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a  b  s  t  r  a  c  t

We  have  fabricated  a new  � metastable  titanium  alloy  that  comprised  of  non-toxic  elements  Mo  and  Zr.
Ingot  with  composition  of  Ti–12Mo–5Zr  is  prepared  by melting  pure metals  in  a  vacuum  non-consumable
arc  melting  furnace.  The  alloy  is  then  homogenized  and  solution  treated  under  different  temperature.
The  alloy  is characterized  by  optical  microscopy,  X-ray  diffraction,  tensile  tests  and  found  to  have  an
acicular martensitic  �′′ +  � structure  and  dominant  � phase  for the  1053  K  and  1133  K  solution  treatment
samples,  respectively.  The  elastic  modulus  of the  latter  is about  64 GPa,  which  is  much  lower  than  those
of pure  Ti and  Ti–6Al–4V  alloy.  In addition,  it had  moderate  strength  and  much  higher  microhardness
as compared  with  Ti–6Al–4V  alloy.  The  results  show  better  mechanical  biocompatibility  of this alloy,
echanical properties
lectrochemical characterization
iomedical application

which  will  avoid  stress  shielding  and  thus  prevent  bone  resorption  in orthopedic  implants  applications.
As  long-term  stability  in  biological  environment  is required,  we  have  also  evaluated  the electrochemical
behavior  in  a simulated  body  fluid  (Hank’s  solution).  Potentiodynamic  polarization  curves  exhibits  that
the 1133  K  solution  treatment  Ti–12Mo–5Zr  sample  has better  corrosion  properties  than  Ti–6Al–4V  and
is  comparable  to the  pure  titanium.  The  good  corrosion  resistance  combined  with  better  mechanical
biocompatibility  makes  the  Ti–12Mo–5Zr  alloy  suitable  for  use  as  orthopedic  implants.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Titanium-based alloys have become most attractive materials in
iomedical applications due to their low density, excellent biocom-
atibility, better corrosion resistance and relatively good fatigue
esistance [1,2]. So far the mainstream titanium biomaterials are
ure titanium and Ti–6Al–4V alloy. Although commercial purity
c.p.) titanium offers better corrosion resistance and tissue toler-
nce, its relatively low strength and poor wear resistance restrict
ts usage to non-load-bearing applications such as pacemaker case
nd heart valve cages. The typical � + � phase Ti–6Al–4V alloy, on
he other hand, has achieved by far the greatest success in ortho-
edic implant applications because it has an excellent combination
f strength and toughness along with good corrosion resistance.
owever, the concerns over the cytotoxicity of vanadium and alu-
inum on this alloy have been raised in the 1980s [3,4]. Vanadium

ould cause long-term health problems such as peripheral neu-

opathy and osteomalacia. Aluminum was reported to be a growth
nhibitor of bone and possible induced Alzheimer’s disease. In addi-
ion, a relatively high elasticity modulus mismatch between the

∗ Corresponding author. Tel.: +86 21 34202759; fax: +86 21 34202759.
E-mail address: xnzhang@sjtu.edu.cn (X. Zhang).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.090
Ti–6Al–4V alloy (110 GPa) and the bone (3–20 GPa) induced stress
shielding effect, which could cause insufficient loading on bone
adjacent to the implant, leading to an eventual failure of the implant
[5].

Therefore, it engines the development of non-toxic and low
elastic modulus � or near-� type titanium alloys for biomedical
applications. Mo,  Nb, Ta, Zr and Sn are selected as alloying ele-
ments to titanium because they are non-toxic and non-allergic
[6] and also stabilize � phase showing lower elasticity modulus
and greater strength. In recent years, Ti–Mo [7],  Ti–Mo–Nb [8],
Ti–12Mo–5Ta [9],  Ti–13Nb–13Zr [10], Ti–35Nb–2Ta–3Zr [11], and
Ti–29Nb–11Ta–5Zr [12] have been researched with emphasis on
their microstructure, mechanical properties and corrosion resis-
tance for medical applications. For example, Ti–13Nb–13Zr alloy in
which Zr is used to replace Al was  developed by Smith & Nephew
Richards Inc. [13]. Two  symbolic � alloys, Ti–12Mo–6Zr–2Fe and
Ti–35Nb–7Zr–5Ta, showed an elastic modulus of 74–86 GPa and
55 GPa respectively and excellent biocompatibility [14,15].

In this paper, we  discuss the microstructure and mechanical
properties of a new TiMoZr alloy. The new Ti–12Mo–5Zr samples

were characterized using optical microscope, XRD and tensile tests.
The electrochemical behavior of this alloy was also investigated due
to the corrosion behavior was  of crucial interest for the biocompat-
ibility in biomedical implants.

dx.doi.org/10.1016/j.jallcom.2011.05.090
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xnzhang@sjtu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.05.090
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Fig. 1. Microstructure of the Ti–12Mo–5Zr alloys: (a) homogenized; (b) 1053 K ST; and (c) 1133 K ST.

Table  1
Chemical composition of the TiMoZr alloy.
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Element Mo  Zr O N C Fe Ti

wt.% 12.05 5.3 0.08 0.01 0.012 0.038 Balance

. Materials and methods

The TiMoZr alloy with a nominal composition (in weight fraction) of
i–12Mo–5Zr was fabricated by vacuum non-consumable arc melting furnace. Due
o  the big difference in the melting point (Ti: 1943 K; Mo:  2890 K; Zr: 2125 K) and
ensity (Ti: 4.5 g/cm3; Mo: 10.2 g/cm3; Zr: 6.49 g/cm3) of the pure metals, the ingot
as  re-melted three times to ensure compositional homogeneity. After that the

lloy ingot was homogenized at 1273 K for 10 h in vacuum condition. Table 1 shows
he chemical composition of the TiMoZr samples obtained by Varian’s inductively
oupled plasma optical emission spectrometer (ICP-OES).

The specimens were subjected to solution treatment (ST) at 1053 K and 1133 K
or  1 h followed by a rapid water quenching. The microstructures observations of
he as-homogenized, as-solution specimens were carried out by optical microscope.
-ray diffraction measurements were done at room temperature under the condi-

ions of Cu K� radiation, 35 kV, and 200 mA  (Rigaku, D/MAX255). Tensile tests were
etermined on MTS-810 system at a strain rate of 1.5 × 10−4 s at room temperature.
ickers hardness was  measured using a HX-1000 hardness tester using a load of
00  gf and a dwell time of 15 s.

The corrosion behavior was investigated by electrochemical test on the CH
nstruments 660D Electrochemistry Workstation in Hank’s solution at 37 ◦C. Poten-
iodynamic polarization scans were carried out on the as-solution samples with a
can rate of 5 mV/s in the range from −1 V to 2 V vs. SCE. Commercial pure titanium
Grade 2) and Ti–6Al–4V were also tested for comparison. The chemical compo-
ition of Hank’s solution includes: NaCl: 8 g/l, KCl: 0.4 g/l, CaCl2: 0.14 g/l, NaHCO3:
.35  g/l, glucose: 1.0 g/l, MgCl2·6H2O: 0.1 g/l, MgSO4·7H2O: 0.06 g/l, KH2PO4: 0.06 g/l,
a2HPO4·12H2O: 0.06 g/l.

. Results and discussion

Fig. 1 shows the microstructure of the homogenized and
olution-treated specimens. The homogenized one shows a �-
hase microstructure seen from Fig. 1a. The 1053 K ST specimen
Fig. 1b), however, consists of a mixture of acicular martensitic
′′ and � phase. The XRD patterns plotted in Fig. 2 confirmed the
resence of these structures. The 1133 K ST specimen exhibits an
quiaxial � phase microstructure with a grain size of a few tens
icrometers and no evidence of �′′ precipitation in the beta matrix
Fig. 1c). Nevertheless, the X-ray diffraction profile in Fig. 2 shows
he presence of martensite �′′ phase. A possible reason is the precip-
tation of the orthorhombic martensite �′′ phase cannot be detected

ith optical microscopy due to the small size.

able 2
echanical properties of the Ti–12Mo–5Zr alloy.

Alloys Young’s modulus (GPa) Yield strength (MPa) 

Homogenized 90.9 ± 2.2 956 ± 23 

1053  K ST 78.6 ± 1.7 540 ± 11 

1133  K ST 64.5 ± 0.3 509 ± 16 

c.p.  Ti (grade 2) [18] 105 – 

Ti–6Al–4V (grade 5) [18] 114 – 
Fig. 2. XRD result of Ti–12Mo–5Zr with different heat treatment.

Molybdenum is a �-stabilizing element, whereas zirconium is
usually regarded as a neutral element, which does not stabilise
either � or � phase. However, Zr addition does retard the marten-
sitic transformation during cooling, thereby contributing to the
hardenability [16]. Antipov and Moiseev [17] further commented
that the addition of 6%Zr could produce an equivalent effect to
that of 1.5%Mo. According to the coefficient of � stabilisation, the
stability of � phase is quantified as:

Kˇ =
∑

i

ci

ˇc,i
(1)

where ci is the concentration of the �-stabilising element in the
alloy and ˇc,i is its critical concentration. The titanium alloys whose
Kˇ are in the region of 1–1.5 (i.e. 1 < Kˇ < 1.5) was  defined as
metastable � alloys. For the Ti–12Mo–5Zr alloy, the Kˇ is 1.1, which
classified this alloy in the metastable � category.

The mechanical characteristics of Ti–12Mo–5Zr alloy obtained

by tensile and microhardness tests are summarized in Table 2. The
Young’s modulus of the TiMoZr alloy are much lower than that
of the pure titanium and Ti–6Al–4V alloy reported in other litera-
ture [18], especially for the 1133 K solution treated Ti–12Mo–5Zr

Ultimate tensile strength (MPa) Elongation (%) Hardness (HV)

1028 ± 16 4.1 ± 0.2 396 ± 13
695 ± 25 3.9 ± 0.5 427 ± 20
628 ± 32 4.7 ± 0.3 442 ± 8
344 20 145
860 15 341
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Table 3
Tafel analysis results obtained from polarization curves of Ti alloys in Hank’s
solution.

Alloys Ecorr (V) icorr (�A/cm2) Rp (�/cm2)

1053 K ST −0.682 −7.26 −11227
1133 K ST −0.680 −3.70 −24781
C. Zhao et al. / Journal of Alloys a

amples. It is known that Young’s modulus is determined by the
onding force among atoms and greatly affected by the crys-
al structure. In their study of Ti–25 at% Nb alloy, Yao et al. [19]
alculated the Young’s moduli of �′′, � and � phase through
oigt–Reuss–Hill Approximation. They found that � phase had

he lowest Young’s modulus, which was 35.29 GPa compared to
6.93 GPa of �′′ phase and 75.62 GPa of � phase. Other literatures
20,21] also reported that the � phase has higher elastic modulus
han the �′′ phase, and the � phase has the lowest in the Ti alloys.
n this paper, the 1053 K ST and 1133 K ST Ti–12Mo–5Zr alloy both
ossessed lower modulus due to the emergence of �′′ and � phase,
nd with the � phase volume fraction increasing, the Young’s mod-
lus further decreased. Long-term experiments have shown that
he high modulus titanium implants transfer insufficient load to
djacent remodeling bone and result in bone resorption and even-
ual loosening of the prosthetic devices [22]. The Young’s modulus
f 1133 K ST Ti–12Mo–5Zr is 64.5 GPa, which is much closer to nat-
ral bone, that will minimize the bone resorption arise from the
tress shielding effect and consequently increase the long-term
tability of the implants.

The yield strength and ultimate tensile strength of the TiMoZr
lloy are much higher than that of pure titanium and comparable
o that of Ti–6Al–4V alloy. The strength decrease in the solution
reated samples is partly due to the dissolution of prior � particles
nto � matrix, and partly due to � grain coarsening. As we know the
trength of metals is strongly correlated to its microstructure, the
ner microstructure processed by cold- or hot-work will greatly

mprove its tensile strength and elongation to failure. Another
roperty, the permissible strain, is also important for orthopedic
aterial design. The permissible strain is defined as the ratio of

ield strength to ultimate strength, representing the deformation
apacity of a mechanical construct. A good bio-metal should have

 higher permissible strain than human cortical bone (0.67). In the
omogenised state, the alloy Ti–12Mo–5Zr had a permissible strain
f 0.93, while in the solution treated state, the permissible strain
as 0.78 for 1053 K ST and 0.81 for 1133 K ST, which are comparable

o that of Ti–6Al–4V and Ti–6Al–7Nb alloys [23]. It is known that the
rystal structure/phase and grain size could affect the Vickers hard-
ess of the alloys [8].  The 1133 K ST TiMoZr alloy with � + �′′ phase
ad the highest Vickers hardness value (442 HV), while homoge-
ized TiMoZr alloy with � phase had the lowest hardness (394 HV).
he Vickers hardness of 1053 K ST TiMoZr is slightly lower than
hat of 1133 K ST alloy, which is inconsistent with the tensile prop-

rty results. That may  be derived from the inhomogeneity of the
amples.

Fig. 3 shows a representative potentiodynamic polarization
urve for the Ti–12Mo–5Zr samples as compared with pure Ti

ig. 3. Representative potentiodynamic polarization diagrams of TiMoZr samples
fter  different heat treatment.
c.p.  Ti (grade 2) −0.755 −0.62 −40108
Ti–6Al–4V −0.668 −6.05 −16010

and Ti–6Al–4V in Hank’s solution. The corrosion parameters deter-
mined from the Tafel region of the polarization curves are given
in Table 3. Tafel analysis indicated that the corrosion potentials,
Ecorr, of the TiMoZr samples with different ST were similar. The
corrosion current density, icorr, of 1133 K ST Ti–12Mo–5Zr, how-
ever, was  only half of the 1053 K ST sample and was  also much
lower than that of Ti–6Al–4V. The c.p. Ti possessed the lowest
corrosion current density. The lower icorr value of 1133 K ST sam-
ple suggested improvement in corrosion resistance property. The
polarization resistance Rp determined from the linear polarization
diagram listed in Table 3 showed that the Rp values decreased
in sequence c.p. Ti > 1133 K ST > Ti–6Al–4V > 1053 K ST. The anodic
branch of the polarization curve exhibited passive behavior asso-
ciated with the protective films in 1133 K ST and c.p. Ti specimen.
However, the 1053 K ST specimen and Ti–6Al–4V specimen did not
show obvious passive regions.

The electrochemical results revealed that the corrosion resis-
tance of the 1133 K ST Ti–12Mo–5Zr alloy is better than that of
Ti–6Al–4V alloy and comparable to that of c.p. Ti. As Glass and Hong
[24] had pointed out, the addition of Mo  increased thermodynamic
stability of titanium presumably due to its low diffusivity and pro-
moted the resistance to pitting corrosion. Oliveira et al. [25] also
showed that Ti–Mo alloys had good corrosion resistance in aer-
ated Ringer solution. Another reason should be attributed to the
changes occurred in the phases. As aforementioned and shown in
Fig. 1, the 1053 K ST Ti–12Mo–5Zr is constituted by fine needle-
like traces of �′′ martensite. The 1133 K ST is consisted mainly of �
phase. Min  et al. [26] suggested that the � matrix with continuity
and a high Mo  content could maintain the stability of the pas-
sive film and showed high corrosion resistance against the crevice
attack. As �′′ phase (the less noble acicular phase) precipitating
in the � phase (the nobler matrix phase), the galvanic corrosion
effect [27] is inevitable and the corrosion resistance decreases. The
good corrosion property combined with better modulus property
and moderate strength and hardness, suggests the Ti–12Mo–5Zr
alloy be an alternative material in orthopedic implant applica-
tions.

4. Conclusion

In this work, a new near � type titanium alloy composed of
non-toxic elements Mo  and Zr has been developed. Based on the
results obtained from this investigation on the microstructures,
mechanical property and electrochemical corrosion, the following
conclusions can be drawn. The new Ti–12Mo–5Zr alloy exhibits
acicular martensitic �′′ + � structure and � phase after 1053 K
and 1133 K solution treatment, respectively. The latter possesses
a lower Young’s modulus (about 64 GPa), moderate strength and
higher microhardness which shows better mechanical biocompat-
ibility in order to be used as orthopedic implants and to avoid
stress shielding and thus prevent bone resorption and implant
failure. The 1133 K ST Ti–12Mo–5Zr alloy also has a good resis-

tance to corrosion in the electrochemical test as compared to
Ti–6Al–4V. Thus, the new �-metastable Ti–12Mo–5Zr alloy can
be an alternative biomaterial for orthopedic implant applica-
tions.
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