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A simple strategy to modify the porous structure of the oxide coating formed on Mg by plasma electrolytic oxidation (PEO)

is addressed. Post-treatment of PEO coated Mg using 3 M NaOH at 60 °C for 1 h modifies its porous structure, helps to seal
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the smaller pores and decrease the size of medium and bigger size pores, increases the surface roughness but provides a

better homogeneity of the surface, changes its chemical nature, improves its corrosion resistance in Hank’s balanced salt

solution, facilitate apatite growth in simulated body fluid and promotes cell viability and growth in cell culture media.

Introduction

Plasma electrolytic oxidation (PEO) is a proven approach to
impart desirable surface characteristics on Mg and its alloys
that are warranted for biomedical applications.l’ 2 The PEO
coating strongly integrates with the substrate and serves as an
excellent base to improve adhesion of bioactive coatings
subsequently deposited over them. The formation of
micropores and cracks in the oxide layer are inevitable during
PEO. Permeation of corrosive medium through them to the
base metal limits the extent of corrosion protection offered by
the PEO coatings. In a recent review, the various strategies
adopted to improve the corrosion resistance of PEO coatings
on Mg and its alloys are addressed.’ Deposition of another
layer either by sol-gel coatingﬂ"9 or by the deposition of a
biodegradable polymer coatinglo'12 could completely cover the
porous structure of PEO coatings. Nevertheless, the cracks in
the sol-gel coating or the fine pores in the polymer coating
could still allow infiltration of the corrosive medium through
them and attack the base metal. Deposition of coatings with a
higher thickness seems appropriate; but cohesive failure and,
cracks in the coating due to the build-up of stress are the
major concerns.” Moreover, they might affect the bioactivity
of the PEO coated Mg/Mg alloys. Hence, it is imperative that
the strategy adopted should help to effectively seal the pores
of the PEO coating without impairing the bioactivity. Alkaline
treatment is widely used to modify the surface of Ti and Mg
alloys to impart bioactivity and to promote apatite
formation.™*® For Ti and its alloys, an alkaline treatment in
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5 M NaOH for 24 h followed by heat-treatment at 600 to
800 °C for 1 to 5 h enables the formation of sodium titanate
with a porous network.™® When exposed to simulated body
fluid (SBF), ion exchange between Na' ions released from
sodium titanate and H;O" ions present in the SBF leads to the
formation of hydrated titania with Ti-OH groups while an
increase in pH facilitates an increase in ionic product activity,
both of which favours nucleation of apatite. Based on
thermodynamic and kinetic considerations, formation of
apatite and its rate of deposition from SBF is promoted by an
increase in pH.19 Since Mg and its alloys are highly active, it is
generally believed that there is no need to form a Mg(OH),
layer by adopting a separate treatment.” It is well known that
deposition of PEO coatings could considerably reduce the
dissolution of Mg in SBF when compared to its uncoated
counterpart.l’3 As a result, the extent and rate of increase in
pH as well as the apatite formation is decreased, warranting
methods to improve the bioactivity of PEO coated Mg and its
alloys. Anawati et al."® have reported that an alkaline post-
treatment using 0.25 M NaOH at 80 °C for 90 min has induced
the formation of a nano-size platelet shaped Mg(OH), layer,
which increased the effective surface area and facilitated the
precipitation of uniform apatite layer. An improvement in
apatite forming ability has also been observed on pure Mg
following the formation of a Mg(OH), layer when treated using
pure H,O at 100 °C for 15 min."® However, an increase in
treatment time from 15 to 30 min has lead to the formation of
more cracks and defects in the Mg(OH), layer, which
negatively influenced the corrosion resistance.”® Li et al.”° have
employed an alkaline post-treatment using 1 to 3 M NaOH
followed by surface silanization to effectively seal the pores of
PEO coating deposited on Mg. However, the chemical nature
of the modified surface formed after alkaline post-treatment is
not completely understood. Moreover, the ability of the
modified layer using high concentrations of NaOH to promote
apatite formation has not been studied earlier. The present
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paper aims to explore alkaline post-treatment to modify the
porous structure of PEO coating on Mg, in terms of its
characteristics and corrosion behaviour in Hank’s balanced salt
solution (HBSS). Moreover, the study also aims to evaluate the
ability of the modified surface to promote apatite deposition
from SBF as well as its cytocompatibility when compared to
the PEO coated and uncoated Mg.

Materials and methods

Commercially pure Mg ingot (99.93% purity) (Sincere East
Foreign Trade Corp., China) was sliced into small blocks and
subsequently cut to small pieces of dimension 20 mm x 15 mm
x 3 mm. To remove the surface oxide layer and other
contaminants, they were mechanically polished using SiC
coated abrasive (grit size: 600) paper, cleaned using ethanol
for 10 min in an ultrasonic cleaner and dried. An alkaline
silicate solution prepared using 5 g/l NaOH and 15 g/I Na,SiO,
was used as the electrolyte. PEO was performed under direct
current mode at 250 V for 2 min using Pt as the cathode.
During PEO, the temperature of the electrolyte was controlled
at < 40 °C using a water bath. After deposition, the coated Mg
samples were rinsed thoroughly using deionized water and
dried. The PEO coated Mg samples were subjected to an
alkaline post-treatment using 3 M NaOH at 60 °C for 1 h. After
post-treatment, they were rinsed thoroughly with hot
deionized water to remove the alkali residues and dried. The
surface morphology of the PEO coated Mg before and after
alkaline post-treatment was assessed using a field emission
scanning electron microscope (FE-SEM) (Hitachi - Analytical
UHR Schottky Emission Scanning Electron Microscope, Model:
SU-70). Their chemical composition was determined by energy
dispersive X-ray analysis (EDAX). Quantitative estimation of pore
density of the PEO coated Mg before and after post-treatment was
made using a standard image processing technique. The
corresponding FE-SEM images with an image area of 71.516 mm’
were used for the analysis. The pore pixels were identified by
their characteristics after subtracting them from the background.
The pore density was estimated based on the number of pixels in
the pore area and expressed in terms of number of pixels/mmz.
Thin film X-ray diffraction (TF-XRD) measurement (PANalytical
X'pert MRD) was used to identify the various phases present in
these coatings. The TF-XRD patterns were recorded using Cu
K, radiation at a glancing angle of 1°. The surface topography
of PEO coated Mg and those modified by alkaline post-
treatment was assessed using atomic force microscopy (AFM)
(Bruker NanoScope V multimode 8 scanning probe microscopy)
AFM

acquired over a scanning area of 5 x 5 um. Fourier-transform

in tapping mode. The 3-dimensional images were
infrared (FT-IR) (Perkin EImer® Spectrum™ GX systems) spectra
of these samples were recorded in the spectral range of 4000-
400 cm™ to ascertain the nature of functional groups present
in these samples.
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Potentiodynamic polarization study was employed to
determine the corrosion behaviour of PEO coated Mg and
those subjected to alkaline post-treatment, in HBSS at 27 °C.
Uncoated Mg was used as a control to compare the extent of
corrosion protection offered by them. The potentials were
referenced to Ag/AgCl/saturated KCl electrode. To evaluate
the long-term corrosion behavior, uncoated Mg, PEO coated
Mg and those subjected to alkaline post-treatment were
immersed in HBSS at 37 °C for 168 h. The change in pH of the
HBSS was monitored to compare their rate of corrosion. The
extent of corrosion attack after removal of the corrosion
products using 200 g/l CrO; modified with the addition of
10 g/l AgNO; was assessed by SEM. The details of polarization
study and immersion corrosion test were elaborated in our
earlier papers.lz’ The apatite forming ability of uncoated Mg,
PEO coated Mg and those post-treated using 3 M NaOH was
evaluated by immersing them in SBF at 37 °C for 240 h. EDAX
analysis was performed at various regions of these samples to
identify the type of elements present. In addition, FT-IR
spectra were recorded to assess the chemical nature of the
compounds formed after immersion in SBF.

MC3T3-E1 cells, a mouse calvaria-derived osteoblast-like cell
line, obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) were used to evaluate the
cytocompatibility of uncoated Mg, PEO coated Mg and those
post-treated using 3 M NaOH at 60 °C for 1 h. Minimum
Essential Medium Eagle (a-MEM) (Sigma, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco Co., USA) and 1%
antibiotic was used as the cell culture medium. Since Mg is
highly active in cell culture medium, the cytocompatibility was
evaluated by an indirect assay method as per ISO 10993-5
standard. To prepare the extracts, the uncoated and PEO
coated Mg samples were incubated in cell culture medium
with a surface area of the sample to the extraction medium
ratio of 1.25 cm?/ml for 72 h under physiological conditions
(37 °C; 5 % CO,; 95% relative humidity) as per 1ISO 10993-12
standard. After treatment for 72 h, the samples were removed
from the cell culture medium, washed with deionized water
and dried. The surface morphology and chemical composition
of the surface layer were assessed using FE-SEM and EDAX
analysis, respectively while the chemical nature of their
surface was ascertained by FT-IR spectroscopy. The extracts
were centrifuged at 14,000 rpm for 15 min and supernatant
solution was considered as 100% extract. This extract is further
diluted with o-MEM to prepare 10% and 25% extracts.
MC3T3-E1 cells were seeded in 24-well plates with a cell
density of 1 x 10* cells/ml of the medium and incubated for
24 h under physiological conditions to ensure proper cell
adhesion. The medium was subsequently replaced with 100 pul
of 10% and 25% extracts as well as with 1 ml of negative
control (cell culture medium alone) and the MC3T3-E1 cell
lines were incubated again under physiological conditions for
1, 2 and 3 days. At the end of each time interval, 10 uL of 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt (WST-8) solution was added into each
well and again incubated for 2 h. The absorbance of each well was
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measured at 490 nm using an enzyme-linked immunosorbent assay
(ELISA) microplate reader. Calculation of the relative growth rate
(RGR) of the cells was made using the following equation:

RGR (%) = (OD, /OD,) x 100%

Where OD; refers to the optical density of the samples of the
present study and OD, corresponds to the optical density of the
negative control. The cell morphology and extent of cell growth
after the stipulated period of cell culture followed by crystal violet

staining were assessed using an inverted phase contrast microscope.

Results and discussion

The surface morphology of the PEO coating deposited on Mg
using the alkaline silicate electrolyte at 250 V for 2 min reveals
a porous structure (Figs. 1(a)), which is one of the most
common attributes of such type of coatings. The mechanism of
PEO of Mg alloys is explained elsewhere."® The naturally
formed oxide layer on Mg is not dense (Pilling-Bedworth ratio
of 0.81). When the potential is applied, during the initial stages
of PEO (first 30 s), the naturally formed oxide film thickens
with the evolution of tiny oxygen bubbles, representing the
anodizing stage. With a further increase in time (from 30 s to
80 s), small sparks starts to appear all over the surface, which
is accompanied by an increase in the extent of oxygen
evolution, suggesting the breakdown of the oxide layer by the
microscopic plasma discharges. The life-time of these sparks is
very low. Beyond this time interval (from 80 s to 100 s), the
number of sparks are decreased except for the occurrence of a
few large sparks at selective locations. The final stage of the
coating process (from 100 s to 120 s) is evidenced by the
disappearance of sparks and oxygen evolution. The high
temperature and pressure generated locally at the plasma
discharge sites modify the oxide layer. The growth of the PEO
coating involves several stages that include melting and reflow
of the oxide layer assisted by the plasma discharges, diffusion
of ions present in the electrolyte to the growth front,
re-solidification, sintering and densification due to continuous
melting and cooling of the oxide layer respectively caused by
the plasma discharges and the electrolyte. The ejection of the
molten oxide and its rapid cooling by the electrolyte generates
the porous structure with volcano like features.”” The pore
density and diameter is largely a function of electrolyte
composition, electrical parameters and treatment time used
for deposition. In the present study, the pore diameter of the
PEO coating varies from 0.10 to 1.20 pum (Fig. 1(b)). EDAX
analysis indicates the presence of O (38.86 at. %), Mg (46.99
at. %) and Si (14.15 at. %) as the major elements (Table 1),
possibly due to the formation of Mg(OH),, MgO, Mg,SiO, and
MgSiO;. During PEO, anodic dissolution of magnesium
generates Mg2+ ions (equation 1). They react with the OH ions
formed at the interface to produce Mg(OH), (equation 2). The
conversion of Mg(OH), to MgO is favoured by the high
temperature and high pressure generated within the discharge
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channels as well as by the rapid cooling of the electrolyte
(equation 3). Diffusion of silicate ions through the growing
oxide layer and its reaction with the Mg2+ ions could be

accounted for the formation of Mg,Si0, and MgSiO;
(equations 4-6).

Mg — Mg™ +2e (1)

Mg” + 20H —— Mg(OH), (2)

Mg(OH), ——» MgO +H,0 (3)

2Mg” + 25105 —— Mg,Si0, + SiO, -(4)

2Mg”" +Si05” + 20H ———» Mg,Si0, + H,0 ..(5)

Mg +Si0,7 —» MgSiO; ..(6)

Alkaline post-treatment of PEO coated Mg using 3 M NaOH at
60 °C for 1 h has led to modification of the porous structure
with a fine spherical or globular feature (Fig. 1(c)). Alkaline
treatment of Mg and its alloys often leads to the formation of
Mg(OH), due to its low free energy of formation (-833.7 kJ/mol)
and poor solubility product (Ks: 1.5 x 10™). Mg(OH), has a
layered structure wherein the MgZ+ ions are arranged in the
form of a hexagonal layer while the OH ions constitute similar
layers above and below, thus resulting in platelet-shaped
crystals.B’25 However, depending on the method of synthesis
employed, Mg(OH), could adopt needle-like, lamellar-like,
wire-like, rod-like and flower-like morphologies.zs'34 According
to Lv et al.”® and Khanjani et aI.,35 alkali concentration is the
prime factor in determining the morphology of Mg(OH),
crystals. In the present study, 3 M NaOH is used for post-
treatment of the PEO coated Mg. The higher concentration of
OH’ ions is likely to favour a high supersaturation level, thus
promoting nucleation of the Mg(OH), crystals. The isoelectric
point of Mg(OH), is 12.%® Since the pH of 3 M NaOH is >13, the
Mg(OH), crystals would assume a net negative charge. The
presence of a higher concentration of Na* ions with a small
hydration sphere and a positive charge could facilitate their
preferential adsorption on the growing Mg(OH), nuclei over
the Mg2+ ions. To reduce the surface energy they could
agglomerate, thus resulting in fine spherical or globular
feature.”’

A closer look at the morphology of the PEO coated Mg after
alkaline post-treatment reveals that the spherical or globular
feature is developed around the pores and it effectively seals
the smaller pores besides reducing the diameter of medium
and large sized pores to ~ 0.45 um and ~0.75 um, respectively
(Fig. 1(d)). In order to make a quantitative comparison of the pore
density, the FE-SEM images shown in Figs. 1 (a) and 1(c) are
subjected to image processing and the processed images are shown
in Figs. 1(e) and 1(f), respectively. The pore pixels are represented
by black colour while the background is outlined by green colour.
A comparison of the processed images shown in Figs. 1(e) and 1(f)

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 Surface morphology of (a, b) PEO coated Mg; and (c, d) PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h;
(e, f) Processed images acquired after image processing of the FE-SEM images shown in (a) and (d), respectively, that
provides a comparison of pore size and pore density of the PEO coated Mg before and after alkaline post-treatment

Table 1 Chemical composition of the PEO coating before and after alkaline post-treatment

Analysis area Elemental concentration (in at. %)

Over the entire area of the coating shown on Fig. 1(a) 38.86 46.99
Over the entire area of the coating shown on Fig. 1(d) 39.36 46.69
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clearly reveals a decrease in average pore size and density after
alkaline post-treatment. Quantitative calculation shows a reduction
in pore density from 296 pixels/mm2 (before treatment) to
156 pixels /mm? after alkaline post-treatment using 3 M NaOH.

This leads to the question that will it be possible to reduce the pore
density of the PEO coatings by directly adding Mg(OH), to the
electrolyte used for PEO? Addition of Sr(OH), in electrolytes used
for PEOQ, in the range of 0.0013 to 0.013 M, fails to exhibit any major
change in the porous structure of the resultant coatings.3s’ * The
characteristics of PEO coatings prepared using 0.09 M and 0.27 M
KOH was studied earlier by Ko et al.®® An increase in KOH
concentration from 0.09 M to 0.27 M has increased the electrolyte
conductivity and enabled the generation of microarcs at a relatively
lower voltage. Addition of higher concentrations of Mg(OH), in the
electrolyte used for PEO is likely to cause similar effects. During PEO,
the reaction between Mg2+ ions generated at the anode and the
OH produces Mg(OH),. However, it is converted to MgO due to the
high temperature generated during sparking. Hence, addition of
Mg(OH), could enhance the volume fraction of the MgO phase.
Nevertheless, due to the inherent process features of PEO, the
formation of a porous structure could not be avoided. In our earlier
work, a duplex treatment combining anodizing and PEO was
explored.41 In one approach, PEO coating (using the same
electrolyte and conditions employed in the present study) was
deposited on pre-anodized Mg (using 0.3 M NaOH + 15 g/I zrO,
particles at 10 V for 30 min) while in the other the anodizing stage
was employed as a post-treatment over PEO coated Mg. PEO
coating deposited on pre-anodized Mg exhibits a decrease in size
and density of the pores. However, the pores of the PEO coating
could not be sealed. The anodizing post-treatment of the PEO
coated Mg using 0.3 M NaOH based electrolyte has led only to a
partial coverage of the pores with lamellar shaped Mg(OH),. These
inferences validate that it is difficult to avoid the porous structure
of PEO coating and the importance of the alkaline post-treatment
stage using a higher concentration of NaOH explored in the present
study. EDAX analysis shows the predominance of O (39.36
at. %), Mg (46.69 at. %) and Si (12.03 at. %) along with a small
amount of Na (1.93 at. %) (Table 1). The change in morphology,
slight increase in O content (from 38.86 to 39.36 at. %),
decrease in Si content (from 14.15 to 12.03 at. %) and the
inclusion of Na (1.93 at. %) signify modification of the surface
in terms of its coverage, sealing of pores as well as its chemical
nature. Dissolution of a fraction of the PEO coating during
alkaline post-treatment in 3 M NaOH at 60 °C for 1 h could be
possible. The decrease in Si content from 14.15 to 12.03 at. %,
suggests such a possibility.

The surface topographic images acquired at a 5 x 5 um scale
over the surface of PEO coated Mg and those post-treated
using 3M NaOH at 60 °C for 1 h, along with the parameters of
surface roughness, are shown in Fig. 2. The development of
fine spherical or globular feature following alkaline post-
treatment has led to an increase in the root mean square
roughness (Ry) and average surface roughness (R,). However,
the limited increase in the maximum vertical distance between
the highest and lowest data points in the image (Rax) is due to
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R, :85nm
R, : 64 nm
Rimax - 709 nm

Ry : 133 nm
R, :106 nm
Rimax - 740 nm

Fig. 2 Surface topographic images and the parameters of
surface roughness of (a) PEO coated Mg; and (b) PEO
coated Mg post-treated using 3 M NaOH at 60 °C for 1 h
(Images are acquired at 5 x 5 um scale)

the better homogeneity of the globular-like feature all over
the surface. An increase in R; and R, with better surface
homogeneity is considered to be beneficial for better cell
proliferation and growth.

The FT-IR spectra of the PEO coated Mg and those post-
treated using 3M NaOH at 60 °C for 1 h are traced in Fig. 3. PEO
coated Mg shows the presence of four major IR bands at 3419,
1419, 919 and 547 cm™ (curve (a) in Fig. 3). The broad band at
3419 cm™ could be attributed to O-H stretching of H,0 and/or
surface adsorbed -OH group. The other broad band observed
at 1419 cm™ could be ascribed to antisymmetric stretching
vibration of carbonates adsorbed on the surface. The bands at
919 and 547 cm™ could be correlated to Si-O and Mg-O
stretching vibrations, respectively. After post-
treatment, formation of new IR bands as well as an increase in
intensity of certain bands is observed (curve (b) in Fig. 3). The
sharp IR band at 3699 cm™ is characteristic of the O-H
stretching vibration of Mg(OH),. The bands at 3537 and
3472 cm™ represent O-H stretching of H,O and/or surface
adsorbed -OH group while those observed at 1730 and
1647 cm™ correspond to H-O-H bending and rotation of H,0.
As already mentioned, the bands at 1404, 928 and 547 cm™?
represent antisymmetric stretching of carbonates adsorbed on
the surface, Si-O stretching and Mg-O stretching vibrations,
respectively. The newly formed sharp band at 3699 cm™ along
with the increase in intensity of bands at 1404, 928 and

alkaline
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Fig. 3 Comparison of the FT-IR spectra of (a) PEO coating deposited on Mg using alkaline silicate
electrolyte at 250 V for 2 min; and (b) PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h

547 cm™ confirms modification of the surface after alkaline
post-treatment in terms of its chemical nature.

The TF-XRD patterns of PEO coating deposited on Mg and
those subjected to alkaline post-treatment are shown in Fig. 4.
Formation of MgO, Mg,SiO, and MgSiO; phases are evident on
PEO coated Mg (curve (a) in Fig. 4). Besides these phases, the
formation of Mg(OH), and ((Mg,Si0,),)((Mg(OH),)3) could be
observed on PEO coated Mg post-treated using 3 M NaOH
(curve (b) in Fig. 4). The formation of Mg(OH), is also
confirmed by the sharp band observed at 3699 cm™in the FT-
IR spectrum (curve (b) in Fig. 3). It is obvious to expect the
formation of Mg(OH), during alkaline post-treatment. The
formation of ((Mg,Si0,),)((Mg(OH),);), referred as magnesium
hydroxide silicate, is identified for the first time in this study.
The formation of this phase along with a decrease in Si content
from 14.15 to 12.03 at. % following alkaline post-treatment
indicates the involvement of a direct reaction between
Mg,Si0, and MgSiO; with NaOH, which could have
accompanied by the dissolution of a fraction of the PEO
coating. The dissolution and reprecipitation process could have
enabled the spherical morphological feature (Figs. 1(d) and

1(e)).

The polarization curves of uncoated Mg, PEO coated Mg and
PEO coated Mg post-treated using 3 M NaOH, in HBSS, are
shown in Fig. 5. The corrosion potential (E.,) and corrosion
current density (icorr), provides the basis for ranking their

6 | J. Name., 2012, 00, 1-3

corrosion protective ability. The E.,, of uncoated Mg, PEO
coated Mg and PEO coated Mg post-treated using 3 M NaOH
are -1.54 V, -1.47 V and -1.58 V vs. Ag/AgCI/KCl (sat.),
respectively while the corresponding i, are 1.38 x 10'5,
1.70 x 10° and 4.42 x 107 A/cm?, respectively. It is evident that
post-treatment of PEO coated Mg using 3 M NaOH at 60 °C for
1 h has led to an improvement in corrosion resistance when
compared to the as-deposited PEO coated Mg. Immersion in
HBSS at 37 °C for 168 h provides a useful measure of the
ability of the coated Mg to offer long-term corrosion
protection. The change in pH of HBSS as a function of
immersion time is shown in Fig. 6. During corrosion,
dissolution of Mg (equation 7) is accompanied by reduction of
water (equation 8), which is responsible for the observed
increase in pH (Fig. 6). The increase in pH is rapid during the
first 8 to 12 h. However with a further increase in immersion
time, the rate of increase in pH is decreased considerably. This
is due to the formation of Mg(OH), (equation 9), which covers
the surface. However, the porous nature of the Mg(OH), layer
allows permeation of HBSS that enables further dissolution of
Mg through them and an increase in pH. Dissolution of
Mg(OH), (equation 10) by the CI ions present in HBSS prevents
the barrier layer effect caused by them.*>*

Mg — Mg> +2¢e .(7)

2H,0 + 26— H,T+20H" ...(8)

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 16



- -RSCIAdviances - =il

Journal Name ARTICLE
L I T L_\ L I T I L
~ = = ® Mg = MgO © Mg(OH),
=) = & . . . .
= é @ MgxS104 < MgSi103 —_
7 S | * esiopeOm) =
= I(b RORENG
-, 2 T
= ) " A a4 & | =
o N-s. gl 28|z * g [ 2
© = =% _ * = e
:E Wm,‘ \i? || ||'II ﬂ 6 ; n'l' g m i/ = | | _ [
e Mﬂ' by lL"'ﬂ" I_"‘.J'W{ \' 5.31» % |"| = ||E §|I|
8 ¥ A g s §
3. Wmm A
[
Q
= g = o
- S = 2 S
= = =
e = ® = e
% S L] S
A e WL 2 % N :iKm
I ' 1 i 1 . 1 i I E 1 Y 1 5 1 L I

15 20 25 30 35 40 45 50 55 60 65

Diffraction angle (20)

Fig. 4 TF-XRD patterns of (a) PEO coating deposited on Mg using alkaline silicate electrolyte
at 250 V for 2 min; and (b) PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h

T T T T T T T T T
-1.2

-1.3

-1.4 4

()

16 (Cp—a-a—aad

-1.7

-1.8 { —=— Uncoated Mg
| —@— PEO coated Mg

—A— PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h

Potential (V vs. Ag/AgCI/KCl(sat.))

e e —
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
. 2
Current density (A/lcm”)
Fig. 5 Potentiodynamic polarization curves of (a) untreated Mg; (b) PEO coated Mg;
and (c) PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h, in HBSS
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins



RSC Advances

9.4 T T T T T T T T T
9.2 — J
_ e
9.0 - — — -
- —
" § _
A _— I oa—a—1®
% / I/i +
m J
o L
T / -
o
—#— Uncoated Mg
—@— PEO coated Mg i
—#&— PEO coated Mg post-treated using 3 M NaOH
T T T T T T T T T T T T
48 72 96 120 144 168
Time (h)
Fig. 6 Extent of change in pH of HBSS during corrosion of (a) untreated Mg; (b) PEO coated Mg; and
(c) PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h, measured as a function of immersion time
Mg2++ 20H —— Mg(OH), 4 ...(9) morphology that covered the small size pores and decreased

Mg(OH), + 2CIT —— MgCl, + 20H" ..(10)
The pH of HBSS reached a stable value after a prolonged
immersion time. This suggests establishment of equilibrium
between the rate of formation and dissolution of corrosion
products. It is evident from Fig. 6 that the trend is similar for
both untreated and PEO coated Mg with and without post-
treatment. However, the extent and rate of change in pH is
relatively less for the PEO coated ones than the uncoated Mg.
The extent of corrosion attack of uncoated Mg, PEO coated Mg
and PEO coated Mg post-treated using 3 M NaOH, after
immersion in HBSS at 37 °C for 168 h and after removal of the
corrosion products, is shown in Fig. 7. All of them exhibit
localized corrosion attack. This is due to the presence of higher
concentrations of Cl” ions in HBSS that attack Mg specifically at
the defect site.** The extent of corrosion damage is severe on
uncoated Mg than on the PEO coated ones. Based on the i,

value derived from the potentiodynamic polarization study (Fig.

5), rate and extent of change in pH measured as a function of
time in HBSS (Fig. 6) and the extent of localized corrosion
attack after 168 h of immersion in HBSS (Fig. 7), it is clear that
PEO coated Mg post-treated using 3 M NaOH exhibits a better
corrosion protective ability than the PEO coated Mg and the
uncoated one. The observed improvement in corrosion
resistance of PEO coated Mg post-treated using 3 M NaOH is
due to the modified surface with a spherical or globular

8 | J. Name., 2012, 00, 1-3

the diameter of the medium and large size pores. The
hindrance in permeation of HBSS to the base metal following
the decrease in porosity is considered as the main reason for
the observed improvement in corrosion resistance. Formation
of ((Mg,Si04),)((Mg(OH),)s) is very specific to the PEO coated
Mg post-treated using 3 M NaOH. The contribution of this
phase towards corrosion resistance is not clear and warrants
further study.

The surface morphology of uncoated Mg, PEO coated Mg and
PEO coated Mg post-treated using 3 M NaOH after immersion
in SBF at 37 °C for 240 h is shown in Fig. 8. The formation of
corrosion products could be observed on the surface of all the
samples. The corrosion product layer is reasonably thick that
neither the porous structure of PEO coated Mg nor the
modified structure of PEO coated Mg post-treated using
3 M NaOH could be observed. A typical “mudcrack” pattern is
observed on all samples. These cracks could have formed due to
the dehydration and shrinkage of the surface layer during drying in
air as well when the samples are placed in vacuum atmosphere as
during FE-SEM analysis. It is interesting to note that the PEO
coated Mg post-treated using 3 M NaOH is covered with
spherical or granular precipitates all over the surface whereas
such features are relatively less over PEO coated Mg while it is
rather limited on the surface of uncoated Mg. EDAX analysis
performed over the entire area of the surface layer shown in
Figs. 8(a)-8(c) reveals the presence of O, Mg, Ca and P as

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Extent of corrosion attack of (a) untreated Mg; (b) PEO coated Mg; and (c) PEO coated Mg post-treated using
3 M NaOH at 60 °C for 1 h, after immersion in HBSS at 37 °C for 168 h and after removal of the corrosion products

< 18pm

Fig. 8 Morphological features of the surface layer formed on (a) untreated Mg; (b) PEO coated Mg; and
(c) PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h, after immersion in SBF at 37 °C for 240 h

major elements along with a small amount of Si (Table 2). The
presence of Mg and O suggests the possibility of formation of
Mg(OH),, the mechanism of which is already explained
(equations 7, 8 and 9). The OH  ions generated following the
reduction of water (equation 8) could lead to reduction of
H,PO, and HPO42' ions (equations 11 and 12).

H,PO, + 20H  —— PO, + 2H,0 (1)

2HPO,” + 20H —— 2P0,> + 2H,0 (12)
The PO,” ions could combine with both Ca®* and Mg”" ions,
leading to the formation of calcium and magnesium
phosphates, which correlates well with the presence of Ca, Mg,
P and O in the EDAX analysis (Table 2). Based on the low
solubility constant (K,), formation of Cayg(PO4)s(OH),
(Kp: 1.6 x 107°°) and Mg;s(PO,), (K 1.04 x 107%) are
considered as most probable. The formation of Mg(OH), as a
major compound along with calcium and magnesium
phosphates has also been previously reported during corrosion
of Mg alloys in SBF.A2% According to Rabadjieva et aI.,45 when
the pH of the SBF ranges between 8 and 11.50, formation of an
amorphous calcium phosphate phase (Ca3(PO,),.3H,0) is
kinetically favoured than the thermodynamically more stable
hydroxyapatite phase. Kuwahara.”® also observed the
formation of (Cag ggMgg 14)10(PO4)s(OH), during corrosion of Mg

This journal is © The Royal Society of Chemistry 20xx

in SBF. It is evident from the EDAX analysis that the Ca and P
contents are relatively high in the surface layer formed over
PEO coated Mg post-treated using 3 M NaOH when compared
to the others (Table 2). The relatively lower amount of Ca than
P indicates the formation of calcium deficient apatites on all
the samples. Zhao et al.”” have also observed the formation of
calcium deficient apatites when MAO coated Mg is immersed
in SBF at 37 °C for 168 h. Since calcium deficient apatites have
the ability to induce new bone like apatites,48 their formation
assumes significance. The appearance of spherical or granular
precipitates all over the surface as well as a relatively higher Ca
and P contents signify a relatively higher extent of apatite
formation over the surface of PEO coated Mg post-treated
using 3 M NaOH. Since the Na content of the modified layer
formed of PEO coated Mg after alkaline post-treatment is only
1.93 at. % (Table 1), the release of Na* ions from this layer
could not be considered responsible for the higher level of
apatite formation. However, the increase in surface roughness
and a larger surface area provided by the globular-like feature
could have promoted the apatite formation. Anawati et al.’®
have also correlated a larger contact area formed after alkaline
post-treatment for the promotion of apatite growth. The
higher rate of dissolution of Mg and the inhibition effect of
Mg2+ ions on the precipitation of apatites49 could be accounted
for the relatively lower extent of apatite formation over
uncoated Mg (Fig. 8(a) and Table 2).

J. Name., 2013, 00, 1-3 | 9
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Table 2 Chemical composition of the surface layer formed over uncoated Mg, PEO coated Mg and
PEO coated Mg post-treated using 3 M NaOH at 60 °C for 1 h, after immersion in SBF at 37 °C for 240 h

Analysis area Elemental concentration (in at. %)
(o] Mg Si Ca P
Over the entire area of the coating shown on Fig. 8(a) 70.49 10.18 - 7.14 12.18
Over the entire area of the coating shown on Fig. 8(b) 63.20 12.61 1.01 8.76 14.51
Over the entire area of the coating shown on Fig. 8(c) 61.30 9.73 0.04 13.06 15.10

XRD patterns acquired at the surface layer of uncoated Mg,
PEO coated Mg and PEO coated Mg post-treated using
3 M NaOH after immersion in SBF at 37 °C for 240 h reveals
the presence of Mg(OH), phase (Fig. 9). The broad peak in the
diffraction angles between 25 and 35° (marked by dotted
rectangle in curve (c) of Fig. 9) is distinct for PEO coated Mg
post-treated using 3 M NaOH. This peak could be attributed to
the formation of poorly crystalline calcium phosphates. The
specific phases of calcium phosphates could not be identified
with confidence due to the broadening of the XRD patterns.
Li et al.*® have also reported the difficulty in identifying
calcium phosphate other than Mg(OH), in the XRD patterns of
the recorded on the surface layers formed on pure Mg in SBF’s
with varying ionic concentrations.

The FT-IR spectra acquired at the surface of uncoated Mg, PEO
coated Mg and PEO coated Mg post-treated using 3 M NaOH
after immersion in SBF at 37 °C for 240 h is shown in Fig. 10.
The sharp peak at ~3698 cm™ could be attributed to the O-H

stretching mode, which is typical for the formation of Mg(OH),.

The broad band around 3367-3422 cm™ corresponds to the
O-H stretching of H,0 or due to the surface adsorbed -OH
group. The IR band observed around 1631-1648 em™ could be
correlated to the H-O-H bending of water. The presence of IR
bands pertaining to water confirms that the surface layer
formed after immersion in SBF is indeed hydrated and its
shrinkage during drying in air and exposure to vacuum
atmosphere during FE-SEM analysis has resulted in the formation of
cracks. The IR bands at 1023-1048 cm™ corresponds to the P-O
stretching of PO43' group (v3 mode). The bands at 556-568 em™®
and those at 430 cm™ corresponds to the O-P-O(H)/O-P
bending mode (v, mode) and O-P-O bending (v, mode) of the
PO43' group, respectively. The presence of IR bands pertaining
to stretching and bending modes of PO43' group confirms the
formation of phosphates. It has been reported that the
formation of IR bands of phosphates at 1040 em™ and 560 cm™ is
associated with the formation of hydroxyapatite.so'52 SBF is
supersaturated with respect to the formation of calcium
phosphates. Since the free energy of formation of
hydroxyapatite is very low (A:G° =-6.413 KJ/mol), the
probability of its formation is much higher than other phases.
The IR bands at 1413-1427 cm™ and 856-866 cm™ could be
correlated to the asymmetrical stretching (v; mode)
asymmetrical bending (v, mode) of CO32' group, respectively.SIThe
presence of IR bands of C032' group at ~1450 cm™and at ~875cm™

and

10 | J. Name., 2012, 00, 1-3

along with the phosphate bands at ~1040 cm™ and ~560 cm™ points
out a B-type substitution that involves substitution of COaz' ions for
the PO43' ions.>® This type of substitution is a common
phenomenon during precipitation of apatites from biological
media, which results in a considerable decrease in crystallinity
of the apatite.51 This inference further validates the poor
crystallinity of apatite observed in the XRD patters (Fig. 9).

It is well known that SBF is highly supersaturated that would
enable the formation of Ca and P containing apatites.42 From
thermodynamic and kinetic point of view, formation of apatite
and its rate of deposition from SBF is promoted by an increase
in pH.:19 Corrosion of Mg and the morphological features of the
surface layer formed after corrosion confirms the presence of
a relatively thick corrosion product (Fig. 8). Hence, the increase
in pH during corrosion of Mg could have prompted the
precipitation of Mg(OH), as well as calcium and magnesium
phosphates. The formation of Mg(OH), is confirmed by XRD
patterns and FT-IR spectra. The presence of peaks pertaining
to phosphate is confirmed by FT-IR spectra while the possible
precipitation of an amorphous calcium phosphate phase could
be observed from the XRD patterns. Based on the surface
morphological features (Fig. 8), EDAX analysis (Table 2), XRD
patterns (Fig. 9), and the nature of functional groups present in the
FT-IR spectra (Fig. 10), it is valid to conclude that the corrosion
product layer formed after immersion in SBF is predominantly
comprised of Mg(OH), and calcium deficient apatites with
minor quantities of magnesium phosphate. The inferences
made in the study are in line with those observed earlier by
other researchers.>*™’ The presence of ((Mg,Si0,4),)((Mg(OH),)3)
phase, which is very specific to the PEO coated Mg post-treated
using 3 M NaOH, did not cause any deleterious influence on the
bioactivity in SBF.

Rapid screening of biocompatibility wusing in vitro
cytocompatibility studies is a common procedure followed in
Moreover, such methods
provide a useful basis for ranking various alloys as well as
surface modification methods.”® *° Fig. 11 shows the RGR of
MC3T3-E1 cells after cell culture using 10% extract of uncoated
Mg, PEO coated Mg and PEO coated Mg post-treated using
3 M NaOH, for 1, 2 and 3 days. The RGR of both uncoated as
well as PEO coated Mg are > 75% on all the three days. Based
on the RGR value, the cytotoxicity of uncoated and PEO coated
Mg could be classified as Grade 1 as per ISO 10993-5 standard.

the evaluation of biomaterials.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 Relative growth rate (RGR) of MC3T3-E1 cells on (a) uncoated Mg; (b) PEO coated Mg; and (c) PEO coated Mg
post-treated using 3 M NaOH at 60 °C for 1 h, after cell culture using 10% extracts for 1, 2 and 3 days
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Fig. 12 Cell morphology and the extent of cell growth on (a) uncoated Mg; (b) PEO coated Mg; and (c) PEO coated Mg
post-treated using 3 M NaOH at 60 °C for 1 h, after cell culture for 1 day using the 10% extract

The relatively lower RGR value observed for uncoated Mg
suggests lower cell viability when compared to the PEO coated
ones. This could be due to the relatively higher corrosion rate
of uncoated Mg than the PEO coated ones in the cell culture
medium. A higher corrosion rate signifies an increase in
concentration of Mg2+ ions, which could change the osmolality
of the cell culture medium leading to rupture of cell
membranes and cell death.®° Moreover, higher concentration
of Mg2+ ions is likely to deleteriously influence the biological
effect of Ca** ions.” Jung et al.>® have identified the existence
of a good correlation between higher corrosion rate of pure

12 | J. Name., 2012, 00, 1-3

Mg as well as untreated WE43 Mg alloy with their poor
cytocompatibility. Zhen et al.%? have suggested that the higher
concentration of Mg2+ ions demonstrate a strong influence
towards the cytotoxicity of Mg alloys while only a weak
influence is exerted by the change in pH of the medium. The
cell morphology and the extent of cell growth after cell culture
for 1 day using the 10% extract is shown in Fig. 12. It is evident
that the cell growth is relatively much better on PEO coated
Mg post-treated using 3 M NaOH than the PEO coated Mg and
the uncoated one. Hence, it is clear that the presence of
((Mg,Si0,4),)((Mg(OH),)3) phase, which is very specific to the PEO

This journal is © The Royal Society of Chemistry 20xx
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coated Mg post-treated using 3 M NaOH, did not cause any
deleterious influence on the cytocompatibility in cell culture
medium.

In order to get a better insight, the morphology (Fig. 13),
chemical composition (Table 3) and FT-IR spectra (Fig. 14) of
the surface layer formed on uncoated Mg, PEO coated Mg and
PEO coated Mg post-treated using 3 M NaOH after 72 h of
cell under physiological
conditions are acquired. The morphological features of the
surface layer resemble those observed after immersion o
these samples in SBF for 240 h in terms of formation of a
reasonably thick corrosion layer with cracks covering the
porous structure of PEO coated Mg. The relatively larger
fraction of spherical or granular precipitates (Fig. 13(c)), higher
amounts of Ca and P (Table 3) and the presence of IR bands
pertaining to phosphates validates the ability of PEO coated
Mg post-treated using 3 M NaOH to promote a better
bioactivity than those observed over PEO coated Mg and
uncoated Mg and substantiate the inferences made after
immersion of these samples in SBF for 240 h.

immersion in culture medium

Conclusion

Alkaline post-treatment using 3 M NaOH at 60 °C for 1 h is
suggested as a simple strategy to modify the porous structure
of PEO coated Mg. It modifies the porous structure of PEO
coating on Mg with a fine spherical or globular feature,
developed around the pores that effectively seal the smaller
pores besides reducing the diameter of medium and large
sized pores. Quantitative estimation after image processing
reveals a decrease in pore density from 296 pixels/mmZ (before
treatment) to 156 pixels/mm2 after alkaline post-treatment.
TF-XRD patterns confirm the formation of Mg(OH), and
magnesium hydroxide silicate ((Mg,Si0,),)((Mg(OH),);) on PEO
coated Mg post-treated using 3 M NaOH besides the MgO,
Mg,SiO, and MgSiO; that are specific to PEO coated Mg. The
formation of ((Mg,Si0,4),)((Mg(OH),)s) is identified for the first time
in this study. The formation of this phase along with a decrease in Si
content from 14.15 to 12.03 at. % following alkaline post-treatment
suggests dissolution of a fraction of the PEO coating. In spite of an
increase in Ry and R, after alkaline post-treatment, the modified
surface exhibits a better surface homogeneity. The i, values
derived from potentiodynamic polarization study, rate and extent
of change in pH measured as a function of time in HBSS and the
extent of localized corrosion attack after 168 h of immersion in
HBSS points out the ability of PEO coated Mg post-treated using
3 M NaOH to offer a better corrosion protective ability when
compared to PEO coated Mg and the uncoated one. The modified
surface with a spherical or globular morphology covered the small
size pores and decreased the diameter of the medium and large size
pores. The hindrance in permeation of HBSS to the base metal
following the decrease in porosity is considered as the main reason
for the observed improvement in corrosion resistance. PEO coated
Mg post-treated using 3 M NaOH exhibits better bioactivity, which
is evidenced by the broad peak in the diffraction angles between

This journal is © The Royal Society of Chemistry 20xx
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25 and 35° and a relatively higher amount of Ca and P. The
corrosion product layer formed after immersion in SBF is
predominantly comprised of Mg(OH), and calcium deficient apatites
with minor quantities of magnesium phosphate. The RGR of both
uncoated as well as PEO coated Mg are > 75% on all the three days,
meeting Grade 1 specification in terms of cytocompatibility as per
I1SO 10993-5 standard. The relatively lower RGR value observed for
uncoated Mg suggests low cell viability when compared to the PEO
coated ones.
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Fig. 13 Morphological features of the surface layer formed on (a) untreated Mg; (b) PEO coated Mg; and (c) PEO coated Mg post-
treated using 3 M NaOH at 60 °C for 1 h, after immersion in cell culture medium at 37 °C, 5 % CO,, 95% relative humidity for 72 h

Table 3 Chemical composition of the surface layer formed over uncoated Mg, PEO coated Mg and PEO coated Mg post-treated
using 3 M NaOH at 60 °C for 1 h, after immersion in cell culture medium at 37 °C, 5 % CO,, 95% relative humidity for 72 h

Analysis area Elemental concentration (in at. %)
(o] Mg Si Ca P
Over the entire area of the coating shown on Fig. 11(a) 58.81 30.79 - 3.81 6.59
Over the entire area of the coating shown on Fig. 11(b) 64.95 15.73 1.68 9.48 8.16
Over the entire area of the coating shown on Fig. 11(c) 68.98 5.43 0.36 14.16 11.08
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Fig. 14 FT-IR spectra acquired on the surface of (a) Uncoated Mg; (b) PEO coated Mg; and (c) PEO coated Mg post-treated
using 3 M NaOH at 60 °C for 1 h, after immersion in cell culture medium at 37 °C, 5 % C0O2, 95% relative humidity for 72 h
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