
Biocompatibility and Degradation of a Low Elastic Modulus Ti-35Nb-
3Zr Alloy: Nanosurface Engineering for Enhanced Degradation
Resistance
Ohan Mazigi,† M. Bobby Kannan,*,† Jia Xu,‡ Han-Cheol Choe,§ and Qingsong Ye∥

†Biomaterials and Engineering Materials (BEM) Laboratory College of Science and Engineering, James Cook University, 1 James
Cook Drive, Townsville, Queensland 4811, Australia
‡College of Medicine and Dentistry, James Cook University, 14-88 McGregor Road, Cairns, Queensland 4878, Australia
§Department of Dental Materials, Chosun University, 375 Seosuk-dong, Dong-gu, Gwangju 501-759, South Korea
∥School of Dentistry, The University of Queensland, 288 Herston Road, Brisbane, Queensland 4006, Australia

ABSTRACT: In this study, the biocompatibility and degrada-
tion behavior of a low elastic modulus Ti-35Nb-3Zr alloy were
investigated and compared with that of the conventional
orthopedic and dental implant materials, i.e., commercially pure
titanium (Cp-Ti) and Ti-6Al-4V alloy. The biocompatibility test
results suggested that cells proliferate equally well on Ti-35Nb-
3Zr and Cp-Ti. The degradation rates of Cp-Ti and Ti-6Al-4V
were ∼68% (p < 0.05) and ∼84% (p < 0.05) lower as compared
to Ti-35Nb-3Zr, respectively. Interestingly, the passive current
density (ipass (1000mv)) of the Ti-35Nb-3Zr alloy was ∼29% lower
than that of Cp-Ti, which suggests that the alloying elements in
the Ti-35Nb-3Zr alloy have contributed to its passivation behavior. Nanosurface engineering of the Ti-35Nb-3Zr alloy, i.e., a two-
step electrochemical process involving anodization (producing nanoporous layer) and calcium phosphate (CaP) deposition,
decreased the degradation rate of the alloy by ∼83% (p < 0.05), and notably, it was similar to the conventional Ti-6Al-4V alloy.
Hence, it can be suggested that the nanosurface-engineered low elastic modulus Ti-35Nb-3Zr alloy is a promising material for
orthopedic and dental implant applications.
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■ INTRODUCTION

Health problems associated with defects in the musculoskeletal
system are on the rise with a growing and aging population.1

Implants are used to repair or replace fractured bones and
joints, which cannot heal naturally. The most important
conditions that an implant material must satisfy are (i)
biocompatibility, (ii) high resistance to biologically induced
degradation, and (iii) mechanical properties resembling those
of natural bone.2−4

Titanium (Ti) has become a quintessential material for
orthopedic and dental implant applications.5,6 The biocompat-
ibility and resistance to corrosion make Ti a superior candidate
for implant applications.4,5,7−9 Furthermore, Ti has superior
mechanical properties exhibiting high strength and durability;
however, its higher elastic modulus (103 GPa)10 as compared
to that of natural bone (10−40 GPa) is a limitation.11 Load-
bearing implants with high elastic modulus can lead to a
phenomenon called stress shielding that can cause a reduction
in bone density (osteopenia) and subsequent bone resorp-
tion.12−15 Hence, research has been focused toward developing
low elastic modulus Ti alloys. Transition alloying metals such as
niobium (Nb), vanadium(V), zirconium (Zr), and tantalum
(Ta) have shown promising results in terms of elastic modulus

reduction and control over superplastic and shape memory
properties.16−23

Early research on Ti alloys for engineering applications had
led to the development of an α + β type Ti-6Al-4V alloy. This
Ti alloy has been a preferred biomaterial of choice in
orthopedic implant applications.24,25 However, its elastic
modulus being higher than what is desired is an impending
issue. Furthermore, biocompatibility studies have shed light on
the cytotoxic nature of Al and V ions suggesting deleterious
effects upon their release in biological environments.26,27 In
light of such findings, the development of body centered cubic
(BCC) β type Ti-alloys, in particular Ti−Nb−Zr systems, has
become the new avenue for orthopedic implant research. This
class of alloys has shown great promise in not only elastic
modulus reduction but also in biocompatibility as Nb and Zr
have been considered as nontoxic elements.28,29

Geetha et al.18 and Tang et al.19 reported that Nb and Zr are
effective promoters for the β phase transformation and
stabilization. Song et al.20 showed that Nb and Zr effectively

Received: September 19, 2016
Accepted: February 27, 2017
Published: February 27, 2017

Article

pubs.acs.org/journal/abseba

© 2017 American Chemical Society 509 DOI: 10.1021/acsbiomaterials.6b00563
ACS Biomater. Sci. Eng. 2017, 3, 509−517

pubs.acs.org/journal/abseba
http://dx.doi.org/10.1021/acsbiomaterials.6b00563


decrease the elastic modulus of Ti without any compromise in
the strength. However, only limited work has been done on the
biocompatibility and biodegradability of the Ti−Nb−Zr alloy
system. Li et al.30 studied the cytotoxicity of each alloying
element separately using “osteoblast-like” SaOS(2) cells and
found that Nb and Zr have associated cell viabilities of 76 ± 3%
and 66 ± 3%, respectively. Wang and Zheng31 investigated the
cytotoxicity of Ti-22Nb, Ti-26.5Nb, Ti-35Nb, and Ti-22Nb-4Zr
using a fibroblast cell line (L-929) and reported all samples
having cell viabilities greater than 94%. Choubey et al.32 studied
the degradation behavior of the Ti-13Nb-13Zr alloy in
simulated body fluid (SBF) and reported ∼15% lower
degradation rate than that of pure Ti. They attributed the
increase in the degradation resistance to the formation of
niobium oxide (Nb2O3) and zirconium oxide (ZrO2) passive
layers, which strengthened the native titanium oxide layer
(TiO2). Yu and Scully33 also reported the high chloride-attack
resistance of the passive film formed on Ti-13Nb-13Zr alloy by
observing a high pitting resistance exhibited by the alloy in
Ringer’s solution.
Newly developed Ti−Nb−Zr alloys with higher levels of Nb

(35 wt %) have shown to exhibit attractive mechanical
properties with reduced elastic modulus which is crucial for
implant applications.34 However, limited literature is available
on the biocompatibility and degradation of high Nb containing
Ti−Nb−Zr alloys. Only recently, Jeong et al.35 investigated the
effect of Zr addition on a high Nb containing a Ti alloy system
(Ti-35Nb-xZr) in a chloride-containing solution. It was found
that increasing the Zr content to 5 and 7 wt % decreases the
degradation rate by ∼44% and ∼37%, respectively. However,
further increase in Zr content (10 wt %) was found to be
detrimental.
Surface modification on Ti alloys has become a conventional

approach for osseointegration and improved biocompatibility
and degradation.36−39 Organic coatings on Ti alloys have been
investigated with studies attempting the immobilization of
biomolecules such as peptides, extracellular matrix (ECM)
proteins, growth factors (GFs), and enzymes. Morra et al.40

investigated proliferation properties of collagen I coated Ti on
human mesenchymal cells (HMCs) and reported adequate cell
adhesion and proliferation after short experimental times. In
another study, Morra et al.41 had shown an increase in bone to
implant contact on collagen I coated Ti, as compared to
noncoated Ti, after 2 weeks of surgical implantation in the
cortical bone of the femur in adult rabbits. However, limitations
to organic coatings have been widely discussed and are based
around the difficulty in controlling coating parameters,
considering the fickle nature of biological compounds.
Furthermore, the requirement of multiple coating and
incubation steps makes these methods cumbersome.42

More efficient methods involving the coating of Ti with
inorganic biomaterials (bioceramics) have shown to be an
effective alternative for degradation and biocompatibility
improvement. Bioceramics such as calcium phosphates
(CaPs) have been widely considered as a suitable coating
material to enhance biocompatibility, biodegradation resistance,
and facilitate osseointegration of Ti-based alloys.16,43,44 CaP is
bioactive in the body and is one of the few popular bioceramics
that have the ability to directly bond with bone tissues
attributing to its high osseointegration and osteoconductive
properties.44 Peng et al.45 studied the cytotoxicity and growth
behavior of osteoblastic MG63 cells on a CaP coated Ti alloy
and found that the CaP coating was not only nontoxic at all

time periods (3, 12, and 48 h) but also showed preferential
growth of the MG63 cells on the CaP coating after 4 days of
incubation. In another study conducted by Huang et al.46 on
mesenchymal stem cells (MSCs), a significant improvement in
cellular adhesion was observed on the CaP coated Ti as
compared with the uncoated sample. More importantly, the
study also highlighted the CaP layer supporting the differ-
entiation of MSCs along an osteoblastic lineage. There are
several methods, e.g., pulsed laser deposition (PLD), plasma
spray deposition (PSD), dip-coating and electrospray deposi-
tion, for coating CaP on metallic biomaterials.47 Studies by
Singh et al.48 and Simon et al.49 on PSD CaP on Ti-6Al-4V and
Cp-Ti, respectively, showed improvements in the degradation
resistance. Simon et al.49 also showed enhanced cell attach-
ment, proliferation, and differentiation on MG63 osteoblast-like
cells. Nonetheless, the issues encumbering PSD are due to the
use of high temperatures and poor control over coating
composition, phase, crystallinity, and morphology.50,51 How-
ever, electrochemical deposition is an attractive coating method
since it is advantageous in being able to coat implants that have
complex geometries. Furthermore, the morphology and
thickness of the coating can be regulated by controlling the
electrochemical parameters.52 Adhesion of CaP coating on
smooth Ti-based materials can be an issue, but our recent study
showed that anodizing the metal creates a porous oxide layer
which can interlock the CaP particles and enhance adhesion.16

In this study, the biocompatibility and degradation of a low
elastic modulus Ti-35Nb-3Zr alloy were studied and compared
with that of commercially pure titanium (Cp-Ti) and Ti-6Al-4V
alloy. The Ti-35Nb-3Zr alloy was surface engineered electro-
chemically to enhance the degradation resistance.

■ MATERIALS AND METHODS
Material. The Ti-35Nb-3Zr alloy was prepared by arc melting the

metals in a vacuum furnace purged with pure argon gas. The alloy was
then heat-treated in argon atmosphere at 1000 °C for 12 h before
being quenched at 0 °C.

Biocompatibility Testing. Biocompatibility tests were carried out
using an MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
bromide) assay to determine cytotoxicity.53,54 The alloy samples were
first cut into pieces of 4 mm × 2 mm × 1 mm in size using a Struers
Minitom cutoff machine. The samples were ground using 1200-grit
SiC paper and sterilized by washing and sonication in 70% ethanol
before being placed in an autoclave. A Preosteoblast (MC3T3-E1
osteoprogenitor cells) cell line (Source: American Type Culture
Collection) derived from mouse clavaria was selected for this
investigation. The MC3T3-E1 cell line exhibits high alkaline
phosphatase (ALP) activity. ALP is a prominent enzyme found in
bone, and due to its high activity,55 MC3T3-E1 could be a good
indicator of cytotoxic effects on osteoblastic differentiation. For the
biocompatibility tests, 96-well plates were used where 5000 MC3T3-
E1 cells in 200 μL of Dulbecco’s modified Eagle’s medium (density: 25
cells/ μL) were seeded into each test well. The cellular solution was
incubated for 4 h at 37 °C before the samples were placed into their
designated wells. Three time points were established for recording; 24
h (triplicate tests), 48 h (triplicate tests), and 72 h (duplicate tests). At
each time point, 20 μL of MTT solution (at a concentration of 5 mg/
mL in phosphate buffer solution) was added into each well and
incubated for a further 4 h at 37 °C after which the samples and
supernatant were then removed. 150 μL of dimethyl sulfoxide
(DMSO) was then added to all wells and shaken for 10 min. The
optical density (OD) of each well was measured by a microplate reader
(iMark Microplate Absorbance Reader, Bio-Rad) at a wavelength of
490 nm to determine cell viability and qualitatively evaluate cell
density, which is directly proportional to the OD value when the cells
are actively growing. Cell viabilities were calculated by the division of
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the OD values: CV = (ODS − ODZ)/(ODC − ODZ), where ODS and
ODC are the sample and control values, and the ODZ being the values
obtained from the blank/zero well
Culture Characterization. To assess growth behavior and

morphology, the MC3T3-E1 cells were stained with a 1% crystal
violet solution (V5265 SIGMA-Aldrich) diluted to 0.1% and observed
using an optical microscope (Nikon ECLIPSE TS100 with DS-Fi1
CCD camera). Following each assay, the cells were initially washed
with phosphate buffer solution (PBS) three times before being fixed
for 15 min with a 37 wt % formaldehyde solution (252548 SIMGA-
Aldrich) diluted to 4 wt %. The cells were then washed with distilled
water three times followed by staining with the 0.1% crystal violet
solution for 15 min. The cells were again washed with distilled water
three times before being air-dried and ready for observation.
In Vitro Degradation Testing. Electrochemical degradation

testing was carried out in triplicate using an electrochemical cell,
housing a three-electrode system consisting of an Ag/AgCl (saturated
KCl) reference electrode, a platinum counter electrode, and the
working electrode being the tested sample. The Ti-35Nb-3Zr alloy
samples were cut into disks of 3 mm thick and 11.5 mm in diameter
using the cutoff machine. The Cp-Ti and Ti-6Al-4V samples were both
disks 3 mm thick and 20.3 mm in diameter. Surface preparation of the
test samples was done by SiC paper grinding in multiple successions
(120 to 4000 grit) and finally polished with 3 μm diamond paste. The
samples were then ultrasonically cleaned in ethanol and dried before
testing. All three electrodes were immersed in simulated body fluid
(SBF), and the cell was connected to a pump allowing for a closed-
system circulation of SBF as shown in Figure 1. The chemical

composition of the SBF used in this investigation is shown in Table
1.56 The SBF was maintained at a temperature of 37 ± 0.5 °C with the
pH of the solution being adjusted to 7.4 using 1 M NaOH prior to
commencing the testing. The potentiodynamic polarization tests were

carried out at a sweep rate of 30 mV/min using a potentiostat (ACM
Instruments GillAC). The experiments were conducted in triplicate,
and statistical analysis was carried out using Two-Sample Assuming
Unequal Variance T-Tests with the significance level set to 0.05.

Surface Modification and CaP Coating. The Ti-35Nb-3Zr alloy
samples for surface modification and coating were cut and prepared in
the same manner as that for degradation testing. Nanosurface
engineering of the Ti-35Nb-3Zr alloy was done in a two-step
electrochemical process using a potentiostat (VersaSTAT 3 controlled
by PowerCORR software). The first step was anodization to drive the
formation of a nanoporous oxide layer. The anodization was carried
out in an electrolyte containing 0.5 M H3PO4 + 0.2 M NaF at room
temperature with the applied potential setup as a potentiodynamic
ramp from 0 to 10 V at a rate of 20 mV/s followed by a constant
potentiostatic voltage of 10 V. CaP coating was then done
electrochemically on the anodized alloy in an electrolyte containing
0.1 M Ca(NO3)·4H2O + 0.06 M NH4H2PO4, using a constant
potential method.

Surface Characterization. The surface morphology of the
nanoporous oxide layer and CaP coating was observed using a JEOL
JSM5410L scanning electron microscope (SEM). The composition of
the CaP coating was determined using Fourier transform infrared
(FTIR) analysis with a PerkinElmer spectrum 100 FTIR spectrometer.

■ RESULTS AND DISCUSSION
Biocompatibility Behavior. The OD and cell viability of

the Ti-35Nb-3Zr alloy were determined over three time periods
(24, 48, and 72 h) and compared to that of Cp-Ti (Figures 2

and 3). The OD value indicates metabolic activity, which is
directly proportional to the cell concentration when the cells
are still proliferating. A higher or equal OD value suggests that
the material has no cytotoxic effect. Since it is well documented
in the literature that Cp-Ti has a high level of biocompati-
bility,4,5,7−9 for comparison the cell viability results of the Ti-
35Nb-3Zr alloy were normalized with respect to Cp-Ti. The
OD observed from the Ti-35Nb-3Zr assay at 24 h was higher

Figure 1. Schematic diagram of the electrochemical cell used for in
vitro degradation testing.

Table 1. Chemical Composition of Simulated Body Fluid
(SBF)56

reagent amount (g/L)

NaCl 8.036
NaHCO3 0.352
KCl 0.225
K2HPO4 0.176
MgCl2·6H2O 0.311
HCl (1 M) 40 mL
CaCl2·2H2O 0.388
Na2SO4 0.072
TRIS buffer 6.063

Figure 2. Comparison of the measured optical density (OD) values
between Cp-Ti and Ti-35Nb-3Zr MTT assays at 24 h (n = 3), 48 h (n
= 3), and 72 h (n = 2). Note: Data are presented as the mean ± SD.

Figure 3. Comparison of the associated cell viabilities from the Ti-
35Nb-3Zr MTT assay with respect to Cp-Ti at 24 h (n = 3), 48 h (n =
3), and 72 h (n = 2). Note: Data are presented as the mean ± SD.
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than that from the Cp-Ti assay, which infers that more cells
were present in the Ti-35Nb-3Zr assay as compared to the Cp-
Ti assay. Accordingly, the Ti-35Nb-3Zr alloy showed ∼17%
more cell viability than Cp-Ti. The Ti-35Nb-3Zr alloy showed a
lower OD value at 48 h; however, the alloy still had an
appreciable cell viability of ∼78%. At 72 h, the cell viability of
the Ti-35Nb-3Zr alloy was ∼97%. Thus, the MTT assay results
suggest that Ti-35Nb-3Zr alloy exhibits a biocompatibility that
is comparable to that of the conventional Cp-Ti.
Observation of the of the MC3T3-E1 cells at all time points

has revealed no disparity in the growth and morphology
between the Cp-Ti and Ti-35Nb-3Zr assay samples. Figure 4

shows the stained cells taken at the final time point (72 h)
revealing growth distributions. The cells appeared to have
proliferated equally well on both materials. The MTT tests
along with the microscopic observations provided sufficient
evidence on the biocompatibility of the Ti-35Nb-3Zr alloy.
In Vitro Degradation Behavior. The potentiodynamic

polarization curves comparing the Ti-35Nb-3Zr alloy, Cp-Ti,
and Ti-6Al-4V alloy are shown in Figure 5, and the associated

electrochemical data are listed in Table 2. The corrosion
potential (Ecorr) of the Ti-35Nb-3Zr alloy (−104 mV) was

shifted toward the noble direction as compared to the Ti-6Al-
4V alloy (−527 mV) and Cp-Ti (−219 mV). The corrosion
current (icorr) value of Cp-Ti and Ti-6Al-4V were both lower
than that of the Ti-35Nb-3Zr alloy, by ∼69% (p < 0.05) and
∼84% (p < 0.05), respectively. The Ti-35Nb-3Zr alloy
exhibited a degradation rate of 22.3 × 10−4 mm yr−1, whereas
Cp-Ti showed a lower degradation rate value of 7.21 × 10−4

mm yr−1, which is ∼68% lower than that of the Ti-35Nb-3Zr
alloy (p < 0.05). The Ti-6Al-4V alloy was found to have a far
superior degradation resistance than both Ti-35Nb-3Zr and
Cp-Ti with a degradation rate of only 3.68 × 10−4 mm yr−1.
Although the degradation rate of the Ti-35Nb-3Zr alloy was

higher than that of Cp-Ti and the Ti-6Al-4V alloy, an
interesting observation was made with respect to its passivation
behavior. The Ti-35Nb-3Zr alloy exhibited an ipass (1000 mv) value
of 5.18 μA cm−2, which is lower than that of Cp-Ti (7.26 μA
cm−2). This suggests that the alloying elements in the Ti-35Nb-
3Zr alloy have contributed to improving its passivation
behavior. It has been reported in the literature that Nb2O3

and ZrO2 enhance the stability of TiO2.
35 The protective oxide

layer on the Ti-35Nb-3Zr alloy was, however, inferior to that of
the Ti-6Al-4V alloy. The Ti-6Al-4V alloy exhibited an
ipass (1000 mv) of 2.10 μA cm−2, which can be attributed to the
Al content. It has been reported in the literature that the oxide
on Ti-6Al-4V alloys is predominantly TiO2 but that it has a
considerable amount of Al in the oxide.57 Since the localized
corrosion sensitivity of the Ti-6Al-4V has been attributed to the
dissolution of V,58 the passivity enhancement as compared to
Cp-Ti can be attributed to Al. On the basis of the ipass (1000 V)

values, it can be suggested that the contribution of Al for the
passivity of the alloy is higher than that of Nb and Zr.

Nanosurface Engineering. Improvement in the degrada-
tion resistance of the Ti-35Nb-3Zr alloy to a level that is
comparable to the conventional Ti-6Al-4V alloy was achieved
through anodization and electrochemical deposition of CaP. In
the first step, the anodization potential was set at 10 V (2 or 4
h) to promote the formation of a nanoporous oxide layer. The
current profile of the anodization process (4 h) is shown in
Figure 6. There was an initial increase in the current density,
which can be attributed to the growth of the oxide layer. After
∼500 s, the current density decreased and reached a relatively
stable current density (1.35 mA cm−2) over time but with some
serration. The SEM micrographs of the oxide layer revealed a
nanoporous structure (Figure 7), which explains the serration
observed in the current curve, i.e., by formation and dissolution
of the oxide layer. The main purpose of achieving such a
morphology was to increase the adhesion of the CaP coating.
The nanoporous structure is expected to increase the

Figure 4. Crystal Violet stain of MC3T3-E1 cells from Cp-Ti (a) and
Ti-35Nb-3Zr (b) assays at the 72 h time point at 10× magnification.

Figure 5. Potentiodynamic polarization curves of Cp-Ti, Ti-6Al-4V,
and Ti-35Nb-3Z alloys in SBF.

Table 2. Electrochemical Data Obtained from the Potentiodynamic Polarization Curves for the Cp-Ti, Ti-6Al-4V, and Ti-35Nb-
3Zr Alloysa

alloy Ecorr (mV) βa; βc (mV/decade) icorr (1 × 10−2 μA cm−2) ipass,1000 (μA cm−2) degradation rate (1 × 10−4 mm yr−1)

Cp-Ti −219 ± 56 248 ± 50 8.15 ± 1.10 7.26 ± 3.61 7.21 ± 0.98
166 ± 23

Ti-6Al-4 V −527 ± 95 243 ± 30 4.15 ± 0.53 2.10 ± 0.61 3.68 ± 0.47
198 ± 70

Ti-35Nb-3Zr −104 ± 10 200 ± 78 26.4 ± 3.23 5.18 ± 0.54 22.3 ± 2.72
167 ± 31

aTests for Cp-Ti, Ti-6Al-4V, and Ti-35Nb-3Zr were carried out in triplicate (n = 3). The electrochemical data are presented in the form of mean ±
SD.
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interlocking of the CaP particles as it provides a porous matrix
enhancing the packing of CaP particles.59

Electrodeposition of CaP was performed on the anodized
alloy at two different voltages, i.e., −2 V and −3 V. Figure 8

shows the current density measured during the constant voltage
coating process. It can be noticed that the current density at −3
V was significantly higher than that at −2 V. At −3 V, the
current density increased slowly and reached a peak at ∼1450 s
and then decreased over time. However, at −2 V, the current
density decreased initially and reached a relatively stable value.
Comparing −2 V coating on a different anodized alloy (2 and 4
h), it can be seen that the relatively stable current density was
lower by ∼39% on the 4 h anodized alloy than the 2 h anodized
alloy. This suggests dense CaP coating on the 4 h anodized
alloy. Literature reports that increases in the anodization time
produce larger pores in the anodized layer.60,61 Hence, the
packing of CaP particles was better on the 4 h anodized alloy.
Macrographs of the bare and CaP coated alloy samples are

shown in Figure 9. The coating at −2 V exhibited a relatively
uniform morphology, whereas at −3 V the coating showed
delamination-like features. SEM analysis revealed flake-like
particles with complete coverage at −2 V, which is typically
observed in electrochemical deposition (Figure 10). The

importance of surface roughness and CaP’s ability to promote
bone formation was evidenced by Lakstein et al.62 who
reported the growth of new bone surrounding various CaP
coated Ti-6Al-4V samples in New Zealand white rabbits after
12 weeks of surgical implantation. Bauer et al.63,64 had also
demonstrated the clinical significance of CaP coatings with
autopsy retrieval studies on three patients who died of nonhip-
related causes. The key findings were that osteoclastic
resorption of the CaP was evident; however, formation of
new bone was observed in these areas. This suggested that CaP
may be replaced by autologous bone while still preserving the
quality of osseointegration. As a result, it is assumed that CaP
takes part in the bone remodeling response similar to any other
part of the skeletal system.
The coating at −3 V, showed irregular morphology with

clustering and unsymmetrical growth of the particles (Figure
11). It can be suggested that the hydrogen evolution, which is a
cathodic reaction, increased significantly at −3 V to an extent
where it affected the coating, i.e., hydrogen bubble formation
disturbed the uniformity of the coating. In fact, the high
serrations in the current profile at −3 V coating (Figure 8) can
be attributed to the hydrogen bubbles bursting that

Figure 6. Current profile associated with the 4-h anodization of the Ti-
35Nb-3Zr alloy surface with respect to time.

Figure 7. SEM micrograph showing the surface of the Ti-35Nb-3Zr
sample that underwent 4 h of anodization.

Figure 8. Current density profile associated with the electrochemical
deposition of CaP onto the surface of the Ti-35Nb-3Zr alloy with
respect to time.

Figure 9. Macrographs of the Ti-35Nb-3Zr alloy: (a) polished surface,
(b) 2 h anodizing with −2 V CaP coating for 2 h, (c) 2 h anodizing
with −3 V CaP coating for 2 h, and (d) 4 h anodizing with −2 V CaP
coating for 2 h.

Figure 10. SEM micrographs of the CaP coated (2 h anodization at 10
V and −2 V CaP coating for 2 h) Ti-35Nb-3Zr alloy at low-
magnification (a) and high-magnification (b) revealing complete
surface coverage and widespread accretion of CaP particles.
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disintegrated the coating. Figure 12 shows the FTIR spectra of
−2 V coating exhibiting bands at 3510 cm−1 corresponding to

hydroxyl groups (OH−), 985, 1057, and 1127 cm−1

representing the phosphate compounds (PO4
3−) and 1217

and 3295 cm−1 representing the H2O groups in the coating. On
the basis of these details and literature data,65−67 it can be
suggested that the coating particles correspond to CaHPO4·
2H2O.
The potentiodynamic polarization curves of CaP coated Ti-

35Nb-3Zr alloy samples are shown in Figure 13 with the

associated electrochemical data shown in Table 3. The CaP
coating produced at −2 V on the 2 h anodized alloy reduced
the icorr of the alloy to 6.63 × 10−2 μA cm−2 and exhibited a
degradation rate of 5.59 × 10−4 mm yr−1, which is ∼75% (p <
0.05) lower than that of the bare Ti-35Nb-3Zr alloy. The CaP
coating also decreased the ipass (1000 mv) value to 3.60 μA cm−2,
which is ∼30% (p < 0.05) lower than that of the bare Ti-35Nb-
3Zr alloy. However, increasing the CaP coating voltage to −3 V

was not highly beneficial. The −3 V coated alloy exhibited an
icorr value of 8.16 × 10−2 μA cm−2. The degradation rate of the
−3 V coated alloy (6.88 × 10−4 mm yr−1) was ∼69% (p < 0.05)
lower than that of the bare Ti-35Nb-3Zr alloy, but compared to
that of −2 V coating, it remains inferior. Also, the ipass (1000 mv)
for the −3 V coated alloy was only marginally lower than that
of the bare Ti-35Nb-3Zr alloy. However, the degradation
resistance and passivation of the alloy was significantly
improved by increasing the anodizing time to 4 h and coating
at −2 V. The CaP coated alloy showed an icorr value of 4.44 ×
10−2 μA cm−2, which resulted in an ∼83% (p < 0.05) reduction
in the degradation rate (3.75 × 1−4 mm yr−1) as compared to
that of the bare Ti-35Nb-3Zr alloy. The ipass (1000 mv) for the
coated alloy was ∼46% (p < 0.05) lower than the bare Ti-
35Nb-3Zr alloy. It should be noted that the degradation rate of
the CaP coated Ti-35Nb-3Zr alloy (4 h anodized and −2 V
coating) is comparable to that of the conventional Ti-6Al-4V
alloy.
Figure 14 shows a comparison of the degradation perform-

ance of the nanosurface-engineered Ti-35Nb-3Zr alloy with
literature data from its counterpart,35 along with a study
involving the electron beam physical vapor deposition of
hydroxyapatite (HA) on a Ti-35Nb-10Zr alloy.34 It can be
noted that the nanosurface-engineered CaP coating out-
performed the HA coating using the electron beam physical
vapor deposition method. The degradation rate of the CaP
coated Ti-35Nb-3Zr alloy was ∼91% lower than that of the HA
coated Ti-35Nb-10Zr alloy. Interestingly, the degradation rate
of the bare Ti-35Nb-3Zr alloy obtained in this study was also
lower by ∼75% as compared to the literature value of its
counterpart. This variation could be due to the difference in the
electrolyte, i.e., in the literature a 0.9 wt % NaCl solution was
used instead of SBF.
Figure 15 shows the in vitro degradation rates of all of the

tested samples with their associated elastic modulus values. The
degradation rate of the optimized CaP coated (4 h anodization
and −2 V CaP coating) Ti-35Nb-3Zr alloy is significantly lower
than that of the bare Ti-35Nb-3Zr alloy and Cp-Ti. Notably,
the CaP coated Ti-35Nb-3Zr alloy and bare Ti-6Al-4V alloy
exhibited a similar degradation rate. However, the elastic
modulus of the Ti-35Nb-3Zr alloy (85 GPa)34 is ∼31% lower
than that of the Ti-6Al-4V alloy (124 GPa),10 which is more
closer to that of natural bone (10−40 GPa).11 This study
suggests that the nanosurface-engineered low elastic modulus
Ti-35Nb-3Zr alloy is a promising material for orthopedic and
dental implant applications. However, in vitro testing of the Ti-
35Nb-3Zr alloy is only a preliminary screening for implant
applications. In vivo testing of the bare and the coated Ti-
35Nb-3Zr alloy under long-term exposure must be carried out
before considering the low-elastic modulus CaP coated alloy for
implant applications.

■ CONCLUSIONS
In this study, the biocompatibility and degradation behavior of
a low elastic modulus Ti-35Nb-3Zr alloy were investigated and
compared with commercially pure Ti (Cp-Ti) and Ti-6Al-4V.
MTT assay results indicate that the Ti-35Nb-3Zr alloy is
biocompatible. In vitro degradation test results suggest that the
alloying elements in the Ti-35Nb-3Zr improve the passivation
behavior of the alloy under applied potentials. However, the
degradation rate of Ti-35Nb-3Zr was inferior to that of Cp-Ti
and Ti-6Al-4V. Surface engineering through anodization and
electrochemical deposition of CaP significantly improved the

Figure 11. SEM micrographs of the CaP coated (2 h anodization at 10
V and −3 V CaP coating for 2h) Ti-35Nb-3Zr alloy at low-
magnification (a) and high-magnification (b) revealing the irregular
clustering and sporadic coating of CaP particles.

Figure 12. FTIR spectra of CaP coating (2 h anodization at 10 V and
−2 V CaP coating for 2 h) on the Ti-35Nb-3Zr alloy.

Figure 13. Potentiodynamic polarization curves of the bare Ti-35Nb-
3Zr alloy and CaP coated Ti-35Nb-3Zr alloy samples in SBF.
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degradation resistance of Ti-35Nb-3Zr to a level comparable
with that of Ti-6Al-4V.
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