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Abstract: The cold workability of solution-treated TiNbZr biomedical β titanium alloy was investigated. TiNbZr alloy was 

fabricated by vacuum consumable arc melting furnace. Cold drawing was carried out for further deformation of the studied alloy. 

During cold drawing, the alloy exhibited excellent workability. Deformation twins appeared when the reduction of cold deformation 

was around 20%. Dislocations slipping contributed much to plastic deformation in further drawing. The ultimate tensile strength will

go up to 1170 MPa and the elongation is larger than 10% when the reduction reaches 80%. Small grains ranging from 20 nm to 50

nm can be obtained when the reduction is 80%.
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β titanium alloys, composed of non-toxic β-stabilizing 

alloying elements such as Nb, Ta, Zr, Mo and Sn show 

good biocompatibility and low toxicity to human being

[1-3]

. 

Compared with α and α+β titanium alloys, β titanium alloys 

possess excellent properties such as higher strength and better 

plasticity

[4-8]

. The deformation mechanisms of β titanium al-

loys include dislocation slip, twinning and stress-induced 

martensitic phase transformation. Hanada et al reported that 

the mechanisms of deformation depend much on phase stabil-

ity

[9,10]

. Twinning is replaced by dislocation slipping with 

higher β phase stability. Recently, a new mechanism of the 

plastic deformation of crystalline metals without dislocations 

has been studied by researchers

[11,12]

. Takashi Saito’s group 

developed a new kind of titanium alloys

[13,14]

. In these cold-

worked alloys, dislocation-free plastic deformation mecha-

nism appeared, which contributed most to the plastic deforma-

tion of the alloys. 

Cold drawing, as a major mode of cold deformation, plays 

an important role in the application of β titanium alloys. 

Nowadays, cold rolling has been utilized as an ordinary mode 

to study the deformation behavior of β titanium alloys. Few 

researches have focused on the microstructure and the me-

chanical properties of newly developed TiNbZr β titanium 

alloy deformed by cold drawing

In this paper, the characteristics of TiNbZr β titanium alloy 

treated by different reductions of cold drawing were studied. 

The mechanical properties of this alloy were also tested for its

further applications.

1 Experimental Procedure

The alloy was melted in a consumable vacuum arc remelt-

ing furnace twice to ensure compositional homogeneity. The 

specimen of Φ7 mm was obtained through forging, hot rolling 

and solid solution treatment at 780 °C for 1 h. The specimens 

of Φ6.3 mm, Φ5.4 mm, Φ4.4 mm and Φ3.3 mm were ob-

tained by cold drawing of 20%, 40%, 60% and 80% reduction, 

respectively. 

Microstructures were observed by optical microscopy (OM) 

and transmission electron microscopy (TEM). Samples for op-

tical microscopy (OM) were prepared using conventional 
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techniques of grinding and mechanical polishing. The compo-

sition of etched solution was hydrofluoric acid, nitric acid and 

water in proportion of 1:3:6 (volume ratio). Samples for TEM 

were treated by electrolytic apparatus with the electrolyte of 

95% carbinol and the perchloric acid solution was used in the 

final stage of thinning. The phase analysis was carried out by 

X-ray diffraction (XRD) and tensile test was operated on In-

stron1195 tensile testing machine.

2  Results and Discussion

2.1 OM analysis 

Fig.1 shows the transverse (T) and longitudinal (L) micro-

structure of the samples deformed by the reductions (ε) of 

20%, 40%, 60% and 80%, respectively. With the increase of 

the reduction of cold deformation, the microstructure of the 

samples changed gradually. When the alloy was deformed by

ε=20%, the microstructure presented uniform equiaxed grains 

along transverse direction and the longitudinal grains were 

drawn much longer, as shown in Fig.1a, 1b. The grains along 

transverse direction became smaller gradually when the re-

duction was higher than 20%. As observed in Fig.1c and 

Fig.1e, smaller grains were obtained when the alloy was de-

formed by ε=40% and 60%. The longitudinal grains became

much longer. When the reduction increased to 80%, grain 

boundaries along transverse direction broke up, as shown in 

Fig.1g. Fibriform structure appeared along longitudinal direc-

tion, shown in Fig.1h.

2.2 XRD phase analysis

X-ray diffraction (XRD) investigations reveal that only β

phase was observed in both the samples treated by solid solu-

tion and cold drawing by 20% reduction, as shown in Fig.2a,

2b. No stress-induced α" martensite phase was detected by 

XRD. It is known that Ms(the start temperature of martensite

transformation) and cooling rate have great effect on α" mart-

ensite phase transformation. As reported in many papers, in β

titanium alloys, zirconium should work as the β-stabiliz-

ers

[13,15,16]

, which decreases Ms. A large amount of Nb and Zr 

will suppress the phase transformation from β to α" martensite 

in solid solution or cold drawing. Employing a molecular 

orbital method, electronic structures were calculated for bcc. 

Ti alloyed with a variety of elements, and two alloying 

parameters were determined theoretically. One is the bond 

order (Bo) which is a measurement of the covalent bond 

strength between Ti and an alloying element. The other is the 

metal d-orbital energy level (Md) which correlates with the 

electronegativity and the atomic radius of elements. In addi-

tion, the number of average valence electrons is considered as 

e/a. As for the studied TiNbZr alloy, the three parameters of 

the studied alloy were calculated as e/a=4.244, Bo=2.894 and 

Md=2.527. These major parameters affect the mechanism of 

cold deformation obviously. Owing to the higher Bo and lower 

Md, which influences stabilization of β phase much, only β

phase without any α" martensite was obtained during solid

Fig.1 OM microstructure of the specimens after cold deformation:

(a), (b) ε= 20%; (c), (d) ε=40%; (e), (f) ε= 60%; (g), (h) ε=

80%; (a), (c), (e), (g) transverse (T); (b), (d), (f), (h) longitu- 

dinal (L)

Fig.2  XRD patterns of TiNbZr specimens: (a) solution-treated

and (b) cold-drawn by 20% reduction
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solution and cold drawing by ε=20%. The transforming driv-

ing force from β phase to α" martensite was not so sufficient 

to complete phase transformation.

2.3  Deformation behavior

Fig.3 shows TEM micrographs of cold drawing sample de-

formed by 20% reduction. Much platelet-shape deformation 

twins was presented in the β-Ti matrix, as shown in Fig.3a.

Besides this deformation twins, dislocation tangle was inves-

tigated in the sample deformed by 20% reduction, as the black 

arrows showed in Fig.3b. Macroscopic shear bands (SB) 

around dislocations were also observed. Dislocation slipping 

affects the plastic deformation greatly. As studied above in 

Fig.2b, during this deformation, no stress-induced α" marten-

site was detected by transmission electron microscopy. During 

the cold drawing, the resistance for slipping caused by dislo-

cation cells and dislocation pileup induced the deformation 

twins, as shown in Fig.3a. As it was reported, the mechanism 

of deformation depended much on the stabilization of β

phase

[10,16]

. Hanada et al reported that for a higher stabilization 

of β phase, {332}<113> twinning was replaced by {111} slip-

ping and the mechanism of deformation of β titanium alloys 

changed from twinning to slipping. The image of dislocation 

structure of β-Ti matrix deformed by 60% reduction is shown 

in Fig.4a. As seen in the image, accompanying with shear 

bands, dislocation structure tended to form cell structure. The 

SAD patterns from the areas noted by arrow show that the 

grains obtained in this condition were much smaller than that 

of 20% reduction. When the alloy was drawn by 80% reduc-

tion, the equiaxed grains with the size of 20 nm-50 nm were 

obtained, as shown in Fig.4b. Comparing with the samples

deformed by the reductions of 20%, 60% and 80%, respec-

tively, grains could be divided into nano-size by shear bands 

gradually. Dislocations slipping, as the main mechanism of 

deformation, contributed much to the deformation. 

Fig.3  TEM micrographs of cold drawing samples deformed by 20%

reduction: (a) the bright field image of deformation twins

and (b) dislocation structure and narrow shear bands.

Insert present SAD patterns from the areas noted by arrow

Fig.4  TEM images of deformed samples: (a) ε=60% and

(b) ε=80%. Insert present SAD patterns from the

areas noted by arrow 

2.4 Effect of reduction of deformation on mechanical 

properties

Fig.5 shows the influence of cold deformation on mechani-

cal properties of the specimens. Comparing with the solu-

tion-treated sample, when the reduction was low (ε<20%), the 

strength and plasticity changed quickly. The ultimate tensile 

strength reached 857 MPa and the elongation decreased to 

9.5% in the condition of 20% reduction. As studied above, 

deformation twins occurred in the 20% reduction sample. 

These platelet-shape twins strengthened the alloy at a large 

extent. With the increase of the reduction, the strength in-

creased gradually and the plasticity decreased slowly. When 

the reduction reaches 80%, the ultima tensile strength went up 

to 1170 MPa while the elongation still kept around 10%. Ac-

cording to Hall- Patch equation: σ

s

=σ

0

+Kd

-1/2

, where σ

s

 is yield 

strength, σ

0

 is initial strength, K is constant, and d is grain size. 

The grains size ranging from 20 nm to 50 nm caused by cold 

drawing contributed much to the strength of the alloy. 

Fig.5  Influence of cold deformation on mechanical properties

of TiNbZr specimens
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3 Conclusions

1) No α" martensite phase is detected for the alloy 

treated by solid solution and cold drawing. 

2) Deformation twins appear when the reduction of cold 

deformation is around 20%, which strengthens the alloy 

and induces further plastic deformation drastically.

3) When the reduction is over 20%, the strength in-

creases gradually and the plasticity nearly keeps the same. 

When the reduction of cold deformation increases to 80%, 

the ultimate tensile strength goes up to 1170 MPa and the 

elongation is above 10%. Both excellent strength and plas-

ticity are obtained during cold drawing. 

4) Cold drawing contributes much to grain refinement. 

Small grains ranging from 20 nm to 50 nm are obtained 

when the reduction is 80%.
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