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Abstract: In this study, the microstructure, mechanical prop-

erties, corrosion behaviors, and in vitro biocompatibility of

Zr–Mo alloys as a function of Mo content after solution treat-

ment were systemically investigated to assess their potential

use in biomedical application. The experimental results indi-

cated that Zr–1Mo alloy mainly consisted of an acicular struc-

ture of a0 phase, while x phase formed in Zr–3Mo alloy. In

Zr–5Mo alloy, retained b phase and a small amount of pre-

cipitated a phase were observed. Only the retained b phase

was obtained in Zr–10Mo alloy. Zr–1Mo alloy exhibited the

greatest hardness, bending strength, and modulus among all

experimental Zr–Mo alloys, while b phase Zr–10Mo alloy had

a low modulus. The results of electrochemical corrosion

indicated that adding Mo into Zr improved its corrosion

resistance which resulted in increasing the thermodynamic

stability and passivity of zirconium. The cytotoxicity test sug-

gested that the extracts of the studied Zr–Mo alloys produced

no significant deleterious effect to fibroblast cells (L-929) and

osteoblast cells (MG 63), indicating an excellent in vitro bio-

compatibility. Based on these facts, certain Zr–Mo alloys

potentially suitable for different biomedical applications were

proposed. VC 2012 Wiley Periodicals, Inc. J Biomed Mater Res Part B:

Appl Biomater 101B: 237–246, 2013.
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INTRODUCTION

The combination of acceptable strength, high corrosion
resistance, and good biocompatibility has made zirconium
alloys suitable for biomaterials for orthopedic implants.1–3

Zirconium has been recognized to be nontoxic and nonaller-
gic.4,5 In vivo evidences showed that zirconium implants
exhibited good osseointegration and even a higher degree of
bone–implant contact than titanium implants.6,7 By bioactive
surface modifications such as NaOH treatment8 and sol–gel
method,9 a bone-like apatite layer could form on the surface
of Zr metal, through which the implant bonds to bone. The
ZrO2 nanotube on Zr metal fabricated by anodization could
not only improve functionality and the mineralization of the
osteoblast due to its large surface area and unique nano-
scaled geometry,10 but also enhance the forming capability
of hydroxyapatite (HA).11 An ultrafine grained (UFG) Zr
with improved mechanical properties and excellent in vitro

biocompatibility was expected to become a novel biomate-
rial for surgical implants.12 In addition, a thin oxide film
could spontaneously form on the surface of Zr and its alloys
in various electrolytes, which offers them a superior corro-
sion resistance.13,14 However, the passive film is not very
stable and pitting corrosion easily occurs for Zr and Zr
alloys in chloride medium.14,15 It was suggested that their
corrosion resistance would be further improved by alloy-
ing16,17 or surface treatment.18,19 The oxinium (surface oxi-
dized Zr–2.5Nb alloy) has been commercially used as knee
and hip femoral heads in total joint arthroplasty owing to
its superior wear resistance.20,21 Moreover, the surface oxi-
dized zirconium alloy exhibited an excellent anti-bacterial
property.22

Magnetic resonance imaging (MRI) is widely used as a
powerful diagnostic tool in orthopedics and brain surgery.23

But, MRI diagnosis is inhibited with the presence of metallic
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implants in body because they become magnetized in the
intense magnetic field of the MRI instrument, which causes
artifacts on the image.23,24 So devices with low magnetic
susceptibility (v) are required. Compared to stainless steel,
Co–Cr alloy, and titanium, zirconium has lower magnetic
susceptibility and is more suitable for surgery performed in
an MRI circumstance.25 It has been reported that the mag-
netic susceptibility strongly depends on the phase constitu-
tions of Zr–Mo alloys25,26 and Zr–Nb alloys.27 The magnetic
susceptibility of different phases decreased in following
sequence, vb > va0 > vx and the alloys consisting of a0

phase were proposed as candidates for medical devices
used under MRI.

Molybdenum (Mo) also has less magnetic susceptibil-
ity,25 low toxicity,28 and is an effective strengthening
element for zirconium.29 However, there has been no sys-
tematic investigation on corrosion behaviors of Zr–Mo alloys
in simulated physiological media. Meanwhile, in vitro bio-
compatibility of Zr–Mo alloys has been scarcely reported. In
this study, alloy solution treatment has been adopted to
obtain the various phases of Zr–Mo alloys after quenching.
This article aims to precisely evaluate the effects of Mo con-
tent on the microstructure, mechanical properties, corrosion
behaviors, and in vitro biocompatibility of Zr–Mo alloys.

MATERIALS AND METHODS

Alloys preparation
The binary Zr–Mo alloys with different compositions (0, 1,
3, 5, and 10 wt % of Mo) were prepared from zirconium
wire (99.9%) and Mo foil (99.9%) in a non-consumable arc
melting furnace under an Ar atmosphere. The alloy ingots
were remelted six times by inversion to promote the homo-
geneity of the alloying element. The obtained ingots were
then hot-rolled to �1.5 mm thick sheets at 800�C. The
samples were prepared by electro-discharge machining from
the rolled plates and then they were solution treated at
950�C for 30 min, followed by quenching in iced water. In
addition, pure titanium (grade 2, TA2), Ti–6Al–4V alloy
(TC4), AISI 304 stainless steel (304 SS), and AISI 316L
stainless steel (316L SS) were obtained and tested as refer-
ence materials.

Microstructure characterization
X-ray diffractometer (XRD, Philips X’Pert Pro, Holland) with
a Ni filtered Cu Ka radiation was employed to analyze the
phase constitution of the experimental Zr–Mo alloys. The
microstructure of the alloys was examined using transmis-
sion electron microscope (TEM, JEM-2100, JEOL, Japan). The
TEM specimens were prepared by a twin-jet polisher with a
solution of 10% HClO3 and 90% C2H5OH at 20–35 V and
223 K, after mechanically thinning to about 60 lm.

Mechanical properties measurement
Three-point bending test was performed on a mechanical
tester (Instron5969, America) with a crosshead speed of
0.25 mm/min at room temperature. The pre-set maximum
deflection at middle span was 8 mm. The bending strength
is determined using the equation,30 r ¼ 3PL/2bh2, where r

is the bending strength (MPa), P is the load (N), L is the
span length (mm), b and h are the width (mm) and the
thickness (mm) of the specimens, respectively. In this
process, the span length was 30 mm, and the dimension of
test specimen was 3 mm (width) � 1 mm (thickness). The
modulus of elasticity (E) in bending is calculated from the
equation,30 E ¼ L3DP/4bh3Dd, where DP is the load incre-
ment and Dd is the deflection increment at middle span.
The DP/Dd is determined from the load increment and the
corresponding deflection increment on the straight line of
the stress-deflection profile. The average bending strength
and modulus were obtained from three tests for each alloy.

In addition, a digital hardness tester (HVS-1000, China)
was employed to examine the microhardness of the experi-
mental Zr–Mo alloys. A load of 500 g was loaded and dwelt
for 15 s, repeating six times in different positions of each
sample to get an average value.

Electrochemical measurement
The electrochemical corrosion measurements of Zr–Mo
alloys were performed with a conventional three-electrode
cell, consisting of a working electrode (test specimen), a
platinum electrode, and a saturated calomel electrode (SCE)
as reference electrode. Prior to testing, the samples were
wet-ground to 2000 grit, and were later cleaned in acetone,
ethanol, and de-ionized water in an ultrasonic bath. The
electrolyte used to simulate human body condition was
simulated body fluid (SBF), with ion concentrations nearly
equal to those of human blood plasma.31 Fresh prepared
SBF solution with pH ¼ 7.4 was used for each test, which
was conducted at 37�C in a water bath. The open-circuit
potential (OCP) measurement was maintained up to 7200 s
after sample immersed in SBF solution. The potentiody-
namic polarization measurement was conducted from �1.0
V to 1.5 V (vs. SCE) at a scan rate of 1 mV/s. The morphol-
ogy of the corroded sample was examined by scanning
electron microscopy (SEM, S4800, Hitachi, Japan).

Cytotoxicity test
The cytotoxicity test was carried out based on ISO 10993-
5:1999.32 Murine fibroblast cells (L-929) and human
osteosarcoma cells (MG 63) were chosen to evaluate the cy-
totoxicity of Zr–Mo alloys in their extracts. L-929 cells and
MG 63 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) and Minimum Essential medium (MEM),
respectively. Each medium was supplemented 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 lg/mL
streptomycin. In this indirect test, extracts of the studied
materials were obtained using serum-free medium as the
extraction medium. The samples were wet-ground to 2000
grit, cleaned, dried, and then sterilized by UV–light radiation
for 12 h. For each 3 cm2 of material (surface area), 1 mL of
culture medium was used and then incubated for 72 h. The
medium (DMEM for L-929 cells and MEM for MG 63 cells)
was used as a negative control, and the medium containing
10% dimethylsulfoxide (DMSO) as a positive control. All the
culturing was kept at 37�C in a humidified atmosphere of
5% CO2 in an incubator. In addition, the amount of metal
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ions released into culture media (extracts) was measured
by the inductively coupled plasma atomic emission spec-
trometry (Profile ICP-AES, Leeman, America).

Cells were seeded in each well of 96-well cell culture
plates at a density of 5 � 103 cells/100 lL medium and
incubated for 24 h to allow attachment. After that, the cul-
ture medium in each well was substituted by the extract
obtained from the material, and then incubated for 1, 2, and
4 days. After that 10 lL 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich, America)
was added to each well, followed by 4 h incubation at 37�C
in darkness. Then 100 lL formazan solubilization solution
(10% sodium dodecyl sulfate (SDS) in 0.01M HCl) was
added overnight in the incubator. The spectrophotometrical
absorbance of the product in each well was measured by
microplate reader (Bio-RAD680, America) at 570 nm with a
reference wavelength of 630 nm.

Statistical analysis
Statistical analysis was performed with SPSS 18.0 software.
Differences between groups were analyzed using one-way
ANOVA, followed by Tukey’s test. p < 0.05 was considered
statistically significant.

RESULTS

Microstructure
Figure 1(a) shows XRD patterns of pure Zr and binary
Zr–Mo alloy samples at room temperature. The results indi-
cated that the phase constitution of solution-treated Zr–Mo
alloys strongly depended on the composition (Mo content).
As indicated in Figure 1(a), only the peaks originated from
a phase (hexagonal close packed structure) were observed
in pure zirconium. Zr–1Mo alloy was found to mainly
consist of a phase and a small amount of b phase (body
centered cubic structure). Both Zr–3Mo alloy and Zr–5Mo
alloy consisted of duplex phases, a and b. It was noteworthy
that the b (211) peak (2y ¼ 57�) showed an increasing
intensity with the increase of Mo content. When the Mo
content increased to 10 wt %, only the retained b phase
was observed. The lattice parameter (a) of b phase (calcu-
lating from the b (200) peak) as a function of Mo content is
shown in Figure 1(b). The lattice parameter remained
almost constant when Mo content was lower than 3 wt %
and markedly decreased when Mo content further increased
up to 10 wt %. The decrease in lattice parameter of b phase
could be explained by the formation of the substitutional
solid solution (cubic lattice) when alloying Mo to Zr. Due to
smaller atom radius of Mo than Zr,33 the addition of Mo to
Zr caused the parameter of the cubic lattice to decrease.
Moreover, the result indicated that more Mo dissolved into
b phase with the increasing of Mo content.

Figure 2 shows TEM micrographs of solution-treated
Zr–Mo alloys. As shown in Figure 2(a), the bright field
image of Zr–1Mo alloy revealed the presence of acicular
plates along different direction. The selected-area electron
diffraction (SAED) pattern presented a phase (hexagonal
close packed) reflection. Therefore, the acicular structure
corresponded to a0 martensite, which was formed by the

martensitic transformation during cooling. Several coarse
grains were observed in Zr–3Mo alloy and, in the grains, the
homogeneous rugged morphology could be seen, as shown
in Figure 2(b). The presence of x originating in the b was
confirmed in the diffraction pattern. Moreover, via careful
observation, small noodle-shaped precipitate could be found
in the matrix, which was proved to be of hexagonal
structure (a phase) by the SAED. So the SAED patterns of
Zr–3Mo alloy indicated that its structure consisted of b, x,
and a. For Zr–5Mo alloy, the bright-field image showed
that the straight plate precipitate with a width of around
100–120 nm was present in the matrix. The SAED pattern
from this precipitate was consistent with a phase. The
matrix was b phase and x phase could not be found. In
Zr–10Mo alloy, only b phase was confirmed according to the
bright field image and SAED pattern with zone axis [001]b.

Mechanical properties
The mechanical properties of Zr–Mo alloys together with
TC4 and 304 SS as controls are shown in Figure 3. As
shown in Figure 3(a), all studied Zr–Mo alloys exhibited a
significantly higher strength than pure Zr (p < 0.05). The

FIGURE 1. (a) XRD profiles of pure Zr and Zr–Mo alloys and (b) lattice

parameter of b phase of various Zr–Mo alloys. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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bending strengths of Zr–Mo alloys decreased with the
increase of Mo content, but there was an invert for
Zr–10Mo alloy. The a0 phase dominated Zr–1Mo alloy had
the highest bending strength (1780 MPa) among pure Zr
and Zr–Mo alloys, which had a similar bending strength to
TC4. The bending modulus of pure Zr and Zr–Mo alloys are
present in Figure 3(b). Zr–Mo alloys possessed lower elastic
modulus in comparison with TC4 and 304 SS (p < 0.05).
The bending modulus of pure Zr (99 GPa) was slightly
higher than Zr–1Mo alloy. Moreover, the bending modulus
decreased with the increasing of Mo content for Zr–1Mo
alloy (98 GPa), Zr–3Mo alloy (95 GPa), and Zr–5Mo alloy
(72 GPa). This variation was attributed to the fact that the
volume fraction of b phase increased with an increase of
Mo content in Zr–Mo alloys and b phase had a lower modu-
lus than a phase and a0 phase. Zr–10Mo alloy had a similar
bending modulus to Zr–5Mo alloy. Previous work by Ho
et al.34 indicated that a bending strength/modulus ratio
(�1000) was used to assess the feasibility of implanted
materials. As indicated in Figure 3(c), Zr–1Mo alloy and
Zr–5Mo alloy exhibited higher bending strength/modulus
ratio compared to TC4 and 304 SS (as high as 18.04 and
18.01, respectively), showing their potential for use as new
implants.

The variation in microhardness with the amount of Mo
content had a similar trend in bending strength, as shown in
Figure 3(d). It could be observed that all present Zr–Mo
alloys had much higher hardness than pure Zr (p < 0.05).

The hardness of Zr–Mo alloys decreased with an increasing
Mo content from 424 Vickers hardness (HV) (a0 phase domi-
nated Zr–1Mo alloy) to 323 HV (b phase Zr–10Mo alloy).
This result suggested that cubic b phase appeared to be
softer than hexagonal a0 phase in Zr–Mo alloys, which was
similar to the cast Zr–Ti alloy reported in a previous study.30

Corrosion behavior
OCP is the potential at which the metal reaches equilibrium
with the liquid environment.35 Figure 4 shows OCP vs. time
curves of pure Zr and Zr–Mo alloys together with TC4 and
316L SS in SBF solution. The OCPs of TC4 and 316L SS
stabilized at nobler values in comparison with pure Zr and
studied Zr–Mo alloys in SBF medium. It could be found that
OCPs changed slowly toward noble potentials for pure Zr
and all experimental Zr–Mo alloys during the whole immer-
sion process. This fact implied that the passive film sponta-
neously formed on surface of pure Zr and Zr–Mo alloys,
which was resistant to metal dissolution into SBF solution.
By comparing the OCP values, Zr–Mo alloys possessed more
positive potentials than pure Zr, and Zr–10Mo alloy had the
most positive value. The results indicated that the addition
of Mo made the spontaneous passive film on the metallic
surface more stable thermodynamically, thus rendering
these alloys a lower corroding tendency compared to
pure Zr.

For further understanding of the effect of Mo addition
on the corrosion resistance of Zr–Mo alloys in physiological

FIGURE 2. TEM micrographs of Zr–Mo alloys including bright field images and SAED patterns: (a) Zr–1Mo alloy, (b) Zr–3Mo alloy, (c) Zr–5Mo

alloy, and (d) Zr–10Mo alloy.
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medium, the potentiodynamic polarization scan was carried
out in the potential range of �1.0 to 1.5 V (vs. SCE), and
the results are shown in Figure 5. Stainless steel, Zr alloys,
and Ti alloy displayed different polarization characteristics.

For 316L SS, the cathodic branch moved to higher current
density region and the breakdown potential was lower than
those of Zr alloys and Ti–6Al–4V alloy. A wider passive
region was observed on the anodic polarization curve of

FIGURE 3. Mechanical properties of pure Zr and Zr–Mo alloys together with TC4 and 304 SS: (a) bending strength, (b) bending modulus, (c)

strength/ modulus ratio, and (d) microhardness. * indicates p < 0.05 when compared with pure Zr. **indicates p < 0.05 when compared with

TC4. *** indicates p < 0.05 when compared with 304 SS.

FIGURE 4. OCP vs. time curves of pure Zr and Zr–Mo alloys together

with TC4 and 316L SS in SBF solution. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5. Potentiodynamic polarization curves of pure Zr and Zr–Mo

alloys together with TC4 and 316L SS in SBF solution. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Ti–6Al–4V alloy, which had the highest breakdown potential.
Pure Zr and studied Zr–Mo alloys showed quite similar
polarization behavior and the shape of polarization curves
revealed the characteristic of a typical valve metal (valve
metals,14,36 such as Ti, Zr, Ta, Nb, and W, are usually covered
by a thin passive film, which protects the metal from disso-
lution; at a rather high potential, the breakdown of passive
film may occur). The corrosion current density (Icorr) and
corrosion potential (Ecorr) were estimated by Tafel extrapo-
lation method using both cathodic and anodic branches of
the polarization curve. The average values of Ecorr and Icorr
are listed in Table I. The corrosion current densities of stud-
ied Zr–Mo alloys were similar to that of Ti–6Al–4V alloy,
and far lower than that of 316L SS. With addition of Mo, the
corrosion current densities of Zr–Mo alloys decreased and
Zr–3Mo alloy had the lowest value, which suggested that
the corrosion resistance of pure Zr improved after alloying.
A passive region (stabilization in current density) was
observed on the anodic branch of polarization curve before
transpassivation occurrence, which indicated that the stable
and protective film was formed on the surface of the sam-
ple. The passive current densities of all test alloy samples
were around 5–10 lA/cm2 and the values decreased from
pure Zr to Zr–10Mo alloy, which indicated that addition of
Mo increased the passivity of Zr (the detailed view is shown
in Figure 5). It implied that mixed oxide film offered a
better protection than the pure Zr-oxide passive film and
it became more stable with the increase of Mo content for

Zr–Mo alloys. At more positive potential, the passive films
broke down and the current densities increased rapidly. The
breakdown potentials for pure Zr and Zr–Mo alloys are
listed in Table I. Comparing with pure Zr, the breakdown
potentials for the studied Zr–Mo alloys increased regardless
of the Mo content of the alloys. Hence, the addition of Mo
enhanced pitting resistance of Zr in SBF solution. It was
also clear from the breakdown potentials that with the
increase of Mo content, the stability of protective films
increased and consequently, the pitting resistance increased
for these binary Zr–Mo alloys (there was an invert for
Zr–10Mo alloy). TC4 showed a higher breakdown potential
compared to Zr–Mo alloys, which suggested that Ti-oxide
was more stable with respect to Zr-oxide at high potentials
(higher than 0.4 V). 316L SS had the lowest breakdown
potential (0.290 V vs. SCE). The typical surface morphology
of Zr–10Mo alloy after potentiodynamic polarization is
shown in Figure 6. The morphologies of corroded surfaces
of test samples are very similar, so other images are not
given here. Distinct pits randomly distributed on the cor-
roded sample’s surface, which confirmed that pure Zr and
all Zr–Mo alloys suffered pitting corrosion after potentiody-
namic polarization up to 1.5 V (vs. SCE). In general, the
addition of Mo significantly enhanced the corrosion resist-
ance of Zr. Moreover, with the increase of Mo content, the
corrosion resistance of Zr–Mo alloys further increased as
indicated in the decrease in passive current densities and
the increase in breakdown potentials (except for Zr–10Mo
alloy).

Evaluation of cytotoxicity
In order to examine substances released into the culture
medium by tested material, the amount of metallic ions in
extracts was measured by the ICP-AES. All metal ions (Zr,
Mo, and Ti) were not detectable, namely under the minimal
detection limit of the machine (0.001 lg/mL). Figure 7(a)
illustrates the relative viability of murine fibroblast cells
(L-929) expressed as a percentage of the viability of cells
grown in the negative control after culturing in Ti (TA2),
pure Zr, and various Zr–Mo alloys extraction media for 1, 2,

TABLE I. Corrosion Parameters of Pure Zr, Zr–Mo Alloys, TC4

and 316L Stainless Steel Obtained from Polarization Curves

Samples Ecorr (V) Icorr (10�7 A/cm2) Etran (V)

Pure Zr �0.542 6 0.022 1.612 6 0.963 0.415 6 0.036
Zr–1Mo �0.591 6 0.071 1.259 6 0.485 0.521 6 0.262
Zr–3Mo �0.565 6 0.048 0.667 6 0.292 0.512 6 0.123
Zr–5Mo �0.577 6 0.017 1.413 6 0.543 0.629 6 0.029
Zr–10Mo �0.481 6 0.026 1.536 6 0.378 0.583 6 0.152
TC4 �0.391 6 0.041 0.768 6 0.042 1.194 6 0.017
316L SS �0.299 6 0.018 10.33 6 2.08 0.290 6 0.022

FIGURE 6. SEM images of the surface of Zr–10Mo alloy: (a) before and (b) after potentiodynamic polarization.
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and 4 days, respectively. It could be seen that the cell viabil-
ity in extracts of pure Zr and Zr–Mo alloys was almost the
same as in those of negative group and Ti regardless of
culture time. It suggested that the extracts of pure Zr and
Zr–Mo alloys samples showed no toxicity to L-929 cells.
Figure 7(b) shows the relative viability of the human osteo-
sarcoma cells (MG 63). After 1 day culture, the cell viabil-
ities of pure Zr and Zr–Mo alloys were almost the same as
that of Ti, but lower than that of negative group. The
extracts of Zr–1Mo alloy, Zr–3Mo alloy, and Zr–5Mo alloy
showed slight reduced values of cell viability compared to
that of Ti and the cell viability of Zr–3Mo alloy was lowest
(88% of control) in 2 days culture. After a prolonged cultur-
ing period (4 days), MG 63 cell viabilities decreased with
the increase of Mo content for Zr–Mo alloys, but the lowest
value of cell viability was higher than 90% (of the control).
Although Zr–Mo alloys displayed reduced cell viability in
comparison with the negative control, but the value of cell
viability was still above 88%, approximately equivalent to
level of non-cytotoxicity. In conclusion, the indirect cytotox-
icity test showed that the studied Zr–Mo alloys did not

release any toxic component which inhibited the growth
and proliferation of fibroblast cells and osteoblast cells, indi-
cating a good in vitro biocompatibility.

DISCUSSIONS

Effect of Mo content on microstructure and mechanical
properties of Zr–Mo alloys
XRD analysis and TEM observation revealed that Zr–Mo
alloys underwent a variety of phase transformations and
several metastable phases including a0 (martensite), x, and
retained b were formed during quenching. In Zr–1Mo alloy,
b phase transformed to martensite, but the transformation
was not complete and a small amount of b phase remained
after treating (XRD result). When the Mo content increased
up to 3 wt %, b phase started to transform to x phase but
this transformation was still incomplete. The previous inves-
tigations,25,37 on non-equilibrium transformations of Zr–Mo
system, showed that when the Mo content was less than
about 3 wt %, the martensite start temperature (Ms) was
higher than x start temperature (xs) so a0 martensite
formed first, followed by the forming of x phase. With the
Mo content exceeding 3 wt %, xs was higher than Ms, and
the x transformation prevailed over the martensite transfor-
mation during cooling. In this study, the presence of a0

phase in Zr–1Mo alloy and x phase in Zr–3Mo alloy con-
firmed these non-equilibrium transformations. Moreover,
small precipitate of needle-shaped a phase in the matrix
confirmed that b!a transformation had taken place. This
result was also in accordance with Suyalatu study.26 In
as-quenched Zr–5Mo alloy, these non-equilibrium transfor-
mations (martensitic transformation and x transformation)
had been suppressed. For Zr–10Mo alloy, b phase was fully
retained and it was reasonably inferred that b phase could
be fully stabilized beyond 10 wt % Mo for Zr–Mo alloy.

Mo content had significant influence on the microstruc-
ture of Zr–Mo alloys, which consequently affected their
deformation behavior and mechanical properties. In fact,
both slip and twinning could take place for hexagonal close-
packed Zr during plastic deformation.38 Three-point bending
test has been performed to evaluate the mechanical proper-
ties of implanted metals or alloys, such as Ti–Nb alloys39

and Ti–Zr alloys.40 In fact, orthopedic implants, as structural
material, usually subject to load in tension, compression,
bending, shear, torsion, or a combination of these modes. In
total hip replacement, femoral component of the prosthesis
is loaded both axially and in bending, and the near one-
third region subjects to the maximum bending.41,42 In the
present article, for the Zr–Mo alloys, the increase in strength
was mainly attributed to the solid solution strengthening by
alloying with Mo. Zr–3Mo alloy consisted of x phase, but it
was recognized as hard and brittle.27 The presence of x
phase in alloy was unfavorable for plastic deformation. It
was worth noting that a0 phase had higher hardness, bend-
ing strength and modulus compared to b phase. A similar
result was obtained in as-cast Zr–Ti alloys30 and Ti–Nb
alloys.39 Zr–1Mo alloy exhibited a high hardness (close to
CoCr alloy, 4.28 GPa43) and bending strength (similar to
TC4). Additionally, it is well known that the mismatch

FIGURE 7. Cell viability expressed as a percentage of the viability of

cells in the negative control after 1, 2, and 4 days culture in Ti, pure

Zr and Zr–Mo alloys extraction media: (a) L-929 cell line and (b) MG

63 cell line. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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between bone stiffness and implant stiffness is a significant
factor in determining stress shielding, which leads to the
loosening of the implant and refracturing of the bone.44 It is
essential to use implant materials with lower elastic modu-
lus (closer to that of natural bone, 10–30 GPa). Compared
to Ti–6Al–4V alloy (107.2 GPa) and 304 biomedical stainless
steel (173.3GPa), Zr–10Mo alloy (or Zr–5Mo alloy) showed
much lower elastic modulus (p < 0.05), so they may be
promising candidates for new implants in terms of relatively
low elastic modulus.

Effect of Mo content on bio-corrosion behaviors of
Zr–Mo alloys
The general conclusion of the electrochemical corrosion
study was that the alloying of Mo improved the corrosion re-
sistance of pure Zr. The corrosion resistance of Zr–Mo alloys
in SBF medium was better than that of AISI 316L stainless
steel and was similar to that of Ti–6Al–4V alloy (corrosion
current density). Pure Zr and Zr–Mo alloys underwent spon-
taneous passivation and passive film formed on the metallic
surface (OCP results). The corrosion performance of Zr alloys
strongly depended on its composition, structure, and envi-
ronment. The previous corrosion studies13,16,45 clearly indi-
cated that when adding Ti, Nb, Ta to pure Zr, its corrosion
performance improved but adding Hf lowered its corrosion
resistance. In addition, the growth and stability of the oxide
film on Zr and its alloys were much affected with the pres-
ence of chloride ions.46 The passive film was easily attacked
due to the Cl� migration toward and into the oxide film,
which caused pitting.15 Zr–Mo alloys in this study exhibited
better corrosion resistance than pure Zr. It was previously
proved that the corrosion resistance of Ti–Mo alloys was
improved with the addition of Mo, which was attributed to
the passive film formation of mixed TiO2 and MoO3

oxides.47,48 Similarly, it was reasonably inferred that a mix-
ture of Zr-oxide and Mo-oxide generated on the metallic sur-
face, which was responsible for the high corrosion resistance
of the studied Zr–Mo alloys. Besides, the mixed passive film
consisting of Zr- and Mo-oxides was more stable than single
passive film ZrO2. Pitting corrosion occurred after potentio-
dynamic polarization up to 1.5 V (vs. SCE) for pure Zr and
all studied Zr–Mo alloys (SEM observation). It is necessary
for the implanted metals to remain at the passive state in
body. Therefore, the breakdown potential of the passive film
on a metallic implant is required to be higher than the body
potential. It was suggested that the body potential corre-
sponded to the redox potential of the body fluid with value
of 0.4–0.5 V.49 In this study, the breakdown potentials of
passive films on Zr–Mo alloys were higher than the redox
potential, making them promising materials for new
implants in terms of pitting resistance.

Biocompatibility of Zr–Mo alloys and their promises as
medical devices
Zr is known to be nontoxic and biocompatible as a stable
oxide film is formed on its surface, which can effectively
inhibit the releasing of metal ions. Meanwhile, the oxide
itself shows bio-inertness and low solubility.12,50,51 Mo is an

essential trace element and the 150–500 lg/day level was
estimated as adequate and safe for adults.52 Based on previ-
ous cytotoxicity and biocompatibility studies of metals, Mo
was classified as a low cytotoxic and safe element for living
body.28,53 Through animal test, Mo was found in the kidney,
liver, and spleen after mandibular implants of Co–Cr–Mo
alloy implanting in rabbits for 2 years.54 In the present
study, the amount of Zr and Mo ions released into the
culture medium was less than 0.001 lg/mL, which was
approximately equivalent to 10�5 mM (the atomic weight of
Zr or Mo �100). Early studies demonstrated that below
0.01 mM, neither Zr nor Mo was toxic to osteoblasts and
fibroblasts.5,55 In addition, the biocompatibility of Zr–Mo
alloys was primarily evaluated by culturing L-929 cells
and MG 63 cells in their extraction media and positive
results were obtained, indicating an excellent in vitro
biocompatibility.

Zr–Mo alloys showed a lower magnetic susceptibility
than other biomedical metal or alloys (such as Co–Cr–Mo
alloy, CP Ti and Ti–6Al–4V alloy). Among various Zr–Mo
alloys, Zr–(0.5–1) Mo alloys consisting of the a0 phase were
proposed as the best candidates for medical devices used
under MRI.25 Furthermore, in this work, Zr–1Mo alloy
exhibited higher hardness, bending strength, and modulus
in comparison with other Zr–Mo alloys, which implied high
resistance to plastic deformation and wear. Additionally, the
b type Zr–Mo alloy displayed a lower modulus in compari-
son with TC4 and 304 SS, showing a promising potential for
new orthopedic implants from the viewpoint of relatively
low elastic modulus. Besides, Zr–Mo alloys with higher Mo
content exhibited a better pitting resistance than those with
low Mo content. In addition, the magnetic susceptibility of
b-Zr–Mo alloy was still lower than that of CP Ti and Ti–6Al–
4V alloy,25 indicating MRI compatible as well.

CONCLUSIONS

The microstructure, mechanical properties, corrosion behav-
ior, and in vitro biocompatibility of Zr–Mo alloys after solu-
tion treating were investigated to explore their potential use
in orthopedic application. The alloying element Mo had
significant influence on the microstructure of Zr–Mo alloys.
The a0 phase with an acicular structure was dominant in
Zr–1Mo alloy, while b and x phases predominantly existed
in Zr–3Mo alloy. For Zr–5Mo alloy, a lot of b phase retained
and a small amount of a precipitated in the b matrix, while
b phase was fully retained in Zr–10Mo alloy. Zr–1Mo alloy
exhibited higher hardness, bending strength, and modulus
than other Zr–Mo alloys. The b type Zr–Mo alloys showed
low bending modulus. The results of electrochemical corro-
sion suggested that alloying of Mo improved the corrosion
resistance of pure Zr. The mixed passive film consisting of
Zr- and Mo-oxides on the metallic surface was more stable
than the single passive film ZrO2. In indirect cytotoxicity
test, Zr–Mo alloys did not present significant toxic effect to
L-929 fibroblast cells and MG 63 osteoblast cells, which
showed an excellent in vitro biocompatibility. Therefore,
among these experimental Zr–Mo alloys, Zr–1Mo alloy with
dominant a0 phase becomes appealing when low magnetic
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susceptibility and high strength (or high elastic modulus)
are required for medical devices. While the b type Zr–Mo
alloy shows a promising potential for new implants from
the viewpoint of relatively low elastic modulus (closer to
elastic modulus of natural bones).
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