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The effects of several commonly used heat treatment schemes on the microstructures of two Ti–Nb–Ta–Zr alloys aimed at biomedical
applications were studied in this work using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The specimens
were water quenched from 790◦C and then aged at temperatures between 300◦C and 600◦C. The experimental results showed thatα andω

phase precipitated from the metastableβ matrix in Ti–29Nb–13Ta–4.6Zr alloy during isothermal ageing. But for Ti–39Nb–13Ta–4.6Zr, the
precipitation reaction was more sluggish than that in Ti–29Nb–13Ta–4.6Zr because of high amount ofβ stabilizing elements in the former
alloy. As a result theα phase was unable to precipitate during short time ageing treatment. After longer time (12 days) ageing treatment at
500◦C or 400◦C, recognizableα precipitates were observed in the aged samples. It is concluded that Ti–29Nb–13Ta–4.6Zr can be heat treated
to obtain different microstructures and is better than Ti–39Nb–13Ta–4.6Zr in terms of age hardenability.
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1. Introduction

Titanium alloys are a favorable choice for orthopedic im-
plant applications, as they possess good mechanical proper-
ties and biochemical compatibility. For example, Ti–6Al–4V
ELI, Ti–5Al–2.5Fe, and Ti–6Al–7Nb developed for such pur-
poses have found wide applications.1–3) However, toxicity of
the elements Al and V in these alloys has been noted.4,5) In
addition, these alloys are still too stiff compared to human
bone, which may lead to premature failure of the implant.

Biomechanical compatibility requires high permissible
elastic strain,i.e., the strength to modulus ratio, so an ideal
material should have high strength but low modulus. As far as
low modulus is concerned,β titanium alloy is advantageous.
The theoretical studies of Songet al. suggest that Zr, Nb, Mo,
Hf, and Ta are suitable to increase the strength and decrease
the modulus of bcc Ti.6,7) As to the toxicity of elements, Nb,
Mo, Hf and Ta are the least toxic and are therefore the most
suitable alloying elements forβ-type titanium alloys. So the
biomedical titanium alloys developed recently mainly contain
Ti, Nb, Ta, Zr.8–11)

In Japan, a new alloy, Ti–29Nb–13Ta–4.6Zr, has recently
been developed that possesses low modulus and low strength
under the condition of solution treatment followed by quench-
ing (STQ).9) Biomedical application of the alloy requires fur-
ther optimization of the strength to modulus ratio. For simi-
lar alloy families, it has been reported that the strength and
Young’s modulus are dependent on the microstructure and
Nb content.12–16) It is therefore of interest to examine how
the microstructure of Ti–Nb–Ta–Zr alloy is affected by vari-
ation in the Nb content, and how the change in composition
affects the kinetics of phase transformation during heat treat-
ment. The purpose of the present study was to compare the
phase transformation during solution treatment and precipita-
tion phenomena during subsequent ageing between Ti–29Nb–
13Ta–4.6Zr and an alloy with much higher Nb content, Ti–
39Nb–13Ta–4.6Zr.

2. Experimental

The Ti–29Nb–13Ta–4.6Zr ingot with a diameter of 60 mm
was fabricated by induction skull melting using pure Ti, Nb,
Ta and Zr as raw materials and then hot forged to rods with
a diameter of 20 mm. The ingot of Ti–39Nb–13Ta–4.6Zr was
prepared by first melting in an electron beam melter using raw
materials of pure Ti, Nb, Ta and Zr, and then by remelting in
a vacuum arc remelting furnace. The ingot was then forged at
850◦C to a rod 24 mm in diameter. The actual compositions
of all the alloys obtained by wet chemical analysis are shown
in Table 1.

Cylindrical sections 25 mm in length were taken from the
two alloy rods (with diameters of 20 and 24 mm) for the in-
vestigations. Specimens were first solution treated at 790◦C
for 1 h followed by water quenching. Then, these solution
treated specimens were aged at 300, 350, 400, 450, 500 or
600◦C for 48 h, and then quenched into water. Some of the
Ti–39Nb–13Ta–4.6Zr specimens were aged at 400 or 500◦C
for 12 days to facilitate the precipitation reaction.

The microstructures were observed with a JSM-6301F
scanning electron microscope (SEM) and a Philips EM420
transmission electron microscope (TEM) operating at 100 kV.
The specimens for the SEM analysis were mechanically pol-
ished and then etched in a solution consisting of 8 vol%HF,
15 vol%HNO3 and 77 vol%H2O. Samples for TEM analy-
sis were prepared from mechanically thinned plates by ion

Table 1 Chemical compositions of the forged Ti–29Nb–13Ta–4.6Zr and
Ti–39Nb–13Ta–4.6Zr (mass%).

Alloy
Compositions

Nb Ta Zr O N Ti

Ti–29Nb–13Ta–4.6Zr 30.2 12.4 4.8 0.16 0.01 bal.

Ti–39Nb–13Ta–4.6Zr 39.8 13.5 5.0 0.088 0.015 bal.
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Fig. 1 SEM micrograph of as-quenched Ti–29Nb–13Ta–4.6Zr, showing
the morphology ofα′′ martensite in aβ matrix.

milling with 5 keV argon ions at an angle of incidence of 15
degrees.

3. Results

3.1 Microstructures of as quenched alloys
Figure 1 shows an SEM micrograph of (β+α′′) microstruc-

ture of Ti–29Nb–13Ta–4.6Zr alloy solution treated at 790◦C
for 1 h followed by water quenching. X-ray diffraction anal-
ysis showed the presence of (020), (111) and (113) peaks of
orthorhombicα′′ martensite formed during fast cooling in the
water quenched specimens. For Ti–39Nb–13Ta–4.6Zr, no ev-
idence of orthorhombicα′′ martensite was observed in the
as-quenched condition. For both alloys, diffuse scattering
was observed on the selected area electron diffraction (SAD)
patterns of theβ phase in the as quenched state, although
it is stronger in the high Nb alloy than in the low Nb al-
loy. Diffuse scattering by electrons is a common phenomenon
for many derivatives of the body-centred cubic structure, and
may be due to a variety of static or dynamic causes. In the
present alloy system, the most likely explanation of the ab-
normal scattering is precursor of the athermal transformation
to the ω structure. The formation ofωath (the subscription
denotes athermal) is a displacement-controlled reaction, and
short-range-correlated displacements resulting from the col-
lapse of the (111)β planes give rise to the diffuse streaks and
displacement of the reflections from their ideal positions.17,18)

For the high Nb alloy in the as quenched state, the diffuse
maxima are shifted away from the ideal positions of theω

phase (see Fig. 2), indicating that the athermal transformation
was still in an early stage. Attempts at direct observation of
theω phase particles in this condition were not successful, ei-
ther from dark field (DF) images using the diffuse streaks nor
from bright field (BF) images. For as quenched Ti–29Nb–
13Ta–4.6Zr alloy, the diffuse streaks are weaker and more
uniform, and diffuse maxima have not formed yet. Previous
studies19,20) showed that the formation ofωath phase is sensi-
tive to alloy composition and cooling rate, so a low Nb con-
centration and fast cooling rate (WQ), together with the for-
mation of theα′′ martensite, may have helped in preventing
the precipitation ofωath from Ti–29Nb–13Ta–4.6Zr alloy.

Fig. 2 〈110〉β SAD pattern of as-quenched Ti–39Nb–13Ta–4.6Zr.

3.2 Microstructures of aged alloys
Results show that the ageing treatments exert great effects

on the microstructures of Ti–29Nb–13Ta–4.6Zr alloy. The
isothermal precipitation of theω phase was observed in the
specimens aged at 400, 350 or 300◦C for 2 days. The dark-
field transmission electron micrograph shows that theω phase
particles formed during isothermal reaction have ellipsoidal
shape and distribute uniformly in theβ grains (see Fig. 3(a)).
The SAD pattern obtained from〈110〉β zone axis is shown in
Fig. 3(b) and indexed in Fig. 3(c). The discrete reflections
at positions such as 2/3〈211〉 and 1/3〈111〉 in the diffrac-
tion pattern are due to the formation of isothermalω-type
phase in the aged alloy. de Fontaineet al.17) concluded that,
in contrast to short-range correlated displacements, the dis-
placement mode for isothermalω-type phase is long range,
giving rise to sharpω reflections. The positions of these re-
flections in the current study are consistent with the disor-
dered, hexagonalω-type transformation; the orientation rela-
tionship between the bcc matrix and theω-type phase can be
determined as(0001)ω//(111)β and[112̄0]ω//[011]β , which
is in agreement with the results published by Silcocket al.
(cited in Ref. 21)). Precipitation of theα phase was ob-
served in the Ti–29Nb–13Ta–4.6Zr samples aged at 600, 500,
450, 400, or 350◦C for two days. The morphology of the
α particles is needle-like (see Fig. 4(a)). An SAD pattern
from 〈111〉β taken from regions containing precipitates (Fig.
4(a)) is shown in Fig. 4(b). The orientation relationship be-
tween theα phase and theβ phase can be determined as
〈111〉β//〈112̄0〉α, which obeys the Burgers orientation rela-
tionship.22) Increasing the ageing temperature caused coars-
ening of the precipitates and decrease in their number. The
precipitation of theα phase initiates simultaneously at the
grain boundaries and within the grains, although grain bound-
aries appear to be preferred nucleation sites, see Fig. 5.

For Ti–39Nb–13Ta–4.6Zr alloy, by contrast, after ageing at
300, 350, 400, 450, 500, or 600◦C for two days, no definite
α reflections were observed in the SAD patterns. Only very
faint and streakedω reflections were observed in the samples
aged at 300, 350, or 400◦C. Some precipitates were found in
the bright field image of the samples aged at 300, 350, 400,
450, or 500◦C (see Fig. 6(a)). SAD patterns taken from re-
gions containing appreciable amounts of the precipitate show
only β-phase reflections and no additional spots due to a sec-
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Fig. 3 Dark field TEM micrograph (a),〈110〉β SAD pattern (b) and an
indexed diffraction pattern (c) of Ti–29Nb–13Ta–4.6Zr quenched and then
aged at 300◦C for two days.

Fig. 4 (a) Bright field TEM micrograph of Ti–29Nb–13Ta–4.6Zr quenched
and then aged at 500◦C for two days; (b)〈111〉β SAD pattern showing the
superimposed patterns fromβ andα phases.

Fig. 5 Bright field TEM micrograph showing the nucleation of theα phase
from a grain boundary in Ti–29Nb–13Ta–4.6Zr quenched and then aged at
600◦C for two days.

ond phase in the sample (see Fig. 6(b)). After ageing at 500
or 400◦C for 12 days, some coarse plate-like precipitates were
observed in Ti–39Nb–13Ta–4.6Zr alloy (see Fig. 7(a)). The
corresponding SAD pattern shows that these precipitates be-
long to theα phase (see Fig. 7(b)).
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Fig. 6 Bright field TEM micrograph (a) and〈100〉β SAD pattern (b) of
Ti–39Nb–13Ta–4.6Zr quenched and then aged at 500◦C for two days.

4. Disscusion

This investigation has shown that the phase transformations
observed in Ti–Nb–Ta–Zr alloys are strongly related to the Nb
content. According to Kaufman’s results on the martensitic
starting temperature (Ms) of Ti–Nb alloys,23) Ms is a function
of Nb content, and it decreases with increase in Nb. TheMs

for 29 mass% and 39 mass%Nb is about 300 and 100◦C, re-
spectively. In the study of Moffat and Larbalestier,24) α′′ was
observed in alloys with the two compositions. In this study,
α′′ still appeared in Ti–29Nb–13Ta–4.6Zr (despite extra al-
loying with Ta and Zr) but not in Ti–39Nb–13Ta–4.6Zr. It is
known that the addition ofβ stabilizing elements decreases
the Ms and hence decreases theα′′ volume fraction.11,24)

Therefore, high content of Nb in combination with a signif-
icant amount of anotherβ stabilizing element (Ta) has con-
tributed to the stability of theβ phase and prohibited the for-
mation of theα′′ in quenched Ti–39Nb–13Ta–4.6Zr.

The stabilizing effect on theβ phase of the high Nb con-
tent appears to promote the formation of athermalω phase, in
contrast to its influence on the formation ofα′′ andα. This
is supported by the stronger evidence ofωath phase for the
high Nb alloy presented in Section 3.1. Athermal formation
involves a displacive mechanism, that is, it occurs by collapse
of atomic planes within the parent phase. Since no solute dif-
fusion is necessary for the formation ofωath, it occurs as soon

Fig. 7 Bright field TEM micrograph (a) and〈123̄1〉α SAD pattern (b) of
Ti–39Nb–13Ta–4.6Zr quenched and then aged at 500◦C for twelve days.

as the thermodynamic driving force is sufficient to initiate the
collapse of the crystallographic planes.17,18)This is the reason
why diffuse maxima close to the position of theω phase was
present on the SAD patterns of the high Nb alloy, although
solute diffusion is very difficult in this alloy, as evidenced by
the very slow kinetics ofα precipitation.

The experimental results show that the microstructure of
Ti–29Nb–13Ta–4.6Zr is sensitive to ageing treatment, with
the precipitation of both theα phase and theω phase during
ageing between 600 and 300◦C. The high Nb alloy, Ti–39Nb–
13Ta–4.6Zr, is more stable than Ti–29Nb–13Ta–4.6Zr. After
ageing treatment for relatively short time (two days), definite
evidence ofα phase and isothermalω phase was not observed
from bright field TEM image of the high Nb alloy. Instead,
precipitation similar to the formation of aβ+β ′ structure25,26)

was found in these aged specimens (see Fig. 6(a)). In the
study of anotherβ titanium alloy, Narayanan and Archbold26)

argued that when sufficientβ stabilizing additions are present
to retainβ to room temperature, solute segregation orβ-phase
separation would occur during ageing. This decomposition
mechanism can result in the formation of aβ phase that is rich
in β stabilising element,i.e., β ′. Moffat and Larbalestier,24)

on the other hand, believed that these unidentifiable precip-
itates areα nuclei. Our experimental results seem to sup-
port the argument of Moffat and Larbalestier, because long
time ageing of the Ti–39Nb–13Ta–4.6Zr specimens at 500 or



2968 S. Li, Y. Hao, R. Yang, Y. Cui and M. Niinomi

400◦C produced recognizableα phase (see Fig. 7).
It is notable that the oxygen content of Ti–29Nb–13Ta–

4.6Zr is about two times that of Ti–39Nb–13Ta–4.6Zr alloy.
Because oxygen stabilizes theα phase, the higher content of
oxygen may cause faster kinetics ofα precipitation in Ti–
29Nb–13Ta–4.6Zr alloy. Increasing oxygen content has sim-
ilar effect to decreasing Nb content on theβ transus temper-
ature because Nb is aβ stabilizer. The influence of Nb, Ta,
Zr and O on theβ transus temperature can be evaluated using
the following equation:27)

T (◦C) = 885− 8.5[Nb] − 1[Ta] − 2[Zr] + 200[O]
where the element in square brackets denotes its concentra-
tion by mass percentage in the alloy. Using this equation, the
β transus temperature of the low Nb alloy is estimated to be
higher by about 96◦C than that of the high Nb alloy, whereas
the contribution due to the difference in oxygen content be-
tween the two alloys is 14.4◦C, about 15% of the total effect
due to both Nb and oxygen. The foregoing discussion sug-
gests that the influence due to different oxygen levels on the
precipitation of theα phase is small compared to that due to
the difference in Nb content.

The above argument is based on the assumption that the
formation of theα phase is thermodynamically possible in
both alloys. Because the oxygen content of the high Nb alloy
is only about half that of the low Nb alloy, it is possible that
the formation of theα phase is almost completely suppressed
in the low Nb alloy which then falls out of the age-hardening
category. The relative contributions of the kinetic and thermo-
dynamic factors in delaying and suppressing the precipitation
of theα phase in this class of alloys await further clarification.

As mentioned in the introduction section, the strength and
Young’s modulus of an alloy are related to the relative amount
of its constituent phases. After ageing treatment, three phases
(α, β andω) are present in the two Ti–Nb–Ta–Zr alloys. Of
these phases theω has high Young’s modulus and low duc-
tility, so attention should be paid to theα + β microstruc-
ture. Compared to theβ phase, theα phase is harder28) and
possesses higher Young’s modulus.29,30) The Young’s mod-
ulus of the low Nb alloy was found to be sensitive to the
volume fraction of theα phase,28) and the strength of the al-
loy could be modified by changing the volume fraction of the
hard phase,31) so adjusting the volume fraction of theα phase
by ageing treatment is a possible way to balance the Young’s
modulus with tensile properties for optimal mechanical com-
patibility with human bone. Further research regarding the
effect of the volume fraction of theα phase on the Young’s
modulus and strength of the two Ti–Nb–Ta–Zr alloys are in
progress in the authors’ laboratories.

The present experimental work shows that short time (up
to 2 days) ageing treatment exerts little influence on the mi-
crostructure of Ti–39Nb–13Ta–4.6Zr. The precipitation of the
α phase that is needed to improve the strength of the alloy is
largely suppressed and does not occur at a practical rate, ow-
ing to the high concentration ofβ stabilizing elements and the
relatively low oxygen content (which promotes theα phase).
Therefore, as far as microstructural response (to ageing treat-
ment) is concerned, Ti–29Nb–13Ta–4.6Zr is better than Ti–
39Nb–13Ta–4.6Zr.

5. Conclusions

(1) Water quenching after solution treatment at 790◦C
for 1 h results in the formation ofβ + α′′ microstructure in
Ti–29Nb–13Ta–4.6Zr butβ phase in Ti–39Nb–13Ta–4.6Zr.
Athermalω phase particles could not be observed in both al-
loys, although the high Nb alloy shows stronger evidence of
the displacive transformation that leads toωath than the low
Nb alloy.

(2) Both α andω phase precipitate from the metastable
β matrix in quenched Ti–29Nb–13Ta–4.6Zr alloy during
isothermal ageing. Ageing between 600 and 350◦C for 48 h
results inα phase precipitation, and ageing between 400 and
300◦C for 48 h results in the isothermal precipitation ofω

phase.
(3) Ti–39Nb–13Ta–4.6Zr is more stable than Ti–29Nb–

13Ta–4.6Zr with respect to diffusional reactions, and no def-
inite evidence ofα or ω phase was observed in the former
alloy during short time isothermal ageing. Theα phase par-
ticles that can be structurally identified were observed after
longer time ageing (12 days) at both 500 and 400◦C in Ti–
39Nb–13Ta–4.6Zr.

(4) Ti–29Nb–13Ta–4.6Zr can be heat treated to obtain
different microstructures and is better than Ti–39Nb–13Ta–
4.6Zr as far as age hardenability is concerned.
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