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Abstract: TiNbZr alloy was prepared by vacuum consumable arc melting furnace. The effects of solution and aging heat treatment 

on the microstructure and mechanical properties of this alloy were studied. The results show that ultimate tensile strength over 1000 

MPa can be obtained when the alloy is solutioned for 1 h and then aged at 300 and 350

 o

C. α phase precipitation appears under the 

condition of the treatment of solution for 1 h, followed by aging at 400

o

C and 450

o

C. The aging time plays an important part in α 

phase precipitation. The ultimate tensile strength increases to 850 MPa and the elongation keeps around 11% when the alloy is aged 

at 400 � for 9 h.
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β titanium alloys possess excellent properties such as better 

biocompatibility, higher strength and better plasticity etc. 

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

are now widely used as biomaterials due to their low young’s 

modulus, good processing properties of cold deformation and 

welding. It has been reported that β titanium alloys, consisting

of Nb, Ta, Zr, Mo and Sn show good biocompatibility and low 

toxicity to human being

[1]

. This kinds of alloys such as

Ti-29Nb-13Ta-4.6Zr

[2]

, Ti-34Nb-9Zr-8Ta

[3]

, Ti-16Nb-5Sn

[4] 

and Ti-22Nb-Ta

[5]

 are developed and used widely. New types 

of β titanium alloys including the elements of Nb, Zr, Pd and 

Ta are being studied as biomedical titanium alloys

[6,7]

. Takashi 

Saito’s group has developed a new kind of titanium alloys

[8]

. In 

these cold-worked alloys, there appeared dislocation-free plas-

tic deformation mechanism, which contributed to the plastic 

deformation of the alloys. Recently, the β-titanium alloys such 

as Ti-Nb, Ti-Ta and Ti-Zr showing high strength and low elas-

tic modulus have been developed quickly

[9-11]

.

In this paper, we discuss the effect of heat treatment on the 

microstructure and mechanical properties of TiNbZr alloy.

This alloy contains non-cytotoxic elements. It is promising as 

biomedical implants due to its low young’s modulus, excellent 

workability and aging effect. The aim of this work is to inves-

tigate the characterization of phase transformation, the micro-

structure and the mechanical properties of TiNbZr alloy 

treated by solid solution and aging.

1  Experimental

TiNbZr alloy was melted twice homogeneously in a con-

sumable vacuum arc remelting furnace to ensure composi-

tional homogeneity. The bar of Φ 7 mm was obtained through 

the processes of forging and hot rolling. The rolled bar was 

treated by solid solution at 780

o

C for 1 h. Then the specimen 

was aged at between 300

o

C and 500

 o

C for 2 to 10 h. All 

specimens were cooled in air. Microstructures were observed 

by optical microscopy (OM) and scanning electron micros-

copy (SEM). Samples for optical microscopy (OM) were 

prepared using conventional techniques of grinding and me-

chanical polishing. The samples of SEM were etched more 

deeply than those of OM. The composition of etched solution 

was hydrofluoric acid, nitric acid and water in proportion of 

1:3:6(volume fraction). The phase analysis was carried out by 

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

stron1195 tensile testing machine.

2 Results and Discussions
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2.1  Microstructure and mechanical properties of the 

alloy treated by solid solution

Fig.1 shows the OM micrograph of TiNbZr treated by solid 

solution. Typical equiaxial β grains appeared when the alloy 

was treated by solution at 780

o

C for 1 h. As the X-ray diffrac-

tion shown in Fig.2, only reflections of β peaks were observed. 

Kaufman reported

[12]

 that for Ti-Nb alloy Ms(start temperature 

of martensite transformation) decreased with the increase of 

the content of Nb. Owing to a large amount of β-stabilizing Nb 

element, Ms decreased below to room temperature. Therefore, 

no α″ martensite transformation from β occurred when the 

sample was cooled to room temperature during solid solution. 

Table 1 shows the mechanical properties of the alloy after 

solid solution.

2.2  Microstructure and mechanical properties of the 

alloy aged at different temperatures

Fig. 3 shows the microstructure of the alloy treated by 

solution at 780

 o

C, followed by aging at different temperatures

(300-500

 o

C) for 4 h. When the alloy was aged at 300

 o

C and 

350

 o

C for 4 h, homogeneous equiaxed gains without any sec-

ond phase precipitation appeared, as shown in Fig.3a, b. When 

the aging temperature was 400

o

C, little and needle-like phase 

precipitated densely along gain boundaries and dispersedly in-

side gains, shown in Fig.3c. Because of low free energy for α

phase precipitation along gain boundaries, it was observed

easily. Much more net-shaped phase grew up and were inter-

laced inside gains equably, when the alloy was aged at 450

 o

C.

Fig.3d was the SEM image of the alloy aged at 450

 o

C. There 

was no α phase precipitation under the condition of 500

 o

C and

4 h (Fig.3e). Owing to insufficient transforming driving force

Table 1  Mechanical properties after solid solution

Solution condition UTS/MPa YS/MPa EL/% RA/%

780

 o

C, 1.0 h, AC 657 395 20 55.8

from β to α phase at 500

 o

C, no α phase was distinguished 

under this condition. Fig.4 shows XRD of the specimen after 

solution and aging heat treatment. The reflections of α peaks 

were investigated when the aging temperature was 400

�(Fig.4a). No any reflections of α peaks were observed when 

the temperature reached to 500

 o

C (Fig.4b). 

Fig.5 shows mechanical properties of the specimens after 

solution and aging heat treatments. Compared with the solu-

tion-treated sample, the strength and plasticity of the alloy aged 

Fig.1  OM micrograph of the specimen after solid solution

Fig.2  XRD pattern of the specimen after solid solution

Fig.3  SEM images of specimens after different solution and aging heat treatments: (a)300

 o

C, 4 h; (b)350

 o

C, 4 h; (c)400

o

C, 4 h; (d)450

 o

C, 4 h;  

and (e)500

o

C, 4 h
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Fig.4  XRD patterns of specimens after different solution and aging 

heat treatments: (a) 780

 o

C, 1 h+400

 o

C, 4 h and (b)780

 o

C, 1

h+500

 o

C, 4 h

Fig.5  Mechanical properties of alloys after solution and aging heat 

treatment: (a)strength and (b)plasticity

at 300

o

C and 350

 o

C changed quickly. The ultimate tensile 

strength increased up to 980 MPa and 1040 MPa, respectively 

(Fig.5a). While the elongation decreased to 8% and 9% rap-

idly(Fig.5b). When the samples were aged at 400

 o

C and 450

 o

C

with the increase of aging temperature, the ultimate tensile 

strength kept around 720 MPa and the elongation increased to 

13% and 16%, respectively. Lower ultimate tensile strength (660 

MPa) and higher elongation(21%) were obtained when the alloy 

was aged at 500

 o

C. As the SEM image and XRD pattern analysis 

show, no any other phases were observed except single β phase 

under this condition. As former researches

[13]

 studied, when the 

aging temperature was low(below 400 

o

C), ω phase with high 

strength and hardness appeared for most β titanium alloys. As for  

the studied TiNbZr alloy, ω phase contributed much to the

strength of the alloy at 300

 o

C and 350

 o

C. Owing to the little-size 

and dispersive distribution, it was difficult to observe ω phase by 

SEM image and XRD pattern analysis. 

2.3  Microstructure and mechanical properties of the 

alloy aged for different time

The micrographs of the alloy aged for different time were 

shown in Fig.6. According to the OM micrographs (Fig.6a, b, 

c), much more α phase precipitation along gain boundaries 

and inside gains occurred when the aging time increased up to 

8 h and 10 h, respectively, compared with that of 4 h. As the 

SEM images show (Fig.6d, e), a large amount of nee-

dle-shaped α phases appeared among β phase matrix. It was

investigated that the aging time was beneficial to α phase pre-

cipitation. When the aging temperature was 400

 o

C and 450

 o

C, 

the strength of the alloy increased gradually; meanwhile the 

plasticity decreased. When the aging time was longer than 9 h, 

the strength of the specimen kept the same  level. The ultimate

tensile strength increased to 850 MPa and the elongation kept 

around 11% when the alloy was aged at 400 

o

C for 9 h. The 

alloy was strengthened much more quickly at 400

 o

C com-

pared with that at 450

 o

C shown in Fig.7. As it is known, α 

phase is a “hard” or “brittle” phase when it is needle-like and 

dispersive among β matrix. It can be conferred that when the 

aging temperature was 400

 o

C, needle-like α phase precipi-

tated more quickly with the increase of aging time, which 

strengthened the alloy more drastically.

2.4  Characteristic of fracture surface

Fig.8 displays SEM images of the fracture surfaces of solid 

solution treated samples. Many more cleavage planes ap-

peared on the fracture surface of the sample aged at 350

 o

C for 

4 h. Few whirlpool-like patterns were observed under this 

condition(Fig.8a). As studied above, friable ω phase, which 

contributed much to the increase of strength (over 1000 MPa ) 

induced clear friable characterization of the fracture surface.

The fracture morphologies mainly exhibited toughness frac-

ture in the samples aged at 400

 o

C for 4 h and 9 h, respectively

(Fig.8b, c). The alloy tolerated a large amount of elongation 

before failure occurred. Whirlpool-like patterns were some-

what different due to the aging time. Owing to less α phase
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Fig.6  OM(a,b,c) and SEM(d,e) micrographs of specimen after solution at 780

 o

C for 1 h and aging at 400

o

C for: (a) 4 h; (b, d) 8 h; and (c, e) 10 h

Fig.7  Influence of aging time on mechanical properties of specimens 

aged at 400

o

C and 450

o

C

Fig.8  High-magnification SEM images of the fracture surfaces of 

solid solution treated specimens: (a)780

 o

C, 1 h+350

 o

C, 4 h; 

(b) 780

 o

C, 1 h+400

 o

C, 4 h; and (c) 780

 o

C, 1 h+400

 o

C, 9 h

precipitation in the sample aged for 4 h, fracture morpholo-

gies of whirlpool-like patterns were much deeper, seen from 

high-magnification SEM images in Fig.8b.

3  Conclusions

1) No α″ martensite transformation from β occurs when the 

sample is cooled to room temperature during solid solution. 

2) α phase precipitation appears upon the treatment of solu-

tion for 1 h, followed by aging at 400

 o

C and 450

 o

C.

3) The aging time plays an important part in α phase pre-

cipitation. The ultimate tensile strength increases to 850 MPa 

and the elongation keeps around 11% when the alloy is aged 

at 400

 o

C for 9 h.
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