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Abstract: The influence of Zr content on the microstructure and mechanical properties of implant Ti−35Nb−4Sn−6Mo−xZr (x=0, 3, 
6, 9, 12, 15; mass fraction) alloys was investigated. It is shown that Ti−35Nb−4Sn−6Mo−xZr alloys appear to have equiaxed single β 
microstructure after solution treatment at 1023 K. It is found that the grains are refined first and then coarsened with the increase of 
Zr content. It is also found that Zr element added to titanium alloys has both the solution strengthening and fine-grain strengthening 
effect, and affects the lattice parameters. With increasing the Zr content of the alloys, the strength increases, the elongation decreases, 
whereas the elastic modulus firstly increases and then decreases. The mechanical properties of Ti−35Nb−4Sn−6Mo−9Zr alloy are as 
follows: σb=785 MPa, δ=11%, E=68 GPa, which is more suitable for acting as human implant materials compared to the traditional 
implant Ti−6Al−4V alloy. 
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1 Introduction 
 

Titanium and its alloys have excellent 
biocompatibility, corrosion resistance and high strength 
and are ideal surgical implant materials [1−3]. However, 
the elastic moduli of traditional titanium alloys (such as 
Ti and Ti−6Al−4V) are much higher than those of the 
human bone, which can cause “stress shielding effect”, 
leading to atrophy of normal human tissue around 
implants [4,5]. Moreover, V exhibits high cytotoxicity 
and Al may induce senile dementia for the widely used 
Ti−6Al−4V alloy [6,7]. Therefore, the development of 
non-toxic titanium alloys with good biomechanical 
properties has become one of the hot topics in recent 
years. 

Elements Nb, Sn, Mo and Zr are all non-toxic to the 
human body [8]. It is reported that β-type titanium alloys 
can be formed entirely or partially by the addition of 
elements Nb, Sn and Mo, which can enhance the strength 
and reduce the moduli of titanium alloys [9]. It is also 
found that Zr element can increase the stability and 
lattice parameters of β-phase [10,11], which implies that 
Zr element has the potential to reduce the elastic moduli 
of titanium alloys. So far, the researches on the role of 

alloying element Zr mainly relate to its influence on the 
stability of β-phase in titanium alloys [9−12], and there is 
still lack of the research for its influence on the 
mechanical properties of β-type titanium alloys. In this 
work, the influence of Zr addition on the microstructure 
and mechanical properties of Ti−35Nb−4Sn−6Mo−xZr 
(x=0, 3, 6, 9, 12, 15; mass friction) alloys are 
investigated by changing Zr content over a wide range, 
and it is hoped that a new implant titanium alloy 
containing non-toxic element and having good 
biomechanical properties will be obtained. 
 
2 Experimental 
 

Titanium alloys with nominal composition of 
Ti−35Nb−4Sn−6Mo−xZr (x=0, 3, 6, 9, 12, 15; mass 
fraction) were prepared by arc-melting method under Ar 
atmosphere. The ingots were re-melted five times for 
ensuring homogeneity. Then, they were hot forged to 
plates with a thickness of 3 mm. The hot-forged plates 
were finally solution treated at 1023 K for 0.5 h, 
followed by water quenching.  

Using an optical microscope (OM) and transmission 
electron microscope (TEM, FEI Tecnai G2 T20), the 
microstructure of the specimen with different component, 
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which was burnished, mechanically polished and eroded, 
was observed. Then, the phase structures of the alloys 
were analyzed by an X-ray diffractometer (D8 Discover, 
Bruker-AXS), and the lattice parameters of β phase were 
calculated according to the XRD pattern using Jade5.0 
software. The mechanical properties of the alloys such as 
tensile strength σb, yield strength σ0.2 and elongation δ 
were obtained on an electronic universal test machine 
(CMT 5105, MTS). The elastic modulus E was 
calculated according to the slope of the linear portion in 
the stress—strain curves. 
 
3 Results and discussion 
 
3.1 Microstructures 

Figure 1 shows the XRD patterns of Ti−35Nb− 
4Sn−6Mo−xZr alloys at room temperature, which were 
solution treated at 1023 K followed by water quenching. 
Without the addition of Zr element, the alloy comprises a 
fully retained β phase (see Fig. 1(a)), which means that 
the ability of the added elements (Nb, Sn and Mo) for 
stabilizing β-phase is large enough to make the 
martensitic transformation start temperature Ms below 
room temperature, therefore, the β-phase can be retained 
to room temperature after quenching. With the addition 
of Zr element, the Ti−35Nb−4Sn−6Mo−xZr (x=3, 6, 9, 
12, 15) alloys retain 100% β-phase structure after 
solution treatment (see Figs. 1(b)−(f)). It is known that 
Zr is a neutral element for Ti alloys and the effect of Zr 
on the β stability of the alloys is expected to be 
negligible. However, some reports [10,11] indicated that 
Zr acts as a β stabilizer when other β stabilizers coexist 
in the alloys, such as Mo element. It was reported [10,13] 
that Mo contents of the alloys with a single β phase are 
11% and 14% after quenching for binary Ti−Mo alloys. 
However, ZHAO et al [14] reported that Ti−30Zr−5Mo 
alloy was composed of 100% β phase after quenching. 
Therefore, the β-stabilizing effect of Zr coexisting with  
 

 

Fig. 1 XRD patterns of Ti−35Nb−4Sn−6Mo−xZr alloys after 
solution treatment  

Mo is much stronger than the expected one. In other 
words, when elements Zr and Mo coexist in the Ti alloy, 
Zr can increase the stability of β phase. Therefore, with 
increasing the Zr content, the Ti−35Nb−4Sn− 6Mo−xZr 
alloys still retain 100% β phase. 

Figure 2 shows the microstructures of Ti−35Nb− 
4Sn−6Mo−xZr alloys after solution treatment at 1023 K. 
As shown in Figs. 2(a)−(f), the alloys appear to have a 
single phase with equiaxed grain microstructure. The 
obvious secondary phase is invisible in these alloys. 
However, a little amount of ω or α′′ phase is sometimes 
difficult to be detected by XRD and optical microscope, 
even if it exists actually in metastable β-type titanium 
alloys. In order to identify the phase constituent of these 
alloys, TEM measurement was carried out. The results 
show that the Ti−35Nb−4Sn−6Mo−xZr alloys consist of 
single β phase. The microstructure and the selected-area 
electron diffraction (SAED) pattern of Ti−35Nb−4Sn− 
6Mo−9Zr alloy are shown in Fig. 3. 

From Fig. 2, it is seen that no significant difference 
in the microstructure was confirmed for the alloys except 
the grain size. Figure 4 shows the grain size of the β 
phase in Ti−35Nb−4Sn−6Mo−xZr alloys. The results 
show that with the increase of Zr element, the grain size 
of the alloys firstly decreases and then increases. It may 
be caused by two factors: on one hand, the mechanism of 
grain refinement is considered in terms of the 
contribution of Zr as a solute which may affect both the 
nucleation and growth of recrystallizing grains. Solute 
may have a strong influence on the recovery processes 
which may affect the driving force for recrystallization, 
thereby, influencing the nucleation. Furthermore, the 
solute can prevent the grain boundary from moving and 
hence decrease the growth rate of recrystallizing grains 
[12,15,16]. This result is in good agreement with the 
result of ZHAN et al [12], which showed that the 
appropriate addition of Zr element can refine the grains 
in β-Ti alloys. On the other hand, Zr element, which 
behaves as a β-stabilizing element, can increase the 
stability of β-phase when elements Zr and Mo coexist in 
the alloy [10,11]. With Zr content increasing, the 
stability of the β-phase enhances remarkably, which may 
make the (α+β)/β phase transformation temperature 
reduced significantly, leading to the marked increase of 
superheat (the solid solution temperature is constant) and 
obvious coarsening of the β grains after solution 
treatment. 

 
3.2 Mechanical properties 

The strength and elongation of Ti−35Nb−4Sn− 
6Mo−xZr alloys are plotted in Fig. 5(a). It is known that 
the strength increases and the elongation decreases 
gradually with the increase of Zr content. Lattice 
parameters of β phases in Ti−35Nb−4Sn−6Mo−xZr 



Shi-juan DAI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 1299−1303 

 

1301
 

 

 
Fig. 2 OM images of Ti−35Nb−4Sn−6Mo−xZr alloys after solution treatment: (a) 0% Zr; (b) 3% Zr; (c) 6% Zr; (d) 9% Zr; (e) 12% 
Zr; (f) 15% Zr  
 

 
Fig. 3 TEM image (a) and corresponding SAED pattern (b) of Ti−35Nb−4Sn−6Mo−9Zr alloy after solution treatment 
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Fig. 4 Grain size of β phase in Ti−35Nb−4Sn−6Mo−xZr 
 

 

Fig. 5 Mechanical properties of Ti−35Nb−4Sn−6Mo−xZr  
alloys 
 
alloys were calculated by Jade5.0 software according to 
XRD patterns of the alloys after solution treatment   
(Fig. 2), as shown in Fig. 6. It is found that the addition 
of Zr element can cause the distortion of crystal lattice of 
the β phase. The interaction between the solute atoms Zr 
with dislocations intensifies due to the distortion of 
crystal lattice, resulting in the increase of strengthening 
effect [16]. As shown in Fig. 5(a), the increasing rate in 
strength with increasing Zr content is faster for the alloys 

containing Zr from 0 to 6%, which may be due to the 
strengthening effect and the solution strengthening effect 
by Zr addition. For the alloys containing Zr from 9% to 
15%, the grains become coarsened, which offsets the 
solution strengthening effect partially, resulting in a 
lower rate of increase in strength with increasing Zr 
content. 
 

  
Fig. 6 Lattice parameter of β phases in Ti−35Nb−4Sn− 
6Mo−xZr alloys 
 

As shown in Fig. 5(b), the elastic moduli of the 
alloys firstly increase and then decrease with the increase 
of Zr element. The elastic modulus of solid solution is 
related to the crystal structure and the binding force 
between atoms [17,18]. In this work, the alloys are 
composed of 100% β phase, so their elastic moduli are 
related to the bonding force between the atoms. The 
binding force lies on atomic spacing. As shown in Fig. 6, 
with the increase of Zr content, the lattice parameters of 
β-phases increases, resulting in the reduction of binding 
force between atoms and elastic modulus. In addition, 
the decrease of elastic modulus is also related to gain 
refinement. This should be due to gain refinement since 
the grain boundaries have lower elastic modulus than the 
grains due to high dense defects [19]. For the alloys 
containing 0−9% Zr, the gain refinement (Fig. 4) and the 
decrease of the binding force between atoms lead to the 
decrease of elastic modulus of the alloy; for the alloys 
containing 9%−15% Zr, the binding force also decreases; 
however, the coarsening of grain (Fig. 4) leads to the 
slight increase of the elastic modulus. 

The mechanical properties of the implant titanium 
alloys are generally required as follows: σb≥600 MPa, 
δ≥8%, E≤90 GPa [20]. The mechanical properties of 
Ti−35Nb−4Sn−6Mo−9Zr alloy after solution treatment 
(σb=785 MPa, δ=11%, E=68 GPa) can meet this 
requirement. The strength of this alloy is close to that of 
Ti−6Al−4V, but its elastic modulus is only 60% of the 
latter, which is suitable for acting as human implant 
materials. 
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4 Conclusions 
 

1) Ti−35Nb−4Sn−6Mo−xZr alloys are composed of 
100% β phase after solution treatment. With the increase 
of Zr content, the grains are refined first and then 
coarsened. 

2) Zr element added to titanium alloys has both the 
solution strengthening and fine-grain strengthening effect, 
and also affects the lattice parameters of β-phase. With 
the increase of Zr content, the strength of the alloys 
increases, the elongation decreases, and the elastic 
moduli increase first and then decrease. 

3) The mechanical properties of Ti−35Nb−4Sn− 
6Mo−9Zr alloy are as follows: σb=785 MPa, δ=11%, 
E=68 GPa, which is suitable for acting as human implant 
materials. 
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摘  要：研究 Zr 元素含量对种植合金 Ti−35Nb−4Sn−6Mo−xZr (x=0，3，6，9，12，15；质量分数)组织和力学性

能的影响。结果表明，在 1023 K 下进行固溶处理后，Ti−35Nb−4Sn−6Mo−xZr 合金呈现单一的 β等轴状组织。随

着 Zr 元素含量的增加，合金的晶粒尺寸先减小后增大。研究还发现，在钛合金中添加 Zr 元素具有固溶强化和细

晶强化的作用，并且影响合金的晶格常数。随着 Zr 含量的增加，合金的强度逐渐增加，伸长率逐渐降低，合金

的弹性模量先升高后降低。与传统的种植合金 Ti−6Al−4V 相比，Ti−35Nb−4Sn−6Mo−9Zr 合金更适合作为人类的

种植材料。该合金的力学性能为：σb=785 MPa，δ=11%，E=68 GPa。 
关键词：种植钛合金；Zr 元素；弹性模量；组织；固溶处理；力学性能 
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