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Multi-functional ceramic hybrid coatings on
biodegradable AZ31 Mg implants: electrochemical,
tribological and quantum chemical aspects for
orthopaedic applications†

A. Madhankumar,*a Elangovan Thangavel,b Suresh Ramakrishna,c I. B. Obot,a

Hwa Chul Jung,d Kwang Seon Shin,d Zuhair M. Gasem,a Hyongbum Kimc

and Dae-Eun Kim*be

Application of biodegradable implants has received increasing attention for the treatment of bone damage

due to their low adverse effects. To achieve better biocompatibility and enhanced corrosion resistance of

biodegradable implants with improved wear resistance, multifunctional coatings need to be developed.

Herein, a ceramic hybrid coating has been fabricated by a plasma electrolytic oxidation (PEO) technique

using Ta2O5 nanoparticle inclusion on AZ31 Mg alloy in order to attain superior corrosion, wear behavior,

and surface porosity that enable improved bioactivity. X-ray diffraction analysis of PEO coatings showed

that the surface coating is mainly composed of Mg3(PO4)2, MgO and Ta2O5 in different quantities based

on PEO processing. Furthermore, scanning electron microscopy (SEM) analysis was employed to observe

the surface of the resultant PEO hybrid coatings after and before wear tests. With Ta2O5 nanoparticles,

PEO coatings showed excellent wear compared with pure PEO coatings. The efficiency of the hybrid

coatings in corrosion protection was verified by the Tafel plot and electrochemical impedance

spectroscopy measurements in simulated body fluid. Furthermore, in vitro cell culture studies were

performed on MG-63 human cells to evaluate the biocompatibility of PEO coatings. A quantum

chemical approach and force-field molecular dynamics simulation were employed to evaluate the

interaction between the AZ31 Mg surface and PEO hybrid coatings. All of the observations evidently

showed that the ceramic hybrid PEO coating provides improved wear and corrosion protection

performance with superior biocompatibility with Ta2O5 nanoparticles, when compared to pure PEO

coatings, due to its synergistic beneficial effect.
1. Introduction

In recent years, considerable research efforts have been devoted
to design advanced implant materials of light weight and
superior mechanical strength due to the urgent need for their
use in a variety of biomedical applications. Magnesium (Mg)
and its alloys, in particular, have been extensively studied
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because of their unique properties such as low density, high
specic strength and stiffness, excellent castability and
machinability. Moreover, Mg-based alloys have a natural ability
to biodegrade when placed in aqueous solutions, which is
promising for short-term or temporary implants in orthopaedic
applications. However, because of certain limitations, they are
not adequate for use as orthopaedic implants; hence, proper
surface treatment is required to enhance their performance. Up
to now, various strategies, including physical vapor deposition
(PVD), thermal spraying and hard anodizing, have been
designed to overcome these shortcomings.1–3 Nevertheless,
most of the methods mentioned above involve high tempera-
ture during processing, which inevitably degrade the coating
and substrate; hence, they are not suitable for the deposition of
surface coatings on biodegradable Mg implants.

Plasma electrolytic oxidation (PEO), a new surface modi-
cation technique based on anodic oxidation, has been adopted
for surface treatment of Mg alloys in recent years to improve
their corrosion resistance and tribological performance.4–6 With
This journal is © The Royal Society of Chemistry 2014
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PEO, the composition and structure of coatings can be tailored
readily by controlling the electrolyte composition and concen-
tration. To date, conventional PEO coatings on Mg alloys are
employed in electrolytes containing sodium silicate, phosphate
and aluminate,7 and the resultant coatings are generally
composed of amorphous and/or crystalline phases like MgO,
Mg2SiO4 and Mg3(PO4)2. However, the stability of MgO in acid
or neutral solution is low, which further restricts the corrosion
resistance and biological performance of coatings. Apparently,
the optimum way to produce PEO coatings with multi-func-
tional performance on Mg alloys is to reduce the defects and
increase the content of chemically stable compounds by devel-
oping novel electrolyte systems. In recent years, most research
has focused on improving the corrosion behavior and biocom-
patibility of PEO coatings containing more stable oxides and
compounds, such as TiO2, ZrO2, CeO2, Mg2Zr5O12, Al2O3 and
silica, by varying the constituents of the electrolytes.8–10

Tantalum (Ta) and Ta-based compounds are considered as
promising materials for biomedical applications, since they
exhibit high fracture toughness, corrosion and wear resistance,
and chemical stability.11 Donkov et al. veried the in vitro cyto-
compatibility of Ta2O5 coatings, and their results demonstrated
good cytocompatibility of the Ta2O5 coatings with optimum
stoichiometric Ta2O5 composition.12 However, biocompatibility
and corrosion with tribological characteristics of PEO coatings
formed onMg alloys are seldom studied. Hence, a biodegradable
Mg alloy with better surface biocompatibility and enhanced wear
and corrosion resistances is essential for wider clinical accep-
tance. To explore the potential benets of tantalum oxide
(Ta2O5) nanoparticles in PEO coatings on Mg alloys, this present
study investigated the corrosion as well as tribological perfor-
mance of PEO coatings deposited on an AZ31 Mg alloy in elec-
trolytes with different Ta2O5 nanoparticle concentrations. In
vitro cell culture studies were conducted on MG-63 human cells
to check the biocompatibility of coated AZ31 Mg substrates. A
quantum chemical calculation complemented with molecular
dynamics simulations was further applied to provide some
insights into the stability of the coating lm.
2. Experimental procedure
2.1. Preparation of substrates

The substrate material used for the present investigation was
strip-cast AZ31 magnesium alloy with a chemical composition
(wt%) of 2.5–3.5 Al, 0.6–1.5 Zn, 0.2 Mn, 0.1 Si, 0.05 Cu, 0.001 Ni,
0.001 Fe, and balance Mg. The substrates with a size of 20 mm
� 50 mm � 3.35 mm were cut and ground with different grit
size of SiC papers ranging from 400 to 2400.
2.2. Preparation of PEO ceramic coatings

The PEO treatment was performed with a pulsed DC electrical
power source with the AZ31 Mg alloy substrate and a stainless
steel cylinder container acting as anode and cathode, respec-
tively. The electrolytic solution was composed of an aqueous
solution of KOH (0.03 M), KF (0.05 M) and Na3PO4 (0.2 M)
without and with Ta2O5 nanoparticles (1, 5 and 10 mg L�1),
This journal is © The Royal Society of Chemistry 2014
respectively. The temperature of the electrolytes during the
treatment was constantly maintained at 20 � 2 �C by a water
cooling system, and the electrolyte was stirred continuously
during the treatment. The PEO coating was prepared in this
solution at a current density of 7 mA cm�2 for an oxidation time
of 1200 s. The pulse frequency and duty ratio employed were 500
Hz and 50%, respectively. The processed PEO coatings without
and with 1, 5, and 10 mg L�1 Ta2O5 nanoparticles are referred to
as pure PEO, Ta1, Ta5, and Ta10, respectively.
2.3. Surface characterization of PEO coatings

PEO-coated substrates were observed in the plane view and in
cross-sectional view by SEM, using a JSM-6360 (JEOL) instru-
ment operated at 20 kV coupled with energy-dispersive X-ray
(EDAX) analysis. The phase composition of PEO coatings was
studied by X-ray diffraction (XRD) by Cu and Co Ka radiation
using Philips X'Pert-MPD (PW 3040) with a step size 0.005� and
a scan range from 10� to 80� (in 2q).

In order to evaluate the mechanical performance of the
coated AZ31 Mg substrates, a microhardness test was also
carried out using The Ever one, Model no. MH-3 microhardness
tester. Hardness measurements were performed on the surfaces
at a load of 250 mN and dwell time of 12 s. Vickers hardness
(HV) value was calculated by dividing the indentation force by
the surface of the imprint observed under the microscope. For
each substrate, at least 10 measurements were made at various
sites.

Contact angles were measured using a sessile drop method
with a Kruss G10 contact angle apparatus. A drop of SBF (5 ml)
was positioned on the coated substrates and photographed
immediately aer positioning. The images of drops were pro-
cessed by the image analysis system, which calculated contact
angles from the shapes of the drops with an accuracy of �0.1�.
Note that the uncoated AZ31 Mg substrate was considered as
control, and to achieve an accurate value, ten measurements
were collected for each substrate.
2.4. Tribological studies

The friction and wear properties of the PEO coating were
studied using a commercial reciprocating tribo-tester. An Al2O3

sphere with a diameter of 1 mm was employed as the counter
surface aer a standard cleaning procedure. All measurements
were performed under the following conditions: room temper-
ature, relative humidity of about 40%, applied load of 50 mN,
and sliding speed of 2 mm s�1 with a 4 mm stroke. The friction
coefficient (CoF) and number of sliding cycles were registered
automatically through a data acquisition system. In order to get
an average friction value, the experiments were repeated ve
times for each specimen. The standard wear equation proposed
by Archard was used to obtain the wear rate:

Wear rate ¼ V/W � L (1)

where V is the wear volume, W is the applied load, and L is the
sliding distance.
RSC Adv., 2014, 4, 24272–24285 | 24273
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2.5. Electrochemical characterization of PEO coatings

In order to evaluate the corrosion performance of the PEO
coatings both polarization and EIS tests were performed in
SBF solution using coated substrates for each of these tests.
Prior to the measurements, the substrates were immersed in
the test solution for 30 min to reach a stable open circuit
potential (OCP). The standard three-electrode cell assembly
consisted of a saturated calomel electrode (SCE) as a refer-
ence electrode, a Pt sheet as a counter electrode and the
coated substrates as the working electrode. Polarization
curves for uncoated and coated substrates were recorded
under potentiodynamic conditions in the potential range
�250 mV with respect to OCP at a sweep rate of 1 mV s�1. The
EIS equipment was set up in the frequency range between
0.01 and 104 Hz with amplitude of �10 mV. The analysis of
the impedance spectra and tting of the experimental results
to equivalent circuits was performed using ZSimpWin 3.21,
which allowed the chi-square (c2) value to ascertain the
quality of the equivalent circuit tting. In order to test the
reproducibility of the results, the experiments were per-
formed in triplicate.
2.6. Cell culture studies

MG-63 cells, a human osteosarcoma cell line, were purchased
from Korean Cell Line Bank and cultured in 5% CO2 at 37 �C
in cell incubators using DMEM (GIBCO-BRL, Rockville, MD)
supplemented with 10% FBS and 1% penicillin and
streptomycin.
2.7. Live viability assay

For a live cell viability assay, AZ31 Mg substrates coated with
different concentrations of Ta2O5 were placed on 6-well dishes
and sterilized under ultraviolet radiation for 1 h. MG-63 cells (1
� 105) were seeded on the sterile samples, and the plates con-
taining samples were incubated in a cell incubator. The assay
was performed on days 3 and 7 using LIVE/DEAD Viability/
Cytotoxicity Kit (Molecular Probes, USA). Cells were washed
gently three time using 1� PBS. Fluorescent dyes containing
calcein AM at a working concentration of 2 mM in PBS were used
to stain the cells, and the plates were incubated for 20 min. in
the dark at room temperature. The images of living cells, which
appeared green in colour, were captured using uorescence
microscopy.
Fig. 1 Voltage-time response curves during PEO processing for
different amounts of Ta2O5 nanoparticles on AZ31 Mg substrate.
2.8. Cell counting assay

Equal numbers of MG-63 cell suspensions (1 � 105 cells) were
seeded on 6-well plates each containing AZ31 Mg substrates
coated with different concentrations of Ta2O5. The cells were
allowed to grow on the specimens for 3 and 7 days. Speci-
mens were transferred to new 6-well plates and the assay was
performed as per the protocol provided by Cell Counting Kit-
8 (CCK-8) kit (Dojindo, Molecular Technologies, Rockville,
MD, USA). Absorbance was measured at 450 nm using a
spectrophotometer.
24274 | RSC Adv., 2014, 4, 24272–24285
3. Results and discussion
3.1. Voltage–time curve

Fig. 1 depicts the variation of the anodic voltage as a function of
treatment time during the PEO process in the electrolyte with
and without Ta2O5 nanoparticles. The voltage variations may
probably be categorized into three regions based on increasing
rate. In the rst region, the voltage was rapidly increased for
about 10 s and this rapid increase of voltage appears to be due
to the formation of a passive lm on the AZ31 Mg alloy. In the
second region, the rate of increase in voltage is lower than that
in the rst region. During this stage, breakdown of the passive
lm occurred as a result of the increased voltage, and small
sparks and microarcs were seen. In the third region, i.e., from
approximately 150 s, the voltage was slightly increased and
larger sized arcs appeared. The voltage response behavior
according to the time was similar for electrolyte with and
without Ta2O5 nanoparticles. However, the voltage response of
electrolyte with Ta2O5 nanoparticles in the second and third
regions was signicantly higher than that for electrolyte without
Ta2O5 nanoparticles.

In order to obtain clear information about the growth rate of
PEO coatings with Ta2O5 nanoparticles, the weight gain of
ceramic coatings was measured and the plot obtained is shown
in Fig. S1 (ESI†). As can be seen from the gure, it is clear that
PEO coatings with Ta2O5 nanoparticles showed higher weight
gain than pure PEO coatings. In addition, we have also
measured the coating thickness and conductivity of electrolyte,
and the values obtained are displayed in Table 1. As shown in
Table 1, it is clear that the average coating thickness increases
linearly with the addition of Ta2O5 in the electrolyte. The
distinct deviation in the above obtained behavior is ascribed to
the variance in the conductivity of the electrolytes with and
without Ta2O5 nanoparticles. It can be seen that the conduc-
tivity of phosphate electrolyte with Ta2O5 nanoparticles (10.8
mS cm�1) is lower than the conductivity of phosphate electro-
lyte without Ta2O5 nanoparticles (28.5 mS cm�1). In the case of
This journal is © The Royal Society of Chemistry 2014
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Table 1 Description of PEO coatings on AZ31 Mg substrates

S. no. Description
Conductivity of
electrolytes (mS cm�1)

Final
voltage (V)

Thickness
(�0.1 mm)

Adhesion
remaining (%)

1 Pure PEO 28.5 286 12.5 95
2 Ta1 22.4 325 13.8 95
3 Ta5 18.6 361 14.6 95
4 Ta10 10.8 413 15.7 95
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PEO coatings with Ta2O5 nanoparticles, breakdown voltage
increases due to low conductivity of Ta2O5 nanoparticles in the
electrolyte, thereby increasing the growth rate of PEO coating.13

Moreover, the different breakdown voltages indicated that the
plasma chemical reactions at the substrate/electrolyte interface
were relatively different. Hence, it is more valuable to investi-
gate the anti-corrosion and wear characteristics of PEO coatings
processed in the electrolytes with and without Ta2O5

nanoparticles.

3.2. XRD analysis

Fig. 2 shows the XRD patterns of pure PEO and PEO hybrid
coatings on AZ31 Mg substrates. It can be seen that the PEO
coatings were mainly composed of Mg3(PO4)2, MgO and Ta2O5

nanoparticles depending on mode of processing. Note that the
intensity of peaks corresponding to the Mg3(PO4)2 and MgO
became stronger and the substrate peaks were not observed,
which clearly showed that X-ray intensity was not enough to
reach the alloy substrate due to the formation of thicker and
compact coatings. The appearance of peaks at 22.5�, 26.6�, 36.3�

and 56.5� are attributed to Ta2O5 nanoparticles in PEO coatings
(JCPDS: 19-1299). The X-ray diffractogram showed Ta2O5

nanoparticles to be crystalline in nature and have a hexagonal
phase with the crystallite size in the range of 50–60 nm. In
addition, the intensity of tantalum oxide peaks increased with
increasing concentration of Ta2O5 nanoparticles in the elec-
trolyte, which further conrms the appearance of Ta2O5 nano-
particles in the PEO coatings. Guo et al. reported that the rate of
lm formation increased when the elements with higher
conductivity were introduced to the coating solution,14 which is
Fig. 2 XRD patterns of PEO coated AZ31 substrates with and without
Ta2O5 nanoparticles.

This journal is © The Royal Society of Chemistry 2014
in good agreement with the observed results. Furthermore, the
relative content of detected phases in the coatings is measured
based on the intensities of diffraction peaks and is shown in
Fig. S2 (ESI†). The relative content of MgO in PEO coatings is
smaller than that of others, which clearly revealed that the MgO
exists as a thin barrier layer and the outer layer mainly consists
of Mg3(PO4)2 and Ta2O5 in different quantities.

3.3. SEM results

Typical porous morphology induced by the intensive sparking
during the PEO process can be seen in Fig. 3a–d. In the case of
pure PEO coatings, relatively lower-sized micropores were
observed without cracks on the entire coating surface, whereas
PEO coatings with nanoparticles showed evenly distributed
pores that have mainly irregular shapes and different sizes.
Interestingly, many Ta2O5 nanoparticles with sizes of �50 nm
could be found on the surface of the substrates processed in the
electrolyte with Ta2O5 nanoparticles (Fig. 3b). It has been
reported that the incorporation of nanoparticles during PEO of
Mg alloys could result in the combined effects of electrophoretic
interaction and mechanical intermixing of attracted nano-
particles close to the anodic electrode with uctuating molten
magnesium oxide.15 To further conrm the presence of Ta2O5

nanoparticles on PEO coatings, SEM with EDAX mapping
analysis was carried out and the obtained results are given in
Fig. S3 (ESI†). EDAX mapping images clearly conrmed the
presence of Ta2O5 nanoparticles on PEO coatings, which
strongly supports the incorporation of Ta2O5 nanoparticles. The
Fig. 3 SEM images of (a) PEO (b) Ta1 (c) Ta5 and (d) Ta10 (high
magnification) coatings on AZ31 Mg substrates.

RSC Adv., 2014, 4, 24272–24285 | 24275
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differences in the surface morphology of PEO coatings with and
without Ta2O5 nanoparticles have been described in the present
study. In general, the different surface morphologies of the PEO
coatings may be ascribed to the different discharge character-
istics during the PEO process. The pores were formed on the
coating surface when the molten oxide and gas bubbles were
released through the discharge channels. Furthermore, the
lower Pilling–Bedworth ratio (PBR) of magnesia (PBR of a metal
oxide is dened as the ratio of the volume of the metal oxide to
the consumed metal volume) is also a signicant reason for
high porosity of PEO lms on magnesium alloys. Few micro-
cracks on the coating surface of PEO with Ta2O5 could also be
formed by excessive thermal stress from the rapid solidication
of Ta2O5 melted in the discharge tunnel by the electrolyte acting
as coolant; hence, the appearance of cracks is inevitable.
Therefore, the number and sizes of pores depend on the
number and sizes of sparks at the end of the PEO process. In
other words, the pore characteristics depend on the nal volt-
ages, as high nal voltage results in large sparks on coating
surface.16 In the presence of phosphate electrolyte without
Ta2O5 nanoparticles, the sparks were small, abundant, and
evenly distributed; however, the sparks in the presence of
phosphate electrolytes with Ta2O5 were larger, as their nal
voltages were larger (Table 1). Furthermore, the sparks in the
electrolyte with 1 mg L�1 Ta2O5 were relatively even. It was
observed that increasing the addition of Ta2O5 nanoparticles in
the electrolytes resulted in more intensive discharging sparks at
the sample surface during the PEO process, which led to
development of cracks and bumps that caused the coating
becoming rough and uneven. In particular, electrolyte with
10 mg L�1 Ta2O5 had several large and prolonged sparks scat-
tered among a large number of small sparks, which makes it
show higher surface roughness with different surface
morphology among the coated substrates.

Fig. 4a and b shows the cross-sectional micrographs of the
PEO coatings obtained on AZ31 Mg substrates with and without
Ta2O5 nanoparticles. It is observed from the gures that PEO
coatings are composed of an outer porous layer and an inner
barrier layer. Furthermore, cracks did not appear in the cross-
sectional images, which indicates a strong adhesion of the
coating to Mg substrate. In addition, the color distribution of
the cross-sectional PEO coating is not uniform, which demon-
strated that the distribution of the elements in the coating is
Fig. 4 Cross-sectional SEM images of (a) PEO and (b) Ta10 coatings
on AZ31 Mg substrates.

24276 | RSC Adv., 2014, 4, 24272–24285
inhomogeneous. Thickness of the coatings formed in electro-
lyte with nanoparticles is higher compared with the coatings
processed by electrolyte without nanoparticles. This indicates
that the growth rates of coatings formed in the electrolytes with
nanoparticles are relatively high and the addition of Ta2O5

nanoparticles enhances the growth of the coating during the
PEO process.
3.4. Microhardness results

Fig. 5 shows the microhardness values of uncoated and PEO
coated AZ31Mg substrates. Statistical analysis was conducted to
evaluate signicant differences in hardness values among
coated substrates and the results of the statistical analysis are
shown in Table S5 (ESI†). The average hardness value of PEO
coated AZ31 Mg substrates exhibited signicant scattering due
to the fact that micropores exist on the coating surface.17

However, the average microhardness of the coated substrates is
about 300 HV, which is 4–5 times higher than that of the
uncoated substrate. Furthermore, the microhardness of PEO
coated AZ31 Mg substrates with Ta2O5 nanoparticles is higher
than that of pure PEO coatings. In addition, the hardness value
increases with increasing nanoparticles into PEO coatings. The
improvement in hardness value was probably due to the
formation of a layered framework by the uniform and staggered
distribution of nanoparticles in the coating, which led to the
densication of PEO coating.18 This result clearly showed that
the addition of Ta2O5 nanoparticles can enhance the load-
bearing tendency of PEO-coated AZ31 Mg substrates.
3.5. Contact angle studies

The effect of Ta2O5 nanoparticles on surface wettability of PEO
coatings was evaluated by contact angle measurements and the
acquired data are shown in Table 2. The contact angle of
uncoated AZ31 Mg was found to be 71.6�, whereas that of PEO-
coated AZ31 Mg without nanoparticles was found to be 48.2�,
which indicated the hydrophobic nature of uncoated and PEO-
coated AZ31 Mg. However, PEO-coated AZ31 Mg with Ta2O5

nanoparticles showed lower contact angle values compared
Fig. 5 Microhardness values of PEO coated AZ31 Mg with and without
Ta2O5 nanoparticles.

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra02363c


Table 2 Contact angle values of PEO coated AZ31 Mg with and
without Ta2O5 nanoparticles

S. no. Sample Contact angles

1 Uncoated 71.6�

2 PEO 48.2�

3 Ta1 24.6�

4 Ta5 14.9�

5 Ta10 12.7�
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with pure PEO-coated AZ31 Mg, thus indicating a more hydro-
philic surface. It has already been reported that the hydrophilic
nature of coatings over implants improves ion exchange
behavior from SBF solution, which in turn enhances apatite
growth.19 In addition, it was clearly observed that the contact
angle values decreased with increasing Ta2O5 nanoparticles into
PEO coatings. The results of our study enable us to conclude
that the incorporation of Ta2O5 into a PEO coating inuences its
wettability; thus, it is expected to signicantly alter its biological
functions.
3.6. Tribological studies

3.6.1 CoF and wear rate behavior. Fig. 6a shows the friction
coefficient of PEO coatings with and without Ta2O5 nano-
particles under 50 mN against an Al2O3 ball. Compared with the
bare AZ31 Mg substrate, the friction coefficient of PEO coating
Fig. 6 (a) CoF values of PEO coated AZ31 Mg with and without Ta2O5

nanoparticles. (b) Wear rate and wear track width values of PEO coated
AZ31 Mg with and without Ta2O5 nanoparticles.

This journal is © The Royal Society of Chemistry 2014
without and with nano-Ta2O5 obviously decreased. For bare
substrate, coating initially showed a lower CoF, around 0.2 for
500 cycles, due to the existence of a small amount of oxide layer
on the surface. Aer 500 cycles, the magnitude of CoF increased
rapidly, and it showed a value around 0.7 aer completing 1800
cycles. For pure PEO coating, CoF value was around 0.25 with
consecutive small uctuation behavior; however, the CoF value
of Ta1 coating was found to be about 0.15, which is lower than
pure PEO coating. This result evidently indicated that the
addition of small amounts of Ta2O5 nanoparticles played an
important role in reducing the friction behavior of PEO coat-
ings. However, even with a small value of CoF, there was a severe
uctuation with the friction behavior. Ta5 coating showed
values almost similar to Ta1, but it was found to exhibit a very
stable friction behavior without any uctuation. Furthermore,
the CoF value of Ta10 coating exhibited was about 0.3, and it
followed a similar kind of behavior as shown by pure PEO
coating with severe uctuation. The coating wear rates are
shown in Fig. 6b. As the Ta2O5 content increased from 1 to
10 mg L�1, the wear rate of PEO decreased. The values obtained
showed that the coating wear rate of bare substrate was
18.6 mm3 per (cycle mN), pure PEO was 1.1 mm3 per (cycle mN),
0.7 mm3 per (cycle mN) for Ta1, 0.1 mm3 per (cycle mN) for Ta5
and 1.8 mm3 per (cycle mN) for Ta10, respectively. In order to
elucidate the different behavior of PEO coatings with Ta2O5

nanoparticles, surface roughness was measured and the results
are shown in Fig. 7(a–d). From the surface prolograph, it could
be clearly seen that the surface roughness of the PEO coatings
increased with Ta2O5 addition because of increase in the
number of pores and microcracks as mentioned in SEM anal-
ysis. In particular, Ta10 coating exhibited different wear
behavior due to its different surface morphology and higher
roughness. Furthermore, the coefficient of friction and wear
rate would be expected to change with the addition of Ta2O5

because nanoparticles affect the formation of transfer lm,
which is discussed in the following section.

3.6.2 Wear track behavior. Fig. 8 displays the SEM image of
the wear tracks and corresponding counter surface wear
behavior. Fig. 8(a–d) shows SEMmicrographs of the wear tracks
for pure PEO and Ta1, Ta5, and Ta10 coatings, respectively, in
lower magnication. As shown in Fig. 8a, the PEO surface has
been partially damaged against Al2O3 counter surface, which
conrmed its poor anti-wear property. Furthermore, the wear
track for this coating is �104 mm wide, whereas PEO coating
with Ta1 coating showed very little damage with wear track
width of only �45 mm. It is clear that Ta2O5 nanoparticles play a
dominant role in reducing the friction coefficient and wear
behavior of PEO coatings. However, Ta5 coating showed excel-
lent wear behavior, with wear track width of only 25 mm, which
is evidence of good wear resistance. On the other hand, Ta10
coating exhibited entirely different wear behavior from that of
Ta1 and Ta5. Furthermore, Ta10 coating was almost removed
from the substrate, which indicates its ploughing behavior. In
addition, detailed analyses have been carried out by SEM
micrographs of the wear tracks at higher magnication, which
are shown in Fig. 8(e–h). In the case of wear track regions in
pure PEO coating, many debris were observed along with
RSC Adv., 2014, 4, 24272–24285 | 24277
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parallel grooves produced by the counter surface as shown in
Fig. 8e, whereas some dark places were found in the wear track
of Ta1 and Ta5, indicating that they are compact and deformed
in nature. This is caused by the nanoparticle addition and
different surface morphology, which describes the periodic
change of CoF.20 In the case of Ta5, the result showed excellent
wear resistance because of the absence of the debris that did not
peel off; moreover, they also indicate that only the adhesive
wear process was involved. In the case of Ta10, there was
complete removal of the debris from the coating, which can be
related to parameters such as hardness and morphological
behavior.

3.6.3 Transfer lm behavior. Aer the friction test, counter
surface morphology of Al2O3 was investigated using SEM.
Fig. 8(i–l) shows SEM micrographs of the counter surface
(Al2O3) against pure PEO, Ta1, Ta5 and Ta10, respectively. It is
clear from Fig. 8(i) that the Al2O3 ball acted against PEO coating.
It can also be seen that large amounts of coating were trans-
ferred from the wear track to the counter surface, which indi-
cates less wear resistance behavior of the coating. This
Fig. 7 Surface roughness measurements results of (a) bare (b) PEO (c) T

24278 | RSC Adv., 2014, 4, 24272–24285
development of uneven nature of transfer lm in contact with
PEO coating is due to high friction value and cohesion nature.21

However, Ta1 and Ta5 coatings showed transfer lm behavior
that was different from pure PEO coating. In these cases, the
nature of the transfer lm covered by the ball did not separate
the ball as shown in Fig. 8(j and k). High coverage and less lm
transfer helped in reducing the friction coefficient, which
resulted in excellent wear resistance. The transfer lm prevents
direct contact between the coating pin and the metal counter
face, which avoids abrasive action thus results in reduced
wear.22 Particularly, the Ta5 coating with the ball showed a
grooving effect due to the excellent wear resistance of the
coating. On the other hand, the Ta10 coating showed transfer
lm behavior that was different from previous coatings.

3.7. Potentiodynamic polarization results

Representative polarization curves of uncoated and PEO coated
AZ31 Mg substrate are presented in Fig. 9, and the determined
Tafel tting results of the corrosion potential (Ecorr) and the
corrosion current density (icorr), which are extracted from Tafel
a5 and (d) Ta10 coatings.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 SEM images of (a) PEO (b) Ta1 (c) Ta5 (d) Ta10 coatings; higher-magnification images of (e) PEO (f) Ta1 (g) Ta5 (h) Ta10 coatings; and SEM
images of counter surface against (i) PEO (j) Ta1 (k) Ta5 (l) Ta10 coatings after wear test.
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curves are listed in Table 3. Compared with the AZ31 Mg
substrate, the corrosion potential (Ecorr) of PEO coatings was
positively shied by about 250–400 mV and the corrosion
current density (icorr) was lowered by 2–3 orders of magnitude as
a result of adequate corrosion protection to the Mg alloy in the
SBF medium. Moreover, the corrosion current densities of the
coated substrates decrease in the order: PEO > Ta1 > Ta5 > Ta10.
This journal is © The Royal Society of Chemistry 2014
This indicated that the coating produced from electrolyte
with nanoparticles has superior corrosion resistance. It can
also be seen that PEO coating with 10 mg L�1 of Ta2O5 nano-
particles exhibited highest corrosion protection performance
among the four coatings. The protection efficiency (PE) of
the ceramic coatings was calculated using the following
expression,
RSC Adv., 2014, 4, 24272–24285 | 24279
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Fig. 9 Tafel curves of PEO coated AZ31 Mg with and without Ta2O5

nanoparticles.
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PEð%Þ ¼ RpolðcoatedÞ � RpolðuncoatedÞ
RpolðcoatedÞ � 100 (2)

The PEs of PEO ceramic coatings calculated from potentio-
dynamic polarization data are found to be 94.80%, 96.52%,
98.40% and 98.25% for pure PEO, Ta1, Ta5 and Ta10, respec-
tively. Furthermore, this result indicated that the PEO coatings
processed with nanoparticles have superior protection effi-
ciency than pure PEO coatings.
Fig. 10 Bode plots of PEO coated AZ31 Mg with and without Ta2O5

nanoparticles.

3.8. EIS results

EIS was employed to gain insight into the corrosion protection
afforded by the PEO coatings. Fig. 10 represents the Bode plot
of uncoated and PEO coated AZ31 Mg substrates. The
impedance of the uncoated AZ31 Mg substrate was found to be
about 103 U cm2, whereas the impedance of PEO coatings was
about 105 U cm2. The maximum total impedance offered by all
these PEO coatings is about two orders of magnitude higher in
the low-frequency region, and by at least an order of magni-
tude higher in the high-frequency region as compared with the
uncoated substrate, indicating the improved corrosion
performance of coated substrates. Bode phase angle plots for
uncoated AZ31 Mg substrate indicated the existence of a single
time constant with the maximum phase angle in the low-
frequency region, pointing to corrosion activity at the
substrate surface. EIS spectra obtained on the PEO-coated
Table 3 Tafel parameters for PEO coated AZ31 Mg with and without Ta

Sample Ecorr mV (SCE) icorr mAcm
�2 ba

Uncoated �1.4973 25.811 65
Pure PEO �1.3970 0.6158 53
Ta1 �1.2544 0.1430 72
Ta5 �1.1211 0.0721 58
Ta10 �1.0512 0.0712 72

24280 | RSC Adv., 2014, 4, 24272–24285
substrates are characterized by the presence of two time
constants: one in the high-frequency region, attributed to the
presence of PEO layer, and another one in the lower frequen-
cies, representing the charge transfer reaction accompanied
by oxidation of the substrate. Based on the proposed equiva-
lent circuit model in Fig. S5,† the EIS spectra were analyzed
and the curve tting was performed for all the substrates,
which showed an excellent agreement between the experi-
ments and the tting. Considering the impedance values from
the gure, the protective performance offered by these coat-
ings can be ranked as PEO > Ta1 > Ta5 > Ta10. Based on the
above results, it was concluded that the PEO coatings with
Ta2O5 nanoparticles are most suitable to protect Mg alloys
against corrosive environments.
2O5 nanoparticles

mV dec�1 bc mV dec�1 Protection efficiencies (%)

54 —
78 94.80
67 96.52
69 98.40
83 98.25

This journal is © The Royal Society of Chemistry 2014
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3.9. In vitro biocompatibility test

In order to evaluate the biocompatibility behavior of uncoated
and coated AZ31 Mg substrates, MG-63 cell culture studies were
performed, and equal numbers of MG-63 cells were cultured on
different sterile specimens and incubated for 3 and 7 days. Live
cells are stained with calcein AM uorescent dye, which is
retained within live cells and emits green uorescence. In
general, corrosion of the magnesium alloy leads to the forma-
tion of magnesium hydroxide; thus, the pH rises above 8. The
increase in pH together with the detachment of the corrosion
layer makes cell adhesion difficult; hence, lowering the
Fig. 11 In vitro cell culture responses from uncoated and coated AZ31 M

This journal is © The Royal Society of Chemistry 2014
corrosion rate and surface modication by bioactive coatings is
expected to improve the cell behavior. Fig. 11a shows the cell
culture response of the uncoated and coated AZ31 Mg
substrates for the period of 3 and 7 days, respectively. From the
results, it can be clearly seen that cell growth was higher in
coated substrates with Ta2O5 nanoparticles compared to pure
PEO and uncoated AZ31 Mg substrates. The growth of the cells
increased proportionally with the increased concentration of
Ta2O5 on AZ31 Mg substrates. In particular, signicantly higher
densities of MG-63 were obtained on AZ31 Mg substrate coated
with Ta10 when compared with AZ31 Mg substrate coated with
g substrates.

RSC Adv., 2014, 4, 24272–24285 | 24281
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Table 5 Some adsorption parameters (kcal mol�1) of Mg3(PO4)2
interaction on top of MgO (001) surface calculated from adsorption
locator module

Total
energy

Adsorption
energy

Rigid adsorption
deformation energy

�3.39 � 103 �182.40 �186.303

Table 4 Interaction energy of Mg–Ta2O5 complex

Systems EMg ETa2O5
EMg–Ta2O5

Eads

Energies (Atomic Units) �8.8199 �491.98 �492.87 �1.709
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pure PEO and Ta1. Healthy morphology of MG-63 cells with
polygonal shape and lopodial extensions were observed on
AZ31 Mg substrate coated with Ta10. Our results are consistent
with the previous studies, reporting that nanostructuring
signicantly alters the proliferation of broblast and osteoblast
cells in comparison to at substrates.23

In order to corroborate the above results, we have also
carried out the cell proliferation assay on MG-63 cells cultured
on bioimplants using a CCK-8 kit. Equal numbers of cells were
seeded on AZ31 Mg substrates coated with different concen-
trations of Ta2O5 substrates and allowed to grow for 3 and 7
days. As a result, high cell proliferation was observed in AZ31
Mg substrate coated with Ta10 when compared with the AZ31
Mg substrate coated with pure PEO or Ta1. The cell growth
increased signicantly as the concentration of Ta2O5 on AZ31
Mg substrates was increased (Fig. 11b). The percentage of cell
growth obtained from coated substrates with Ta2O5 nano-
particles was higher when compared with pure PEO and
uncoated substrates. In addition, the rate of cell proliferation
Fig. 12 The optimized structure, HOMO orbital and the LUMO orbital o

24282 | RSC Adv., 2014, 4, 24272–24285
on coated substrates with 10 mg of Ta2O5 was signicantly
higher, about 3 times higher than the growth rate on coated
substrates with 1 mg of Ta2O5. In good agreement with our
previous cell staining results, we found that AZ31 Mg substrate
coated with Ta2O5 substrates allow high cell adhesion and cell
growth behavior of MG-63 cells. Our results suggest that the
biocompatibility behavior of MG-63 was best for 10 mg Ta2O5-
doped PEO-coated AZ31 Mg substrates.
3.10. Quantum chemical studies

3.10.1 Quantum chemical insights into the reactivity of Mg
alloy with Ta2O5. In order to verify the experimental results,
quantum chemical theoretical modeling was employed to
describe the role of Ta2O5 nanoparticles on PEO coatings. The
reactions involving the PEO coating of Mg alloy using phos-
phate electrolyte are known to proceed with the following
mechanisms:
f (a) Ta2O5 and (b) the stable Mg–Ta2O5 complex.

This journal is © The Royal Society of Chemistry 2014
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Fig. 13 (a) Equilibrium adsorption energy curves of Mg3(PO4)2 interaction on top of MgO surface. (b) The most: stable equilibrium adsorption
configuration of Mg3(PO4)2 interaction on top of MgO (001) surface. (Colour interpretations: red¼ oxygen; green¼Mg and purple¼ phosphorus
atoms).
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Anodic dissolution:

Mg / Mg2+ + 2e� (3)

Oxygen-evolution:

4OH� / 2H2O + O2 + 4e� (4)

Oxide–electrolyte interface:

Mg2+ + 2OH� / Mg(OH)2 (5)

Mg(OH)2 /MgO + H2O (6)
This journal is © The Royal Society of Chemistry 2014
The cation (Mg2+) released from the AZ31 Mg alloy in eqn (3)
combines with the anion (PO4

3�) in the electrolyte (Na3PO4) to
form:

3Mg2+ + 2PO4
3� / Mg3(PO4)2 (7)

MgO is formed from dehydration of the unstable Mg(OH)2 at
the high temperature resulting from the plasma discharge.

The experimental results obtained from this study show that
the addition of Ta2O5 nanoparticles to PEO ceramic coatings
has a benecial role in enhancing their tribological and corro-
sion protection performance. We apply the methodology of
quantum chemical calculations to provide addition informa-
tion on the mechanism of interaction of Ta2O5 with Mg at the
atomic level. Quantum chemical calculations have been widely
RSC Adv., 2014, 4, 24272–24285 | 24283
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used to study reaction mechanisms; moreover, they have also
proved to be a very important tool for studying corrosion inhi-
bition mechanisms. In recent times, density functional theory
(DFT) has become an attractive theoretical method because it
gives exact basic vital parameters for materials at low cost. DFT
has been employed as a powerful technique to probe the
adsorbate/substrate interaction and to analyze experimental
data. Becke's three-parameter functional (B3), which includes a
mixture of HF with DFT exchange terms associated with the
gradient-corrected correlation functional of Lee, Yang and Parr
(LYP), was used in this investigation to carry out quantum
calculations. Full geometry optimization together with vibra-
tional analysis of the optimized structures of Mg and Ta2O5

were carried out at the B3LYP/LANL2DZ level of theory using the
Gaussian 03 program package.24

The geometry of the Ta2O5–magnesium (single Mg atom)
system was optimized via the B3LYP/LANL2DZ method. The
modeling of the interaction between a single metal atom and a
molecule or compound is well established in quantum chemical
calculation and is widely reported.25,26 The value of the inter-
action energy between Mg and Ta2O5 was computed in order to
understand the energetics and the stability of the formed Mg–
Ta2O5 complex. The calculations showed that the interaction
energy (Eads) of Ta2O5 with Mg obtained was negative, which
indicates that the adsorption occurs spontaneously and a stable
Mg–Ta2O5 complex is formed (Table 4). The result conrms the
enhanced activity and stability of PEO coating for the protection
of AZ31 Mg alloy in the presence of Ta2O5. The optimized
structure, HOMO orbital and the LUMO orbital of Ta2O5 and the
stable Mg–Ta2O5 complex are shown in Fig 12(a) and (b),
respectively. It is clear from Fig. 12a that the HOMO level of
Ta2O5 is mainly localized around the four oxygen atoms, which
could be considered as electron donor centers, whereas the
LUMO is localized on the entire system (that is, both O and Ta
atoms). These centers have the ability to accept electrons from a
donor atom (Mg). Moreover, it can be seen from Fig. 12b that
the most stable Mg–Ta2O5 complex is formed due to the inter-
action of the Ta2O5 with Mg using the electron lone pairs on its
oxygen atoms. The HOMO and LUMO orbitals also spread
around the four oxygen atoms on the two sides of Ta2O5, and
these sites are the major reactive center for interaction with Mg.
The Ta atom is also involved in the bond formation as shown
in the HOMO and LUMO orbitals of the Mg–Ta2O5 complex
(Table 5).

The interaction energy between the Ta2O5 and Mg was
calculated using the following equation:

Eads ¼ EMg–Ta2O5
– (ETa2O5

– EMg) (8)

where EMg is the total energy of the Mg atom, and ETa2O5
is the

total energy of Ta2O5. When adsorption occurs between the
compound andMg, the energy of the new system is expressed as
EMg–Ta2O5

.
3.10.2 Molecular dynamics simulations of Mg3(PO4)2 on

MgO surface. It has been determined from the experimental
investigation that Mg3(PO4)2 is formed on top of a thin lm of
MgO. Therefore, molecular dynamics simulation was further
24284 | RSC Adv., 2014, 4, 24272–24285
employed to determine the stability of Mg3(PO4)2 formed on top
of a MgO surface. The simulation was carried out using Material
Studio Soware version 6.0 from Accelrys Inc. (USA).24 A stable
MgO (001) was sketched and optimized together with Ta2O5

using the COMPASS force eld implemented in the Forcite
module. The adsorption locator module was used in the simu-
lation of the adsorption of Mg3(PO4)2 on top of the MgO surface.
The MgO (001) was modeled with a simulation box of 14.88 �
14.88 � 30.52 Å with a fractional thickness of 3.0 Å. A supercell
of dimension 5 � 5 was further constructed to ensure enough
surface area for the interaction. The COMPASS (Condensed
Phase Optimized Molecular Potentials for Atomistic Simulation
Studies) force eld, which we employ to optimize the structures
of all components of the designated system, represents a tech-
nological breakthrough in force eld method. It is the rst ab
initio force eld that enables accurate and simultaneous
prediction of chemical and condensed-phase properties for a
broad range of chemical systems.25,27,28 Fig. 13(a) depicts the
equilibrium adsorption energy plots during the adsorption of
Mg3(PO4)2 on top of the MgO surface. It is clear from the gure
that the system reached equilibrium, i.e. no marked uctuation
in the curves. Moreover, Fig. 13(b) shows the lowest and the
most stable equilibrium adsorption energy of Mg3(PO4)2 on top
of the MgO surface. It is evident that the interaction of
Mg3(PO4)2 with MgO was mainly through the oxygen atoms of
the phosphate groups. The adsorption energy is presented in
Table 5. It is clear that a large negative adsorption energy was
obtained. This can be attributed to strong and stable adsorption
of Mg3(PO4)2 on top of the MgO surface. Similar results have
been documented by other researchers.29,30 This conclusion is in
agreement with the experimental results; hence, based on the
above results, there was a stable PEO coating and Ta2O5 further
improved corrosion performance without compromising the
biological and tribological performance of coated AZ31 Mg
substrates.

4. Conclusions

PEO ceramic coatings with Ta2O5 nanoparticles have been
successfully fabricated on AZ31 Mg substrates from phosphate
electrolytes. XRD showed that the processed coating comprised
mainly MgO in the inner layer and Mg3(PO4)2 and Ta2O5

nanoparticles on the outer layer of the coating in different
quantities depending on the mode of processing. Surface
characterization results clearly revealed that the PEO coatings
with Ta2O5 nanoparticles were thicker and more uniform with
no cracks and micropores compared to others. Potentiody-
namic polarization and EIS results conrmed the enhanced
corrosion performance of PEO ceramic coatings with the addi-
tion of Ta2O5 nanoparticles due to their dense and more
compact layer with the better chemical stability of the
Mg3(PO4)2 and Ta2O5 nanoparticles. The wear resistance of PEO
coatings increased for Ta2O5 nanoparticles having concentra-
tion of 1 and 5 mg L�1, but decreased for those having
concentration of 10 mg L�1. Furthermore, MG-63 in vitro cell
culture studies revealed that the coated AZ31 Mg substrates
with Ta2O5 nanoparticles facilitate high cell adhesion behavior
This journal is © The Royal Society of Chemistry 2014
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of MG-63 cells compared with that of pure PEO and uncoated
substrates. Quantum chemical calculations together with
molecular dynamics simulation were successfully used to verify
the experimental results. Based on the above results, it can be
concluded that the addition of Ta2O5 nanoparticles to PEO
ceramic coatings has a benecial role in enhancing their
tribological and corrosion protection performance without
losing the biocompatibility of implants.
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