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Abstract: Zr was added to Ti—Nb—Fe alloys to develop low elastic modulus and high strength S-Ti alloys for
biomedical applications. Ingots of Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr (at.%) were prepared by arc melting and then
subjected to homogenization, cold rolling, and solution treatments. The phases and microstructures of the alloys were
analyzed by optical microscopy, X-ray diffraction, and transmission electron microscopy. The mechanical properties
were measured by tensile tests. The results indicate that Zr and Fe cause a remarkable solid-solution strengthening
effect on the alloys; thus, all the alloys show yield and ultimate tensile strengths higher than 510 MPa and 730 MPa,
respectively. Zr plays a weak role in the deformation mechanism. Further, twinning occurs in all the deformed alloys
and is beneficial to both strength and plasticity. Ti—12Nb—2Fe—(8, 10)Zr alloys with metastable S phases show low
elastic modulus, high tensile strength, and good plasticity and are suitable candidate materials for biomedical implants.
Key words: biomedical Ti alloy; mechanical properties; solid-solution strengthening; work hardening; twinning-
induced plasticity

long-term implantation of commercial pure Ti
(CP-Ti) and Ti—6Al-4V extro-low interstitial
(wt.%) have caused public concern, because these
materials show much higher elastic modulus

1 Introduction

Ti and Ti alloys have been widely used

as biomedical implants owing to their good
comprehensive mechanical properties and corrosion
resistance, and excellent biocompatibility [1,2].
However, the health problems arising from the

(~110 GPa) than human bones (10-30 GPa), which
leads to the “stress shielding” effect [3]. Moreover,
the release of V and Al during long-term
implantation may cause some health problems [4—7].
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By contrast, f-type Ti alloys composed of highly
biocompatible elements, such as Nb, Ta, and Zr,
usually show low elastic modulus. Thus, they have
attracted extensive attention and are viewed as good
candidates for hard tissue replacement [8,9].

Some p-stabilizing elements, including Nb,
Mo, and Ta, are usually added to Ti alloys to obtain
the f phase at room temperature [2,10,11]. Neutral
elements, such as Zr and Sn, are also added to
slightly change the f stability and enhance the
strength [2,12,13]. Among the newly developed
[-type Ti alloys, Ti—Nb-based alloys, such as
Ti—29Nb—13Ta—4.6Zr (wt.%) [14], Ti—24Nb—4Zr—
8Sn (wt.%) [13], Ti—13Nb—13Zr (wt.%) [15],
Ti—35Nb—7Zr—5Ta (wt.%) [16], and Ti—24Nb—2Zr
(at.%; herein, the chemical compositions of alloys
are expressed in at.% unless indicated otherwise),
usually show low elastic modulus [17]. Fe is a
strong f-stabilizing element, and its melting point is
lower than that of Nb. Moreover, the price of Fe is
lower than those of Nb, Mo, and Ta; therefore, Fe is
added to reduce the cost of Ti alloys [18]. However,
the excessive addition of Fe results in the formation
of an intermetallic compound, thereby causing the
embrittlement of the alloys [18,19]. In the previous
study, 2at.% Fe (around 2 wt.%) was added
to Ti—Nb alloys, and Ti—(14, 16, 18, 20, 22, 24)Nb—
2Fe alloys were prepared and studied [20]. The
results indicate that Fe causes a noticeable
solid-solution strengthening effect and the Ti—
20Nb—2Fe and Ti—22Nb—2Fe alloys exhibit low
elastic modulus and suitable plasticity. Zr is a
neutral element and is usually viewed as a weak
p-stabilizing element for Ti alloys, because it can
decrease the martensite start temperature (M),
which is similar to Nb [10,21]. It also provides a
solid-solution strengthening effect and reduces the
elastic modulus of the alloys [22]. To reduce the
amount of Nb in Ti—20Nb—2Fe and Ti—22Nb—2Fe
and improve the mechanical properties, Zr is
used to partly replace Nb in Ti—Nb—Fe alloys;
thus, Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr alloys were
prepared and investigated in this study. It is
expected that the addition of Zr can slightly adjust
the phase stability of the alloys and provide a
solid-solution strengthening effect, consequently,
new alloys with high strength and low elastic
modulus suitable for biomedical implantation will
be obtained.

2 Experimental

Ingots of Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr
were prepared using pure Ti (99.999 wt.%), Nb
(99.95 wt.%), Fe (99.95 wt.%), and Zr (99.95 wt.%)
by non-consumable arc-melting in a water-sealed
copper crucible under a high-purity Ar atmosphere.
The ingots were homogenized at 1273 K for 10 h
followed by water quenching. After removing
the oxide layer, the ingots were cold-rolled at
room temperature to a total reduction rate of
approximately 83% without intermediate annealing.
Sheets with a thickness of 1.6 mm were obtained
and then cut into specimens using wire electrical
discharge machining. The specimens for the
following measurements were solution-treated at
1073 K for 1 h and then water-quenched.

The specimens for the microstructural
observations were mechanically ground, mirror-
polished, etched in 5vol.% HF solution, and
observed by an optical microscope. X-ray
diffraction (XRD) measurement was performed to
determine the phase constitutions using a Bruker
D8 X-ray diffractometer with Cu K, radiation at
a voltage of 40kV and a current of 40 mA.
Specimens with the gauge section of 12 mm X
3mm x 1.5 mm were subjected to tensile tests at
room temperature using an universal material
testing machine at a cross-head speed of
8.33x10°m/s. A strain gauge was fixed to the
specimens to ensure the accuracy of the strain
measurement during the tensile test. The elastic
modulus was measured by the free resonance
vibration method using the specimens with sizes of
40 mm x 10 mm x 1.5 mm (the details are
presented in Refs. [23,24]). The microstructures of
the specimens after the solution treatment and
tensile tests were further analyzed using
transmission electron microscopy (TEM) at a
voltage of 200 kV.

3 Results

3.1 Phases and microstructures

The diffraction peak corresponding to the
Ti—Fe intermetallic compound is not detected in the
XRD patterns of Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr
after solution treatment (Fig. 1). A weak diffraction
peak corresponding to " phase is observed in the
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pattern of Ti—12Nb—2Fe—6Zr (Fig. 1(c)). Other
alloys exhibit single £ phases according to the XRD
patterns (Figs. 1(a), (b), (d), (e)). The equiaxed /S
grains are observed in all the Ti—12Nb—2Fe—(2, 4,
6, 8, 10)Zr alloys as typically shown in Fig. 2. The
a" and o phases are hardly observed by optical
microscopy owing to the small size of the phases.
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Fig. 1 XRD patterns of Ti—12Nb—2Fe—(2, 4, 6, 8§, 10)Zr
after solution treatment: (a) Ti—12Nb—2Fe—2Zr; (b) Ti—
12Nb—2Fe—4Zr; (c) Ti—12Nb—2Fe—6Zr; (d) Ti—12Nb—
2Fe—8Zr; (e) Ti—12Nb—2Fe—10Zr

TEM measurement was performed to further
observe the changes in the phases with the increase
in Zr content. According to the selected-area
electron diffraction (SAED) pattern (insert in
Fig. 3(a)), Ti—12Nb—2Fe—2Zr consists of w and S
phases. The nano-sized w particles can be observed
in the dark field (Fig. 3(b)). The SAED spots of a"”
phase are found in Ti—12Nb—2Fe—6Zr (insert in
Fig. 4(a)), and some small bulk a” phases can be
observed in the dark field (Fig. 4(b)). The SAED
pattern (Fig. 5) indicates that Ti—12Nb—2Fe—8Zr
consists of a single f phase.

The XRD patterns and TEM results indicate
that the phases in the Ti—12Nb—2Fe—(2,4,6,
8,10)Zr alloys change from f+w phases to f+a”
phases and then to a single f phase with the
increase in Zr content. The structural stability of
p-Ti alloys is usually evaluated by the Mo
equivalent (Mo.,). WANG et al [25] have developed
a formula for calculating (Mo.)q by taking some
neutral elements, such as Zr and Sn, into
consideration. The (Mogg)q in at.% (this is the
same meaning as (Moeg)q in at.% from Ref. [25]),
average bonding order (EO ), and average d-orbital
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Fig. 2 Optical microstructures of Ti—12Nb—2Fe—2Zr (a),
Ti—12Nb—2Fe—6Zr (b), and Ti—12Nb—2Fe—8Zr (c) after
solution treatment

energy level (M 4) values of the alloys are
calculated and listed in Table 1 using the formula in
Refs. [25,26]. Notably, (Mo)q increases from
590 at.% to 8.62 at.% when the Zr content is
increased from 2 at.% to 10 at.%. Moreover, both
the B, and M, values of the alloys increase with
the increase in Zr content. The changes in (Mocg)o,
B,, and M, all indicate that the S stability
increases owing to the Zr addition in Ti—
12Nb—2Fe—(2, 4, 6, 8, 10)Zr. Additionally, the a"”
martensite transformation can be suppressed with a
further increase in the Zr content because Zr can
decrease the M; point of the alloy [10,21]. This
explains why the phase constitution changes from
[+ phases to f+a" phases and then to single S
phase. Therefore, Ti—12Nb—2Fe—(8, 10)Zr alloys
consist of single f phase.
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Fig. 4 TEM images of Ti—12Nb—2Fe—6Zr after solution treatment: (a) Bright-field image with SAED pattern; (b) Dark-

field image (Beam direction parallel to [011]p)
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Fig. 5 TEM bright-field image with SAED pattern of
Ti—12Nb—2Fe—8Zr after
direction parallel to [011]p)

solution treatment (Beam

3.2 Deformation behaviour

According to the true tensile stress—strain
curves of the Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr alloys
after solution treatment (Fig.6), all the alloys
exhibit similar deformation modes during the
tensile process, including elastic deformation,
plastic deformation, necking, and fracture.
Although the double-yield phenomenon is not
observed in the curves, a nonlinear deformation
between  elastic  deformation and  plastic
deformation is observed.

For the specimens obtained after the tensile
tests, changes in the phase are not observed from
the XRD patterns, but many deformation bands
are observed by optical microscopy. Two typical
microstructures are found in the deformed alloys.
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Table 1 (Moeg)o, B,,and M, for Ti-12Nb—2Fe—(2, 4,
6, 8, 10)Zr alloys

Alloy (Moe)o/at% B, M, /eV
Ti—12Nb—2Fe—2Zr 5.90 2.830 2424
Ti—12Nb—2Fe—4Zr 6.58 2836 2.434
Ti—12Nb—2Fe—6Zr 7.26 2842 2444
Ti—12Nb—2Fe—8Zr 7.94 2.848  2.454
Ti—12Nb—2Fe—10Zr 8.62 2.854  2.463
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Fig. 6 Tensile true stress—strain curves of Ti—12Nb—2Fe—
(2, 4, 6, 8, 10)Zr after solution treatment: (a) Ti—12Nb—
2Fe—2Zr; (b) Ti—12Nb—2Fe—4Zr; (c) Ti—12Nb—2Fe—6Zr;
(d) Ti—12Nb—2Fe—8Zr; (e) Ti—12Nb—2Fe—10Zr

For Ti—12Nb—2Fe—(2, 4)Zr, many thin interlaced
deformation bands appear in the S grains, as
typically shown in Fig. 7(a). By contrast, the bands
are thicker and almost parallel to each other in the S
grains of Ti—12Nb—2Fe—(6, 8, 10)Zr, as typically
shown in Fig. 7(b). Two bands with the widths of
approximately 200 nm are found in the TEM
bright-field image of Ti—12Nb—2Fe—2Zr (Fig. 8(a)),
and a band with the width of approximately 2.5 um
is observed in Ti—12Nb—2Fe—8Zr (Fig. 8(c)). Two
types of bands are both {332}4x113); twinning
based on the SAED patterns (Figs. 8(b) and (d))
obtained at the boundaries. The {332}x113)
twinning in £-Ti alloys is a deformation mechanism
of the f phase or a reversion of parent
{130},-(310),» twinning in the stress-induced a"”
martensite [27]. As the double-yield phenomenon
does not appear during tension and the residual a”
martensite is hardly observed in the alloys, the
twinning observed in this study is judged to be the
deformation mechanism of the § phase. The size of
the bands in Ti—12Nb—2Fe—2Zr is much smaller

than that in Ti—12Nb—2Fe—8Zr, which is agreed
with the optical microstructures, because the w
phase can hinder large shear deformation and
confine the twinning to a smaller scale. The
appearance of twinning in the deformed specimens
indicates that the f phases in Ti—12Nb—2Fe—(2, 4, 6,
8, 10)Zr are all metastable.

Fig. 7 Optical microstructures of Ti—12Nb—2Fe—2Zr (a)
and Ti—12Nb—2Fe—8Zr (b) after tensile tests

The stress of all the alloys increases with
increasing applied strain during the plastic
deformation stage, indicating that obvious work
hardening occurs in all the alloys. The work
hardening can be attributed to the strengthening
effect during tension. The work hardening ability,
which is reflected by the hardening index, is
different for each of the Ti—12Nb—2Fe—(2, 4, 6, 8,
10)Zr alloys. The Hollomon equation gives the
relationship between true stress and true stain for
plastic deformation:

o; =Kgj

where oy is the true stress, K is the strength
coefficient, ¢7 is the true strain, and # is the strain
hardening exponent [28,29]. The n values of the Ti—
12Nb—2Fe—(2, 4, 6, 8, 10)Zr alloys are calculated
to be 0.101, 0.100, 0.050, 0.048, and 0.054,
respectively, using the data corresponding to 5%—10%
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500 nm

Fig. 8 TEM images obtained from Ti—12Nb—2Fe—2Zr (a, b) and Ti—12Nb—2Fe—8Zr (c, d) after tensile tests: (a, ¢) Bright-
field images; (b, d) SAED patterns (Beam direction parallel to [011]5)

true strain in Fig. 6. In Ti—12Nb—2Fe—(2, 4)Zr,
highly interlaced twinning occurs during tension.
Thus, the movement of dislocations is reduced, and
the applied stress is continuously increased until
necking. Notably, Ti—12Nb—2Fe— 2Zr shows the
greatest n value because the @ phase prevents the
long-distance movement of dislocations. In
Ti—12Nb—2Fe—(6, 8, 10)Zr, w phase disappears and
only parallel twinning exists; consequently, the
hardening index values decrease to be around 0.05.

3.3 Mechanical properties

The elastic modulus (£) measured by the free
resonance vibration method, 0.2% proof stress (0y2),
ultimate tensile strength (oy,), and elongation (¢)
calculated using the stress—strain curves obtained
from the tensile tests are shown in Fig. 9. With the
increase in Zr content, both ¢, and o0y, show the
same trend; namely, they firstly decrease and then

increase. The changes in oo, and o, are mainly
attributed to the precipitation strengthening caused
by w phase and solid-solution strengthening caused
by Zr. Ti—12Nb—2Fe—2Zr shows a gy, of 548 MPa
and a o, of 758 MPa owing to the precipitation
strengthening of ® phase. With increasing Zr
content, the amount of @ phase decreases and
even disappears; consequently, the precipitation
strengthening effect becomes weak. Meanwhile, the
solid-solution strengthening of Zr is gradually
enhanced. The strength reduction caused by the
disappearance of precipitation strengthening can be
partly offset by solid-solution strengthening; thus,
the strength only slightly decreases. Ti—12Nb—
2Fe—6Zr shows the lowest oy, and o,, which are
around 510 and 730 MPa, respectively. When
the Zr content is further increased, solid-solution
strengthening become obvious; thus, the strength
increases gradually in Ti—12Nb—2Fe—(8, 10)Zr.
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Fig. 9 Elastic modulus (£) measured by free resonance
vibration method and 0.2% proof stress (oy,), ultimate
tensile strength (o,), and elongation (g) of Ti—12Nb—
2Fe—(2, 4, 6, 8, 10)Zr measured by tensile tests

Ti—12Nb—2Fe—10Zr shows the highest o0y, of
635 MPa and the highest o, of 778 MPa.

It is widely accepted that both precipitation
strengthening and strengthening
increase the strength but decrease the plasticity.
Therefore, with the increase in Zr content, the
elongation firstly increases and then decreases, in
contrast with the change in strength. Among the
Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr alloys, Ti—12Nb—
2Fe—6Zr exhibits the highest elongation of 40%,
and Ti—12Nb—2Fe—10Zr shows the lowest
elongation of 24%. Although the strength of these
alloys is higher than that of other alloys, the alloys
also show good plasticity, mainly owing to the
occurrence of twinning, which can cause twinning-
induced plasticity (TWIP) [30,31].

The order of the elastic modulus of each phase
in Ti alloys is usually o > a > a'> a" > f [32,33].
The elastic modulus of an alloy is the weighted
average of the elastic modulus of each phase
according to its volume fraction. Ti—12Nb—2Fe—2Zr,
with @ phase precipitation, shows the highest
elastic modulus of 96 GPa. The decrease in elastic
modulus is attributed to the changes in the phase
composition because the w and a” phases are
suppressed by Zr addition. Ti—12Nb—2Fe—8Zr
shows the lowest elastic modulus of 61 GPa owing
to the single metastable f phase. As the Zr content
i1s further increased to 10%, the elastic modulus
slightly increases to 63 GPa.

solid-solution

4 Discussion

The oxygen content in Ti alloys is an
important factor that influences the mechanical
properties and phase composition. High strength
and high plasticity can be obtained in Ti—Nb—Ta—
Zr—0 alloys owing to the Zr—O atom clusters [34].
However, additional oxygen was not added to the
studied alloys. Based on infrared absorption, the
oxygen content in the studied alloys ranges from
0.07 to 0.09 wt.%, which is a common range for Ti
alloys prepared by arc melting [35,36]. Therefore,
the S phase stability, deformation mechanism, and
mechanical properties are hardly influenced by
oxygen content.

Similar to Nb, Zr is reported to stabilize f
phase, because it can suppress the w and o”
transformations during quenching and inhibit
the stress-induced a” martensitic transformation
(SIMT) and twinning during deformation [10,17,21].
In Ti—(14-24)Nb—2Fe, twinning is inhibited by
adding Nb and is not observed in the deformed
Ti—20Nb—2Fe alloy [20]. Similarly, twinning
gradually decreases in the deformed Ti—24Nb—
(0,2, 4)Zr and Ti—29Nb—2Cr—(4, 7, 10, 13)Zr (wt.%)
alloys with the increase in Zr content [17,37]. By
constant, twinning is observed in all the deformed
Ti—12Nb—2Fe—(2, 4, 6, 8, 10)Zr alloys, indicating
that it is not strongly inhibited by Zr in the alloys
with a low f-stabilizer content. The influence of Zr
on the deformation behaviours of the alloys is weak
because Zr and Ti are of the same family in the
periodic table and twinning is also a deformation
mechanism of f-Zr [38].

The strengths of Ti—12Nb—2Fe—(2, 4, 6, 8)Zr
alloys are obviously greater than those of
Ti—(14—24)Nb—2Fe alloys [20], indicating that Zr
shows a much greater solid-solution strengthening
effect than Nb. Ti—12Nb—2Fe—8Zr consists of
single f phase, but the o" phase appears in
Ti—18Nb—8Zr after solution treatment [39]. This
indicates that compared to 6 at.% Nb addition,
2 at.% Fe addition exhibits greater ability to
stabilize the S phase and inhibit the a” phase
transformation during quenching. The TiFe,
intermetallic compound is not observed in all the
alloys owing to the small amount of Fe, but
Ti—12Nb—2Fe—8Zr shows much higher oy, and o,
than Ti—18Nb—8Zr [39], suggesting that Fe also
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shows a much greater solid-solution strengthening
effect than Nb.

A low elastic modulus is usually obtained in Ti
alloy with single metastable £ phase, and Zr is
beneficial to reducing the elastic modulus of Ti
alloys. The solid-solution strengthening effect of Fe
and Zr increases the strength of the alloys, and the
appearance of twinning during deformation is
beneficial to increasing the ductility and work
hardening. The synergistic effect of the strengthening
mechanism and deformation mechanism makes the
alloys exhibit high strength and high plasticity.
Ti—12Nb—2Fe—(8, 10)Zr alloys with the metastable
S phase both show a elastic modulus lower than
65 GPa, which is close to those of Ti—29Nb—13Zr—
4.6Zr (wt.%), Ti—24Nb—4Zr—8Sn (wt.%), and
Ti—35Nb—7Zr—5Ta (wt.%), and lower than those of
cp-Ti, Ti—6Al-4V (wt.%), Ti—15Mo (wt.%), and
Ti—13Nb—13Zr (wt.%) [40]. Moreover, the addition
of Fe and Zr and the occurrence of twinning make
Ti—12Nb—2Fe—8Zr and Ti—12Nb—2Fe—10Zr exhibit
tensile strengths of 750 MPa and 780 MPa and
elongations of 34% and 24%, respectively.
Therefore, the Ti—12Nb—2Fe—(8, 10)Zr alloys show
great potential for implant materials.

5 Conclusions

(1) The increase in Zr content inhibits the w
and a" transformations in Ti—12Nb—2Fe—(2, 4, 6, 8,
10)Zr during quenching. The w phase is found in
Ti—12Nb—2Fe—2Zr, and the a" phase is found in
Ti—12Nb—2Fe—6Zr. Furthermore, Ti—12Nb—2Fe—
(8, 10)Zr alloys consist of single f phase.

(2) The deformation mode is only slightly
changed by Zr addition. Twinning is observed in all
the deformed alloys and reveals twinning-induced
plasticity. All the alloys exhibit obvious work
hardening during plastic deformation. The solid-
solution strengthening of Zr can almost counteract
the strength reduction caused by the disappearance
of w-phase precipitation strengthening.

(3) Low elastic moduli are obtained in
Ti—12Nb—2Fe—(8, 10)Zr with single metastable f
phase. Under the joint effect of solid-solution
strengthening and twinning-induced plasticity,
Ti—12Nb—2Fe—(8, 10)Zr alloys show high strengths
and good plasticity and are suitable for using as
biomedical implants.
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