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a b s t r a c t

In this study, the microstructures, mechanical properties, corrosion behaviors, in vitro cytocompatibility
and magnetic susceptibility of Zr–1X alloys with various alloying elements, including Ti, Nb, Mo, Cu, Au,
Pd, Ag, Ru, Hf and Bi, were systematically investigated to explore their potential use in biomedical appli-
cations. The experimental results indicated that annealed Zr–1X alloys consisted entirely or primarily of a
phase. The alloying elements significantly increased the strength and hardness of pure Zr and had a rel-
atively slight influence on elastic modulus. Ru was the most effective enhancing element and Zr–1Ru
alloy had the largest elongation. The results of electrochemical corrosion indicated that adding various
elements to Zr improved its corrosion resistance, as indicated by the reduced corrosion current density.
The extracts of the studied Zr–1X alloys produced no significant deleterious effects on osteoblast-like
cells (MG 63), indicating good in vitro cytocompatibility. All except for Zr–1Ag alloy showed decreased
magnetic susceptibility compared to pure Zr, and Zr–1Ru alloy had the lowest magnetic susceptibility
value, being comparable to that of a0 phase Zr–Mo alloy and Zr–Nb alloy and far lower than that of
Co–Cr alloy and Ti–6Al–4V alloy. Among the experimental Zr–1X alloys, Zr–1Ru alloy possessing high
strength coupled with good ductility, good in vitro cytocompatibility and low magnetic susceptibility
may be a good candidate alloy for medical devices within a magnetic resonance imaging environment.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The favorable properties of acceptable mechanical strength,
high corrosion resistance and excellent biocompatibility have
made zirconium alloys suitable for structural biomaterials [1–3].
The use of zirconium and its alloys as implants in traumatology,
orthopedics and stomatology has been reported [4,5]. A dense
cohesive oxide film (ZrO2) spontaneously forms on the surface of
Zr metal in various electrolytes, which not only diminishes the
corrosion rate (inhibiting metal ions release), but also determines
the degree of its biocompatibility and osseointegration. In addition,
in comparison with titanium, zirconium did not form calcium
phosphate (main component of human bone) but zirconium phos-
phate on its surface in Hank’s solution [6]. Thus, Zr was considered
to be more suitable for removable bone fixation devices than Ti,
since it may minimize the assimilation with bone, reducing the
operation difficulty of removal. However, when good fusion with

bones is required, for instance with endosseous implants, several
novel techniques of surface treatment have been developed to
modify the Zr surface for improving the osseointegration ability,
such as alkaline treatment [7,8], the sol–gel method [9], anodiza-
tion [10] and micro-arc oxidation [11]. The surface oxidized Zr–
2.5Nb alloy has been commercially used in artificial knee and hip
joints owing to its superior wear resistance [12].

Nowadays, magnetic resonance imaging (MRI) has become a
powerful diagnostic tool in orthopedics and brain surgery. How-
ever, MRI diagnosis is inhibited by the presence of metallic im-
plants in the body because they become magnetized in the
intense magnetic field of the MRI instrument, which may produce
image artifacts and therefore prevent exact diagnosis [13,14]. To
decrease the artifacts, medical devices with low magnetic suscep-
tibility (v) are required. Compared with stainless steel, Co–Cr al-
loys and titanium, zirconium has lower magnetic susceptibility
and is more suitable for surgery performed in an MRI circumstance
than the others [15]. In Zr alloys, the magnetic susceptibility of dif-
ferent phases decreased in the following sequence: vb > va0 > vx,
and the alloys consisting of a0 phase were proposed as candidates
for medical devices used under MRI [15,16]. Therefore, there is
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great interest in developing novel Zr alloys with excellent biocom-
patibility and MRI compatibility.

In the design of binary Zr–X alloys, the compositions of several
industrial zirconium alloys are referred, such as E110 (Zr–1Nb), M5
(Zr–1Nb–O) and Zirlo (Zr–1Nb–1Sn–0.1Fe) [17,18], in which 1 wt.%
Nb and Sn have been alloyed into Zr as the binary/ternary constit-
uent(s). Besides, most of the alloying elements have low solid sol-
ubility in a-Zr in equilibrium (Nb: 0.6 [19]; Mo: 0.18 [19]; Cu: 0.14
[20]; Pd: 0.12 [21]; Au: �1 [22]; Ru: 1.1 [23]; Ag: 2.6 [24], in wt.%).
Moreover, when adding too much alloying element into Zr, the
resulting intermetallic phase precipitates may reduce the corrosion
resistance of the Zr–X alloys. In addition, the a (a0) phase showed
lower magnetic susceptibility than the b phase in Zr alloys. There-
fore in the present study, 1 wt.% of the alloying element X was
added into Zr for obtaining a phase Zr–X alloys with no or mini-
mum precipitation of compounds. The alloying elements of tita-
nium (Ti), niobium (Nb), molybdenum (Mo), copper (Cu), gold
(Au), palladium (Pd), silver (Ag), ruthenium (Ru), hafnium (Hf)
and bismuth (Bi) were selected. Zr–Ti alloys have been reported
to have a unique combination of improved mechanical strength,
good corrosion resistance and biocompatibility [25,26]. Besides,
Ti, Zr and Hf belong to the same group in the periodic table of ele-
ments, and a complete solid solution is expected to form in wide
variations of composition. In addition, Zr–Nb alloys [27,28] and
Zr–Mo alloys [15,29], incorporating the non-toxic elements of Nb
and Mo, have been explored because of the improved mechanical
properties and corrosion resistance in regard to pure Zr, and their
lower magnetic susceptibility than Ti and Ti alloys. The noble met-
als, Au, Ag, Ru and Pd, are constituents of dental cast alloys for den-
tal prostheses due to their high chemical stability and
biocompatibility [30]. The separate addition of Au, Ag, Ru and Pd
may enhance the corrosion resistance of Zr in biological fluid,
resembling the superior corrosion performances of Ti–noble metal
alloys [31–34]. Moreover, Ru has a very low magnetic susceptibil-
ity (0.385 � 10�6 cm3 g�1) [35]. Cu was selected for alloying as it
was proven to be beneficial for increasing the corrosion resistance
of a Zr–Nb alloy [36]. Bismuth compound is considered to have
antitumor activity [37]. An implant made of Bi containing Ti–Mo
alloy was reported to reveal superior potential of new bone growth
[38].

In this study, various Zr–1X alloys were designed and fabricated
in order to screen the optimum alloy element(s) for novel biomed-
ical Zr alloys with sufficient mechanical properties, improved cor-
rosion resistance, excellent biocompatibility and low magnetic
susceptibility. Besides, for as-casting ingots, cold deformation
and annealing were performed to obtain plate samples with high
strength and good ductility. The result may provide the direct
guideline on the composition design and treatment process of
new kinds of biomedical Zr alloys in the future.

2. Materials and methods

2.1. Alloy preparation

The binary Zr–1 wt.% X alloys with various alloying elements
(Ti, Nb, Mo, Cu, Au, Pd, Ag, Ru, Hf and Bi) were prepared from zir-
conium wire (99.9%) and respective high-purity metals (99.9%) in a
non-consumable arc melting furnace under an Ar atmosphere.

Each alloy ingot was re-melted six times by inversion to improve
its chemical homogeneity. The chemical compositions of prepared
Zr–1X alloys were determined by energy dispersive spectrometry
(EDS) and the results are given in Table 1. The obtained ingots were
hot-rolled to 3 mm thick sheets at 800 �C, and then cold-rolled into
thin plates 1.5 mm in thickness for a total reduction of 50%. The
test samples were prepared by electro-discharge machining from
the rolled plates and then annealed at 600 �C for 2 h.

2.2. Microstructural characterization

An X-ray diffractometer (XRD, Philips X’Pert Pro, the Nether-
lands) with a Ni filtered Cu Ka radiation was employed to analyze
the phase constitution of the experimental Zr–1X alloys. The
microstructure of these alloys was examined using an optical
microscope (OM, BX51M Olympus, Japan). The specimens were
mechanically polished via a standard metallographic procedure
and then etched in a solution of HF, HNO3 and H2O
(10%:45%:45% in volume).

2.3. Mechanical properties tests

The uniaxial tensile test was performed with an initial strain
rate of 5 � 10�4 s�1 on a mechanical tester (Instron5969, USA) at
room temperature. The 0.2% offset yield strength (YS) and the ulti-
mate tensile strength (UTS) were obtained from the stress–strain
curve. For each alloy, five duplicate specimens were tested. Hard-
ness of Zr–1X alloys was determined by a digital Vickers microh-
ardness tester (HMV-2T, Shimadzu, Japan) with a 1.961 N load
and 15 s dwell time. Six points were chosen and measured in dif-
ferent positions of each sample to get an average value.

The elastic modulus of studied alloys was determined by a nan-
oindentation test using an in situ nanomechanical test system
(Hysitron, USA) with a diamond Berkovich indenter. Prior to mea-
surement, the indenter was calibrated by measuring the elastic
modulus of a fused silica standard sample (69.9 GPa). A maximum
load of 10 mN was applied and the loading/unloading rate was
fixed at 500 lN s–1. The impression was held for 5 s at the peak
load before unloading. Ten indentations were made on each sam-
ple. The elastic modulus was obtained from the unloading curve
based on the Oliver–Pharr method [39].

2.4. Electrochemical corrosion measurements

The electrochemical experiments were conducted in a three-
electrode system at a constant temperature of 37.0 ± 0.5 �C in a
water bath. A saturated calomel electrode (SCE) and a palladium
foil were used as the reference electrode and counter electrode,
respectively. The electrolyte was Hank’s simulated body fluid with
pH = 7.4 [27]. The electrochemical behavior of pure Ti (Grade 2),
AISI 316L stainless steel (316L SS), Ti–6Al–4V alloy and Co–Cr–
Mo alloy were also studied under the same testing condition as
references. The open-circuit potential (OCP) of each sample was
continuously monitored for 2 h in Hank’s solution. At the end of
the exposure of 2 h, the potentiodynamic polarization measure-
ment was conducted from �0.8 to 1.5 V (vs. SCE) with a scan rate
of 1 mV s–1.

Table 1
Chemical compositions of Zr–1X alloys analyzed by EDS (wt.%).

Zr–1Ti Zr–1Nb Zr–1Mo Zr–1Cu Zr–1Au Zr–1Pd Zr–1Ag Zr–1Ru Zr–1Hf Zr–1Bi

X 1.58 1.49 1.33 1.52 1.72 1.91 1.11 1.66 1.12 1.89
Zr 98.42 98.51 98.67 98.48 98.28 98.09 98.89 98.34 98.88 98.11
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2.5. Static immersion test

The static immersion test in Hank’s simulated body fluid was
carried out in accordance with the ASTM-G31-72 specification
[40]. The plate samples of pure Zr, and Zr�1X alloys with the size
of 10 � 10 � 1 mm, were immersed in 48 ml test solution for
30 days at a constant temperature of 37.0 ± 0.5 �C. The inductively
coupled plasma atomic emission spectrometry (Leeman, Profile
ICP-AES) was employed to measure the concentration of metallic
ions.

2.6. Cell experiments

Human osteoblast-like cells (MG 63) were adopted to evaluate
the cytotoxicity of Zr–1X alloys in this study. Cells were cultured
in minimum essential medium (MEM), containing 10% fetal bovine
serum (FBS), 100 U ml–1 penicillin and 100 lg ml–1 streptomycin.
They were incubated in a humidified atmosphere with 5% CO2 at
37 �C in a cell incubator. The culturing medium was changed every
three days throughout cell experiments. The cell viability of Zr–1X
alloys was evaluated by an indirect method according to the
instruction of ISO 10993-12:2007 [41]. Extracts of testing materials
were obtained using serum free MEM as the extraction medium.
For 3 cm2 of material, 1 ml medium was used and the extraction
was conducted for 72 h at 37 �C. Cell culture medium (MEM) was
used as a negative control, pure Ti (Grade 2) as a material control
and MEM containing 10% dimethylsulfoxide (DMSO) as a positive
control. Cells were first seeded in 96-well plates at a density of
4 � 103 cells per 100 ll medium and incubated for 24 h to allow
cell attachment. Then culture media were substituted by the ex-
tracts obtained from the studied materials, and incubated for 2, 4
and 7 days, respectively. After the culturing period, 10 ll 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
5 mg ml–1) was placed in each well and the well plates with MTT
were incubated for 4 h in darkness. After that, 100 ll formazan sol-
ubilization solution (10% sodium dodecyl sulfate (SDS) in 0.01 M
HCl) was added in each well overnight in the incubator. The spec-
trophotometrical absorbance of the product in each well was mea-
sured with a microplate reader (Bio-RAD680) at 570 nm with a
reference wavelength of 630 nm.

To measure alkaline phosphatase (ALP) activity, MG 63 cells
were cultured in extraction media of studied materials for 7 days
at an initial density of 4 � 103 cells per 100 ll medium in 96-well
plates. After the culture period, the culture medium in each well
was removed and 100 ll of 1% Triton X-100 was added to obtain
the cell lysates. ALP activity was determined based the principle
that ALP hydrolyzes the phenylphosphate to phenol and phosphate
at pH 10; the phenol reacted with 4-aminoantipyrine in the pres-
ence of potassium ferricyanide to form a red-colored chinone com-
pound, and this absorbance is proportional to the ALP activity. The
reaction proceeded for 15 min at 37 �C and the absorbance of the
products was measured at 545 nm using a microplate reader
(Bio-RAD680). The ALP activity of studied materials was expressed
as a percentage of the negative control.

2.7. Magnetic susceptibility (v) measurement

The magnetic properties of Zr–1X alloys were investigated
using a SQUID-VSM (Superconducting Quantum Interference De-
vice – Vibrating Sample Magnetometer, Quantum Design, USA) at
room temperature. The magnetization (M) of the sample as a func-
tion of applied magnetic field (H) was measured and recorded, and
its magnetic susceptibility, v = M/H, was obtained from the slope
through linear fitting of the data. The applied magnetic field (H)
was set from �15,000 Os to +15,000 Os. For each metal or alloy,
three duplicate specimens were prepared and tested.

2.8. Statistical analysis

Statistical analysis was performed with SPSS 18.0 software. Dif-
ferences between groups were analyzed using one-way ANOVA,
followed by post hoc Tukey’s test.

3. Results

3.1. Microstructures of Zr�1X alloys

The phase constitutions of binary Zr–1X alloys at room temper-
ature were characterized by XRD and the results are displayed in
Fig. 1. Pure zirconium exhibited a hexagonal close-packed struc-
ture (a phase). Except for Zr–1Cu alloy and Zr–1Pd alloy, other
experimental Zr–1X alloys were composed entirely of single a
phase without any precipitates or second phases, which indicated
that the addition of Ti, Nb, Mo, Au, Ag, Ru, Hf and Bi with the
amount of 1 wt.% did not change the structure of Zr. In addition
to predominant peaks of a phase, two weak peaks of CuZr2 phase
were observed in Zr–1Cu alloy. Similarly, apart from peaks of a
phase, there was a Pd2Zr peak in Zr–1Pd alloy. As indentified by
the XRD analysis, the studied Zr–1X alloys comprised entirely or
predominantly a phase at room temperature. Their optical micro-
graphs are shown in Fig. 2. A uniform structure with abundant
polygonal grains was generally observed on the experimental alloy
samples. The annealed alloys were found to have mono-phase
grains with an average grain size of 10–15 lm. After being cold
worked to 50% deformation strain and subsequently annealed at
600 �C, recrystallization occurred in Zr–1X alloys, as indicated by
equi-axis a phase grains.

3.2. Mechanical properties of Zr–1X alloys

Fig. 3 shows the mechanical properties of pure Zr and Zr–1X
alloys. It was clearly shown that both 0.2% offset yield strength
(YS) and ultimate tensile strength (UTS) of all Zr–1X alloys were

Fig. 1. X-ray diffraction patterns of pure Zr and Zr–1X alloys at room temperature.
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Fig. 2. Optical micrographs of pure Zr and Zr–1X alloy samples: (a) pure Zr, (b) Zr–1Ti, (c) Zr–1Nb, (d) Zr–1Mo, (e) Zr–Cu, (f) Zr–1Au, (g) Zr–1Pd, (h) Zr–1Ag, (i) Zr–1Ru, (j) Zr–
1Hf and (k) Zr–1Bi.

Fig. 3. Mechanical properties of pure Zr and Zr–1X alloys at room temperature.
⁄ Indicates p < 0.05 when compared with pure Zr while # indicates p < 0.01 when
compared with pure Zr.

Fig. 4. Microhardness variations of pure Zr and Zr–1X alloys. ⁄ Indicates p < 0.05
when compared with pure Zr while # indicates p < 0.01 when compared with pure
Zr.
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significantly higher than those of pure Zr (p < 0.01). The YS of Zr–
1X alloys varied among 448 and 547 MPa while the UTS varied
among 564 and 752 MPa. The increase in YS and UTS could be
mainly attributed to the solid solution strengthening effect. How-
ever, the strength increment was different for additions of various
alloying elements. The strengthening effect produced by Ru addi-
tion was the strongest, and the UTS increment was up to
326 MPa. Hf addition took the second place. After recrystallization
annealing, pure Zr and Zr–1X alloys exhibited high ductility, as
their average elongation at fracture exceeded 20%. Among these
experimental alloys, Zr–1Mo, Zr–1Au, Zr–1Pd, Zr–1Ag and Zr–
1Ru alloys indicated larger elongation than that of pure Zr, while
other Zr–1X alloys showed decreased elongation compared to pure
Zr. Zr–1Ru alloy exhibited an optimum combination of strength
and ductility, and both were the highest levels in the experimental
Zr–1X alloys.

In order to further evaluate the hardening effect of alloy addi-
tions on Zr–1X alloys, microhardness measurement was carried
out and the result is given in Fig. 4. It could be seen that with
1 wt.% addition, the hardness of Zr–1X alloys notably increased
compared to pure Zr (p < 0.05 for Zr–1Ti alloy and Zr–1Bi alloy,
p < 0.01 for all other alloys). Among all alloys, Zr–1Ru alloy had
the highest hardness value, while the other alloys displayed hard-
ness values in the range of 256–302 HV. The higher hardness of Zr–
1Ru alloy might be explained by the stronger solution hardening
effect of Ru rather than the other alloying elements, as with the ob-
served higher strength of this alloy.

The elastic modulus results of pure Zr and Zr–1X alloys mea-
sured by the nanoindentation method are shown in Fig. 5. The elas-
tic modulus was as not strongly affected by alloying elements as
strength. Except for Zr–1Nb alloy, the statistical analysis indicated
no significant differences (p > 0.05) in the elastic modulus among
the pure Zr (109 GPa) and Zr–1X alloys (104–110 GPa). The elastic
modulus of Zr�1Nb alloy was significantly lower than those of
other alloys and pure Zr (p < 0.01). The separate addition of Mo,
Bi, Ru, Ti and Cu decreased elastic modulus slightly, while the addi-
tion of Au, Pd, Ag and Hf did not notably change the elastic
modulus.

3.3. Electrochemical corrosion behaviors of Zr–1X alloys

Open-circuit potential (OCP) is the potential of working elec-
trode relative to the reference electrode without any applied cur-
rent, reflecting the thermodynamic equilibrium at the interface
of metal and solution as a function of time. Fig. 6 shows the OCP
variation of pure Zr and Zr–1X alloys with immersion time in

Hank’s simulated physiological solution at 37 �C. The average
OCP values (after 2 h immersion) of pure Zr and Zr–1X alloys to-
gether with that of the reference materials are listed in Table 2.
As shown in Fig. 6, the OCPs changed slowly towards noble poten-
tials and reached relatively stable values for pure Zr and all exper-
imental Zr�1X alloys during 2 h exposure in Hank’s solution. This
continuous increase of OCP implied that the passive film spontane-
ously formed on the surface of pure Zr and Zr–1X alloys, which was
resistant to metal dissolution. By comparing the OCP values in
Table 2, after alloying with Ti, Nb, Mo, Au, Pd, Ru, Hf and Bi, these
Zr–1X alloys showed increased OCPs compared to pure Zr, which
suggested that these alloy additions made the spontaneous passive
film more stable thermodynamically, thus rendering these alloys a
lower corroding tendency compared to pure Zr. Nevertheless, with
separate addition of Cu and Ag, the alloys showed slightly
decreased OCPs compared to pure Zr. Additionally, the OCPs of
Zr–1X alloys were lower than those of pure Ti, 316L SS and
Co–Cr–Mo reference materials.

Potentiodynamic polarization curves of pure Zr and Zr–1X al-
loys in Hank’s solution are shown in Fig. 7. The polarization
curves of reference materials (pure Ti, Ti–6Al–4V and 316L SS)
are not given here and their corrosion parameters are listed in
Table 2. Pure Zr and studied Zr–1X alloys showed a quite similar
polarization characteristic of the formation and growth of a pas-
sive film on the metallic surface, followed by the occurrence of
transpassivation, indicating the breakdown of passive film and
rapid growth of pitting. The corrosion current density (Icorr) and
corrosion potential (Ecorr) were determined by the Tafel extrapo-
lation method using both cathodic and anodic branches of the
polarization curve. The average values of Ecorr and Icorr are sum-
marized in Table 2. It can be found that all experimental alloys
exhibited lower corrosion current densities compared to pure
Zr, which suggested that alloy additions improved the corrosion
resistance of pure Zr. As shown in Fig. 7, a passive region was ob-
served on the anodic branch of the polarization curve before
transpassivation occurrence, indicating the thickening and growth
of passive film (oxide). It was evident that current plateaus of
Zr–1X alloys were uniformly lower than that of pure Zr, which
suggested that the alloying increased the passivity of pure Zr,
showing a better protection against dissolving. At more positive
potentials, the passive films broke down and the current densities
increased rapidly. The breakdown potentials (Etran) for pure Zr
and Zr–1X alloys are also listed in Table 2. Generally, the separate
addition of Ti, Nb, Mo, Cu, Au, Pd and Hf enhanced the pitting
resistance of pure Zr, as indicated in higher breakdown potentials.

Fig. 5. Elastic modulus variations of pure Zr and Zr–1X alloys. # Indicates p < 0.01
when compared with pure Zr.

Fig. 6. Open-circuit potential vs. time curves of pure Zr and Zr–1X alloys in Hank’s
solution.
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After alloying with Ag, Ru and Bi, the average breakdown poten-
tials of these alloys decreased more or less, indicating a reduced
pitting resistance. Besides, by comparison, the corrosion resis-
tance of the studied Zr–1X alloys was superior to that of
316 L stainless steel and slightly lower than those of Ti and
Ti–6Al–4V alloy (Icorr and Etran values in Table 2).

3.4. Ion release

The average concentration of Zr released from pure Zr and
various Zr–1X alloys into Hank’s solution were in the range of
1–2 ng ml–1, which were just slightly higher than the minimal
detection limit of the machine (1 ng ml–1). The alloying element
ions were not detectable due to their low content in Zr–1X alloys
substrate. This result strongly suggested that pure Zr and Zr–1X
alloys were highly corrosion resistant against dissolution in
simulated physiological solution.

3.5. Evaluation of in vitro cytocompatibility

Fig. 8 illustrates the relative viability of osteoblast-like cells
(MG 63) after culturing in extraction media of pure Zr and Zr–1X
alloys for different periods (2, 4 and 7 days), with pure Ti as mate-
rial control. It could be seen that, after 2 days of culture, the cell
viabilities of pure Zr and pure Ti were almost the same as that of
the negative group, representing a non-toxicity feature, while rel-
ative viabilities of Zr–1X alloys varied between 93% (Zr–1Bi alloy

extract) and 97% (Zr–1Pd alloy extract). The statistic analysis indi-
cated no significant difference between negative control and Zr–1X
alloys group (p > 0.05). Although the cell viabilities of Zr–1X alloys
showed a small decrease in comparison with negative control after
4 days, they displayed a similar survival rate level to pure Ti and
pure Zr. After a prolonged culturing period (7 days), the cell viabil-
ities of Zr–1X alloys were statistically lower than that of negative
control with an exception of Zr–1Ti alloy group. However, the cell
viabilities remained at the high level of over 87%.

Fig. 9 demonstrates the normalized ALP activities of MG 63
osteoblast-like cell lysates after cell culturing in the extract media
of test samples for 7 days. The differentiated function of osteo-
blasts could be evaluated by monitoring ALP activity of the cells
[44]. There was no significant difference between the negative con-
trol and all test samples for ALP activities of MG 63 cells. Neverthe-
less, cells cultured in separate extracts of Zr–1Nb, Zr–1Mo, Zr–1Ag,
Zr–1Ru, Zr–1Hf and Zr–1Bi alloys displayed lower ALP activities
compared to negative control and Ti control. The reduced cell
viabilities of these materials after 7 days of incubation, according
to MTT assay, could be mainly responsible for the slight reduction
in ALP activities. In combination with the results of MTT assay, the
conclusion could be drawn that due to their high corrosion resis-
tance, Zr–1X alloys did not release toxic components into the med-
ium, which inhibited notably the proliferation and weakened
differentiated function of osteoblast-like cells, thereby showing
good, at least acceptable, in vitro cytocompatibility.

Table 2
Corrosion parameters of pure Zr, Zr–1X alloys and the reference materials obtained from electrochemical measurements (values in parentheses represent the standard error).

Materials OCP (V) Ecorr (V) Icorr (10�7 A cm–2) Etran (V)

Pure Zr �0.447 (0.033) �0.450 (0.017) 1.963 (0.931) 0.378 (0.019)
Zr–1Ti �0.429 (0.022) �0.452 (0.002) 0.961 (0.675) 0.566 (0.022)
Zr–1Nb �0.446 (0.037) �0.466 (0.009) 1.189 (0.608) 0.505 (0.023)
Zr–1Mo �0.343 (0.018) �0.341 (0.021) 1.406 (0.690) 0.418 (0.063)
Zr–1Cu �0.451 (0.015) �0.457 (0.029) 1.363 (0.184) 0.545 (0.027)
Zr–1Au �0.394 (0.030) �0.408 (0.054) 1.868 (0.464) 0.403 (0.058)
Zr–1Pd �0.402 (0.005) �0.389 (0.014) 1.388 (0.766) 0.409 (0.010)
Zr–1Ag �0.449 (0.036) �0.452 (0.041) 1.451 (0.174) 0.279 (0.019)
Zr–1Ru �0.427 (0.027) �0.428 (0.024) 1.343 (0.089) 0.361 (0.013)
Zr–1Hf �0.384 (0.028) �0.463 (0.019) 1.847 (0.169) 0.551 (0.063)
Zr–1Bi �0.440 (0.031) �0.435 (0.039) 1.413 (0.507) 0.355 (0.054)
Pure Ti �0.336 (0.014) �0.381 (0.021) 0.751 (0.196) –
Ti–6Al–4V �0.358 (0.033) �0.393 (0.043) 0.895 (0.230) –
316 L SS �0.210 (0.008) �0.303 (0.017) 3.095 (0.687) 0.261 (0.046)
Co–Cr–Mo [42,43] �0.340 �0.377 0.495 0.526

Fig. 7. Potentiodynamic polarization curves of pure Zr and Zr–1X alloys in Hank’s
solution.

Fig. 8. MG 63 osteoblast-like cell viabilities cultured in extraction media of pure Ti,
pure Zr and Zr–1X alloys for 2, 4 and 7 days. ⁄ Indicates p < 0.05 when compared
with the negative control.
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3.6. Magnetic susceptibility of Zr–1X alloys

The magnetization variation of pure Zr vs. the applied magnetic
field at room temperature is shown in Fig. 10a. Similar to pure Zr,
other Zr–1X alloy showed uniformly a linear variation between
magnetization and applied magnetic field, therefore the curves
are not given here. This fact indicated that the alloying with 1
wt.% element addition did not change the paramagnetic nature of
Zr metal. The magnetic susceptibilities of pure Zr and various Zr–
1X alloys, determined by the slope through linear fitting of the
data, are summarized in Fig. 10b. It was evident that the magnetic
susceptibilities of experimental Zr–1X alloys varied from the
chemical composition. With separate addition of Ti, Nb, Mo, Cu,
Au, Pd, Ru, Hf and Bi, the magnetic susceptibilities of the alloys
clearly decreased in different magnitudes and Zr–1Ru alloy showed
the lowest value of (1.194 ± 0.005) � 10�6 cm3 g�1. However, Zr–
1Ag alloy showed a higher magnetic susceptibility with respect
to pure Zr.

4. Discussion

4.1. Microstructures and mechanical properties of Zr–1X alloys

In order to obtain an excellent strengthening of a phase, simul-
taneously, with minimum precipitation of second phases or inter-
metallic compounds, the composition of 1 wt.% addition was
designed. Among all selected alloy elements, Ti and Hf could be
fully dissolved into Zr. For these elements, Nb, Mo, Au, Ag, Ru
and Bi, although there was a tendency to form a secondary phase
or compounds with Zr, they also dissolved fully into a-Zr by adding
1 wt.%. However, intermetallic compounds were detected in exper-
imental Zr–1Cu alloy and Zr–1Pd alloy. They are equilibrium
phases existing in the Cu–Zr system [20] and Pd–Zr binary system
[21]. After annealing, a typical recrystallized structure was ob-
served in pure Zr and Zr–1X alloys. Early studies indicated that
the temperature of recrystallization varied between 600 and
700 �C [45], depending on both chemical composition and initial
cold deformation rate. In consideration of avoiding eutectoid trans-
formation and obtaining full recrystallization, the deformed Zr–1X
alloys were annealed at 600 �C for 2 h.

A treatment of cold deformation and following recrystallization
annealing was found to be effective for Zr–1X alloys to obtain high
strength and good ductility. With the addition of alloy elements,
the increase in strength and hardness of Zr–1X alloys was largely
derived from solid solution strengthening of the solute atoms in
a phase. The solute atoms were recognized as obstacles to the mo-
tion of dislocations and resistance to the propagation of

dislocations [46]. However, the elastic modulus of the Zr–1X alloys
showed relatively minor variation depending on various alloy ele-
ments, as it is very dependent on the constituent phase/crystal
structure of the alloy. A brief summary of newly developed Zr-
based alloys, some conventional implant materials and representa-
tive Zr–1X alloys in this study is provided in Table 3. It was evident
that Zr–1Ru alloy exhibited comparable strength and better ductil-
ity in comparison with Zr–Nb alloys and Zr–Mo alloys (except for
Zr–1Mo alloy). Besides, the elongation of Zr–1Ru alloy was much
higher than that of conventional Ti alloys, though the YS and UTS
of Zr–1Ru alloy were lower than those of Ti alloys. Alloy with high
strength and large elongation was considered to have a high frac-
ture resistance [51]. High ductility was also beneficial for the man-
ufacturing of medical devices. The elastic modulus of Zr–1Ru alloy
was lower than those of stainless steel and Ti–6Al–4V alloy. From
the viewpoint of basic mechanical properties, Zr–1Ru alloy seemed
to have greater potential for new implant materials in relation to
low alloy content Zr–Nb alloys and Zr–Mo alloys consisting of a0

phase.

4.2. Corrosion behaviors of Zr–1X alloys

Zr metal displays an outstanding corrosion resistance arising
from the spontaneous formation of passive film in air or aqueous
solutions, which was also proved by this study. When alloying
separately with Ti, Nb, Mo and Hf, the corrosion resistance of Zr

Fig. 9. Normalized ALP activities of MG 63 cells lysates after cell culturing in
extracts of pure Ti, pure Zr and Zr–1X alloys for 7 days.

Fig. 10. (a) The magnetization of pure Zr as function of applied magnetic field at
room temperature and the corresponding linear fit and (b) magnetic susceptibility
variations of pure Zr and Zr–1X alloys. ⁄ Indicates p < 0.05 when compared with
pure Zr while # indicates p < 0.01 when compared with pure Zr.
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increased (Icorr decreasing), which could be attributed to the
change in eventual composition or structure of passive film. In-
stead of pure ZrO2, the mixed oxides of ZrO2–TiO2, ZrO2–Nb2O5,
ZrO2–MoO3 and ZrO2–HfO2 may form on the surfaces of alloys,
which was analogous to what was observed in Ti–Zr alloys [52],
Ti–Mo alloys [53] and Ti–Hf alloys [54]. The embedded X-oxide
(X = Ti, Nb, Mo and Hf) appeared to increase the stability and resis-
tance of the passive film, which was responsible for high corrosion
resistance of these alloys. For Zr–1X alloys containing noble metal
elements (Au, Pd, Ag and Ru), an improved corrosion resistance
was expected. Due to high corrosion resistance of noble metals,
Zr may preferentially dissolve during the initial stage of corrosion
and consequently the noble element atoms of the specimen surface
may accumulate because of Zr loss. As a result, the potential of the
alloy became further nobler than the critical potential for passivity
of Zr and the passivity of the Zr alloy increased. So the dissolution
of metallic matrix was suppressed and its corrosion resistance in-
creased (as indicated in reduced Icorr for these alloys). This mecha-
nism has been ascertained in Ti–Au alloys [31], Ti–Ag alloys [32],
Ti–Pd alloys [33] and Ti–Ru alloys [34]. Cu and Bi have high stan-
dard electrode potentials, 0.34 and 0.31 V [55], respectively, and
the influence of Cu and Bi additions on corrosion resistance of Zr
may be similar to that of the noble metals.

A distinctive feature of anodic polarization curves of Zr and its
alloys was the breakdown of oxide film at a critical potential. The
stability of anodic film was related not only to the electrochemical
reaction with aggressive ions, but also to mechanical stress or
dielectric properties of the film [56]. The breakdown potential
was sensitive to the conditions of film formation and impurities
(or defects) [56]. Ti addition was most effective in enhancing the
pitting corrosion of Zr. For the metallic implant material, it is
essential to keep its passive state in the human body. It was be-
lieved that the potential of the human body varied in the range
of 50–200 mV [57]. The breakdown potentials of studied Zr–1X al-
loys were nobler than the human body potential and thus they
could remain in a passive state in the body. The high corrosion
resistance was also proved by the result of the immersion test. Zr
ion concentration was considerably low, in comparison with
metallic ions released from stainless steel, Co–Cr–Mo alloy and
Ti–6Al–4V alloy after immersion in simulated physiological solu-
tions [58].

4.3. Magnetic susceptibility of Zr–1X alloys

The paramagnetic property of Zr metal is caused by the pres-
ence of unpaired electrons in the 4d sub-orbit and it has a positive
magnetic susceptibility. It has been pointed out that the total mag-
netic susceptibility can be decomposed into contributions of Pauli
susceptibility (spin) and orbital susceptibility [59]. The former is
greatly affected by the crystal structure while the latter is primar-
ily dependent on the band structure (the width of the d-band and
the number of electrons). In this study, Zr–1X alloys displayed

entirely or dominantly a constitution of a phase, so the variation
of magnetic susceptibility could be ascribed to the change in band
structure triggered by alloying. When adding paramagnetic ele-
ments, Ti, Nb, Mo, Pd, Ru and Hf, these alloys showed reduced mag-
netic susceptibilities. However, the total magnetic susceptibility
could not be simply determined by the addition of magnetic sus-
ceptibility of Zr and its constituent metal (such as Ti, Nb and Pd).
Moreover, when alloying with diamagnetic metals, the magnetic
susceptibilities of alloys showed non-monotonic change (a de-
crease for adding Cu, Au and Bi, while an increase for adding Ag).
The results meant that electronic interactions were quite complex,
and in-depth band structure calculation and experiments are
needed to clarify the influence of alloying on the magnetic prop-
erty of Zr. Besides, the imperfection of the crystal structure (such
as vacancies, dislocations and internal stresses caused by the de-
fects) may have an influence on the magnetic susceptibility of
the alloys [60].

The magnetic susceptibilities of some Zr alloys and Zr–1X alloys
together with traditional biomedical alloys are summarized in Ta-
ble 4. It was evident that the magnetic susceptibilities of Zr alloys
were dependent not only on the composition and constituent
phase(s), but also on the microstructure and the texture. Even with
the same composition, magnetic susceptibility of as-cast Zr–1Mo
alloy was lower than that of the alloy in annealed condition. In this
study, magnetic susceptibility of Zr–1Ru alloy could be comparable
to those of newly developed Zr–Mo alloys and Zr–Nb alloys con-
taining a0 phase. Additionally, magnetic susceptibility of Zr–1Ru al-
loy was nearly one-seventh that of Co–Cr alloy and one-third that
of Ti–6Al–4V alloy, indicating a better compatibility with MRI.

4.4. In vitro biocompatibility of Zr–1X alloys and their potentials as
biomaterials

An essential requirement for a candidate implant material is
biocompatibility of the material with surrounding tissue. Chemical

Table 3
Comparison of mechanical properties of representative Zr–1X alloys, Zr–Mo alloys, Zr–Nb alloys and traditional orthopaedic implant materials.

Alloys YS (MPa) UTS (MPa) Elongation (%) Elastic modulus (GPa)

Zr–(0.5–1)Mo (as-cast) [16] 579–855 674–970 2.9–11.1
Zr–3Mo (aged) [16] 637 688 7.1
Zr–3Nb (as-cast) [28] 604 786 6.5 85
Zr–20Nb (as-cast) [28] 644 687 23.6 48.4
Zr–1Ag (annealed) 526 660 27.4 109
Zr–1Ru (annealed) 557 752 32.9 105
Zr–2.5Nb (annealed) [47] 400 600 22 97
316L stainless steel [48] 170–750 465–950 12–40a 205–210
Ti–6Al–4V (annealed) [49] 825–869 895–930 6–10 110–114
Ti–6Al–7Nb [49] 880–950 900–1050 8–15 114

a The data are adapted from ASTM F138-03 [50].

Table 4
Comparison of magnetic susceptibilities of representative Zr–1X alloys, Zr–Mo alloys,
Zr–Nb alloys and traditional orthopaedic implant materials.

Alloys Constituent
phase(s)

vg

(�10�6 cm3 g�1)

Zr–0.5Mo (as-cast) [16] a0 1.12
Zr–1Mo (as-cast) [16] a0 1.12
Zr–3Mo (as-cast) [16] x, b 1.04
Zr–3Nb (as-cast) [28] a0 �1.13
Zr–20Nb (as-cast) [28] b, x �1.44
Zr–14Nb (90% cold-rolled) [61] b, x �1.48
Zr–1Mo (annealed) (in this

study)
a 1.26

Zr–1Nb (annealed) (in this study) a 1.28
Zr–1Ru (annealed) (in this study) a 1.19
Co–Cr–Mo [15] �7.5
Ti–6Al–4V [28] 3.17

F.Y. Zhou et al. / Acta Biomaterialia 9 (2013) 9578–9587 9585



Author's personal copy

composition, surface topography and hydrophilic nature of implant
material significantly influence biocompatibility and osseointegra-
tion [62–65].

(1) Chemical composition: Zr is known to be nontoxic and bio-
compatible as a stable oxide film forms on its surface, which
can effectively inhibit the release of metal ions. Meanwhile,
the oxide itself shows low solubility and bio-inertness [66].
The alloy elements, Ti, Nb, Mo, Hf and Bi, were classified as
nontoxic or low toxic in the previous literatures. Cu and Ag
were reported to show toxicity to osteoblasts while Au and
Pd were biocompatible with the osteoblasts [67]. Ru has
been incorporated into dental Pd-based alloy, which showed
an at least acceptable biocompatibility.

(2) Surface topography: it was indicated that cell attachment,
proliferation, differentiation, protein synthesis and local fac-
tor production are sensitive to surface roughness [64].
Osteoblast cells exhibited greater initial attachment,
enhanced differentiation, increased production of ALPase
and osteocalcin but decreased proliferation on rough tita-
nium surface relative to its smooth surface.

(3) Hydrophilicity: on surfaces with increased hydrophilicity,
osteoblast-like cells indicated enhanced differentiation
[65]. Our previous study indicated that the hydrophilic nat-
ure of Zr alloy surface was similar to that of the pure Ti sur-
face [68]. In the present study, the extracts of Zr–1X alloys
did not produce a significant toxic effect on osteoblast-like
cells, including inhibiting proliferation and weakening ALP
activities, which was closely related to low release of metal-
lic ions. The amount of Zr ions releasing into the medium
after 30 days of immersion was 1–2 ng ml–1 (1–
2 � 10�5 mM). An early study [69] demonstrated that below
0.1 mM, Zr did not present toxicity to osteoblasts and fibro-
blasts. Additionally, human daily oral intake of Zr was
reported as 3.5 mg [70], which was far higher than the
amount of released Zr ions, so it was insufficient to be a
health hazard.

The major advantage of biomedical Zr alloy is their lower mag-
netic susceptibility in comparison with the traditional metallic bio-
materials, such as stainless steel, Co–Cr alloys and titanium alloys.
The lower magnetic susceptibility of implants will result in less
magnetic field disruption and therefore reduces the image arti-
facts. The newly developed cast Zr–Nb alloys and Zr–Mo alloys
possessed low magnetic susceptibilities, but they usually exhibited
an insufficient ductility originating from the coarsening casting
microstructure or the presence of x phase (Table 3). In this study,
a combination of high strength and good ductility was obtained by
proper treatment for the studied Zr–1X alloys. Among them, Zr–
1Ru alloy exhibited the best combination of strength and elonga-
tion and lowest magnetic susceptibility. Although its mechanical
strength was lower than that of Ti–6Al–4V alloy, Zr–1Ru alloy with
larger elongation and lower magnetic susceptibility could be also
used for implant devices in the MRI environment, such as the
encasing material of a pacemaker.

5. Conclusions

A series of binary Zr–1X alloys (X = Ti, Nb, Mo, Cu, Au, Pd, Ag, Ru,
Hf and Bi) were prepared and their microstructures, mechanical
properties, corrosion behaviors, cytotoxicity and magnetic suscep-
tibility were investigated to evaluate their feasibility as potential
biomedical metallic materials and the effects of alloy additions
on the properties of Zr were also discussed. The following conclu-
sions can be reached:

(1) Except for Zr–1Cu alloy and Zr–1Pd alloy, other Zr–1X alloys
consisted of a single a phase. Precipitated phases were
detected in addition to primary a phase in Zr–1Cu alloy
and Zr–1Pd alloy. The annealed Zr–1X alloys had a typical
recrystallized structure with abundant polygonal grains.

(2) All experimental Zr–1X alloys exhibited significantly higher
strength and hardness than pure Zr as well as large elonga-
tion. However, the elastic modulus of the alloys showed rel-
atively slight variation depending on various alloy elements.

(3) The alloy additions increased the corrosion resistance of
pure Zr represented by decreased corrosion current densi-
ties. The separate addition of Ti, Nb, Mo, Cu, Au, Pd and Hf
enhanced the pitting resistance of pure Zr, while the addi-
tion of Ag, Ru and Bi decreased the pitting resistance. Zr–
1X alloys had relatively low levels of metal ion release in
Hank’s solution, confirming the high corrosion resistance.

(4) Zr–1X alloys did not present significant cytotoxic effect to
osteoblast-like cells, showing good, or at least acceptable,
in vitro cytocompatibility.

(5) All Zr–1X alloys were paramagnetic and their magnetic sus-
ceptibility decreased after alloying except Zr–1Ag alloy.

(6) Among these alloys, Zr–1Ru alloy had excellent mechanical
properties, high corrosion resistance, good cytocompatibility
and the lowest magnetic susceptibility, and it may be a
promising candidate for implant devices in an MRI
environment.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1–10, are diffi-
cult to interpret in black and white. The full colour images can
be found in the on-line version, at 10.1016/j.actbio.2013.07.035.
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[17] Zieliński A, Sobieszczyk S. Hydrogen-enhanced degradation and oxide effects
in zirconium alloys for nuclear applications. Int J Hydrogen Energy
2011;36:8619–29.

[18] Jeong YH, Lee KO, Kim HG. Correlation between microstructure and corrosion
behavior of Zr–Nb binary alloy. J Nucl Mater 2002;302:9–19.

[19] Nam C, Kim KH, Lee MH, Jeong YH. Effect of alloying elements on the thermal
creep of zirconium alloys. J Kor Nucl Soc 2000;32:372–8.

[20] Arias D, Abriata JP. Cu–Zr (copper–zirconium). Bull Alloy Phase Diag
1990;11:452–9.

[21] Okamoto H. Pd–Zr (palladium–zirconium). J Phase Equilib 1993;14:266.
[22] Massalski TB, Okamoto H, Abriata JP. The Au–Zr (gold–zirconium) system. Bull

Alloy Phase Diag 1985;6:519–22.
[23] Okamoto H. The Ru–Zr system (ruthenium–zirconium). J Phase Equilib

1993;14:225–7.
[24] Karakaya I, Thompson WT. The Ag–Zr (silver–zirconium) system. J Phase

Equilib 1992;13:143–6.
[25] Hsu H-C, Wu S-C, Sung Y-C, Ho W-F. The structure and mechanical properties

of as-cast Zr–Ti alloys. J Alloys Compd 2009;488:279–83.
[26] Oliveira NTC, Biaggio SR, Nascente PAP, Rocha-Filho RC, Bocchi N. Investigation

of passive films grown on biocompatible Ti–50Zr and Ti–13Zr–13Nb alloys by
XPS. Surf Interface Anal 2006;38:410–2.

[27] Zhou FY, Wang BL, Qiu KJ, Lin WJ, Li L, Wang YB, et al. Microstructure,
corrosion behavior and cytotoxicity of Zr–Nb alloys for biomedical application.
Mater Sci Eng, C 2012;32:851–7.

[28] Kondo R, Nomura N, Suyalatu, Tsutsumi Y, Doi H, Hanawa T. Microstructure
and mechanical properties of as-cast Zr–Nb alloys. Acta Biomater
2011;7:4278–84.

[29] Zhou FY, Wang BL, Qiu KJ, Li L, Lin JP, Li HF, et al. Microstructure, mechanical
property, corrosion behavior, and in vitro biocompatibility of Zr–Mo alloys. J
Biomed Mater Res Part B 2013;101:237–46.

[30] Geurtsen W. Biocompatibility of dental casting alloys. Crit Rev Oral Biol Med
2002;13:71–84.

[31] Takahashi M, Kikuchi M, Takada Y, Okuno O, Okabe T. Corrosion behavior and
microstructures of experimental Ti–Au alloys. Dent Mater J 2004;23:109–16.

[32] Zhang BB, Zheng YF, Liu Y. Effect of Ag on the corrosion behavior of Ti–Ag
alloys in artificial saliva solutions. Dent Mater 2009;25:672–7.

[33] Nakagawa M, Matsuya S, Udoh K. Corrosion behavior of pure titanium and
titanium alloys in fluoride-containing solutions. Dent Mater J 2001;20:305–14.

[34] Schutz RW. Ruthenium enhanced titanium alloys. Platinum Met Rev
1996;40:54–61.

[35] Lide DR. Magnetic susceptibility of the elements and inorganic compounds. In:
Lide DR, editor. CRC handbook of chemistry and physics. Boca Raton, FL: CRC
Press; 2005. p. 134–9.

[36] Park J-Y, Choi B-K, Yoo SJ, Jeong YH. Corrosion behavior and oxide properties of
Zr–1.1 wt.%Nb–0.05 wt.%Cu alloy. J Nucl Mater 2006;359:59–68.

[37] Tiekink ER. Antimony and bismuth compounds in oncology. Crit Rev Oncol
Hematol 2002;42:217–24.

[38] Lee JW, Lin DJ, Ju CP, Yin HS, Chuang CC, Lin JH. In vitro and in vivo evaluation
of a new Ti–15Mo–1Bi alloy. J Biomed Mater Res Part B 2009;91:643–50.

[39] Oliver WC, Pharr GM. An improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation
experiments. J Mater Res 1992;7:1564–83.

[40] ASTM-G31-72: Standard practice for laboratory immersion corrosion testing
of metals. In: Annual Book of ASTM Standards. Philadelphia, PA: American
Society for Testing and Materials, 2004.

[41] ISO-10993-12: Biological Evaluation of Medical Devices. Part 12. Sample
Preparation and Reference Materials. Arlington, VA: ANSI/AAMI, 2007.

[42] Milošev I. The effect of biomolecules on the behaviour of CoCrMo alloy in
various simulated physiological solutions. Electrochim Acta 2012;78:259–73.

[43] Hiromoto S, Onodera E, Chiba A, Asami K, Hanawa T. Microstructure and
corrosion behaviour in biological environments of the new forged low-Ni Co–
Cr–Mo alloys. Biomaterials 2005;26:4912–23.

[44] Hu X, Shen H, Shuai K, Zhang E, Bai Y, Cheng Y, et al. Surface bioactivity
modification of titanium by CO2 plasma treatment and induction of
hydroxyapatite: in vitro and in vivo studies. Appl Surf Sci 2011;257:1813–23.

[45] Lim Y-S, Kim H-G, Jeong Y-H. Recrystallization behavior of Zr–xNb alloys.
Mater Trans 2008;49:1702–5.

[46] Raman V, Mukhopadhyay P, Banerjee S. Influence of microstructure of the
mechanical properties of a Zr–4.6 wt.% Al alloy. Mater Sci Eng
1978;36:105–15.

[47] Davidson JA, Daigle KP, Kovacs P. Wear-resistant, hemocompatible Ti–Nb–Zr
and Zr–Nb alloys to improve blood pump design and performance. Artif
Organs 1996;20:513–22.

[48] Navarro M, Michiardi A, Castano O, Planell JA. Biomaterials in orthopaedics. J R
Soc Interface 2008;5:1137–58.

[49] Niinomi M. Mechanical properties of biomedical titanium alloys. Mater Sci
Eng, A 1998;243:231–6.

[50] ASTM-F138-03: Standard Specification for wrought 18 chromium-14 nickel-
2.5 molybdenum stainless steel bar and wire for surgical implants. In: Annual
Book of ASTM Standards. Philadelphia, PA: American Society for Testing and
Materials, 2003.

[51] Ho W-F, Wu S-C, Chang H-H, Hsu H-C. Structure and mechanical properties of
Ti–5Cr based alloy with Mo addition. Mater Sci Eng, C 2010;30:904–9.

[52] Santamaria M, Di Quarto F, Habazaki H. Photocurrent spectroscopy applied to
the characterization of passive films on sputter-deposited Ti–Zr alloys. Corros
Sci 2008;50:2012–20.

[53] Oliveira NTC, Guastaldi AC, Piazza S, Sunseri C. Photo-electrochemical
investigation of anodic oxide films on cast Ti–Mo alloys. I. Anodic behaviour
and effect of alloy composition. Electrochim Acta 2009;54:1395–402.

[54] Zhou Y-L, Niinomi M. Passive films and corrosion resistance of Ti–Hf alloys in
5% HCl solution. Surf Coat Technol 2009;204:180–6.
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