANG et al [11], the Ti−Zr alloy of the 
same composition in this work, but with coarser 
grain size and higher content of O, is in almost the 
similar strength level. The robust strengthening of 
O may come from the strong bonding of Ti—O that 
hinders the nucleation of basal and prismatic 
dislocations and blocks the emission of almost all 
the slip modes [7,9]. For example, a one-sixth 
monolayer of O will increase the Peierls stress by  
4 times [28]. Therefore, O has a much higher 
strengthening effect than Zr in Ti alloys and can 
harden Ti alloys in no need of severe refinement on 
microstructures. 

It is interesting that the high O-content Ti−Zr 
alloy exhibits not only higher strength, but also 
rather good ductility. In comparison with the same 
Ti−15Zr alloy made by KANG et al [11], which has 
a uniform elongation of only 6%, in this work, the 
uniform elongation is about 8% for Ti−15Zr and is 
higher than 10% for both Ti−5Zr and Ti−10Zr 
alloys. The ductility of Ti alloys highly depends on 
the screw dislocations. It has been reported that O 
may interact with the core structure of screw 
dislocations, and influence the mobility of 
dislocations of different gliding modes [17,29]. On 
the other hand, as shown in Fig. 1(d), the higher  
c/a ratios of the Ti−Zr alloys in the present    
work compared with those of the ones reported in 

Refs. [20,21] should be mainly attributed to the 
higher O content. The addition of substitutional Zr 
atom into Ti matrix usually results in lattice 
expansion due to the larger atomic size of Zr, and a 
lower c/a is usually obtained [30]. The octahedral O 
interstitial in hcp Ti may also lead to lattice 
expansion but a higher c/a ratio [21]. Such a strong 
effect of O on the c/a ratio influences the critical 
resolved shear stress (CRSS) of different gliding 
systems [9,17]. For example, O can change the a 
type glide system to c+a type and then mixed 
types. Moreover, 1 at.% O can modify the electron 
structures of Ti, raising the B/G (bulk modulus/ 
shear modulus) ratio, and increasing both elasticity 
and plasticity [13]. Finally, high content of O can 
transform the gliding manner of dislocations from 
wavy to planar mode [6]: long- straight screw 
dislocations with / 3 1210b a    along {10 10}  
prismatic planes, as also indicated in this work. All 
these factors support the enhancement of the 
ductility of O for Ti. However, the interaction of O 
with dislocation structures strongly varies with its 
occupancy and concentrations [7]. O has a strong 
bonding with Ti and varies the Ti—Ti metallic bond 
to covalent bond, which is tighter but leads to 
brittleness. At a high concentration of O, 
dislocations are much highly possible to be pinned 
by O-rich obstacles rather than more glissile [17]. 
Therefore, it is widely believed that there should be 
a critical value of O for the ductile-to-brittle 
transition. Usually, for Al-containing alloys, the 
critical value for O is low, because Al itself is a 
strong bonding element to Ti and may introduce 
covalent bonds at high concentrations, for example, 
the formation of Ti3Al and TiAl intermetallics [31]. 
On one hand, the introduction of O in Ti−Al alloy 
can enhance the covalent bond. And on the other 
hand, it can induce the precipitation of α2 
intermetallics phase [14]. However, in this work, 
Ti−Zr alloy has a much larger tolerance for O. Zr is 
very close to Ti in both structures and physical 
properties and forms an unlimited solid solution 
with Ti. The weak solute strengthening effect of Zr 
in Ti also indicates that Zr does not change much 
the metallic bond and dislocation structures. 
Moreover, the homogeneous stress distribution in 
the ‘dual-structure’ in this work shows that Zr-rich 
α phase actually is similar to Ti-rich α phase. 
Therefore, Ti−Zr alloy can be taken as pure Ti in 
structure. Although O can distribute more closely to 
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the Zr-rich area, it does not change much the 
intrinsic metallic bonds of Ti—Ti and Ti—Zr. Since 
pure Ti with an O content as high as 0.64 wt.% has 
a good elongation of 26% [10], it is reasonable to 
believe that the introduction of 0.4−0.5 wt.% O will 
not degrade the ductility of Ti−Zr alloys. 
 
5 Conclusions 
 

(1) The high O-containing Ti−Zr alloys have a 
single α-phase structure but show Zr-rich and 
Zr-lean ‘dual-phase’ microstructures. The increase 
of Zr induces more formation of Zr-rich structures, 
and decreases the spacing between the two areas. O 
is in a state of solid solution in Ti−Zr alloys, and 
preferentially distributes close to the Zr-rich area. 

(2) The strength of Ti−Zr alloys is enhanced 
slightly with the content of Zr increasing, but the 
major strengthening effect comes from O solid 
solution. The ductility of Ti−Zr alloys is rather good 
and not largely degraded by the high content of O, 
because Zr has a high similarity to Ti and does not 
influence much the O-effect on the metallic bond. 

(3) O solution strengthening is a very effective 
way to improve the mechanical properties of Ti−Zr 
alloys without the sacrifice of the ductility. 
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摘  要：通过粉末冶金和热加工方法制备氧含量为 0.42%~0.54%(质量分数)的 Ti−Zr 合金。结果表明：Ti−Zr 合金

由具有相同 α相结构的富 Zr 区和贫 Zr 区组成，富 Zr 区域的氧含量较高，且晶粒尺寸较小。Ti−Zr 合金同时具有

高强度(σs=700~900 MPa)和高的总伸长率(>20%)，而氧的固溶强化是主要的强化机制。Zr 由于与 Ti 具有高度结构

相似性，对氧诱发 Ti 合金脆化的影响不大。因此，0.54%(质量分数)的高含量值仍处于韧性到脆性转变的临界氧

含量范围内，不明显降低材料的延展性。 

关键词：氧；Ti−Zr 合金；延展性；粉末冶金 
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