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ABSTRACT

Two composition of 58S (60 mol% SiO2, 36 mol% Ca0, 4 mol%
P,Os) glass coatings were made by sol gel and applied by dip coating
onto two commercial magnesium alloys (AZ31 and AZ91) as a strategy
to retard the hydrogen evolution and accelerate the deposition of a
hydroxyapatite layer to enhance bioactivity. Surface studies with XPS,
Raman spectroscopy and SEM techniques are presented after coating
deposition and after immersion in Hanks” Balance Salt Solution (HBSS)
at 37 C. Electrochemical tests were also conducted to evaluate the
evolution of the coating with immersion. It is observed that even the
coating present defects, it is able to retard substrate degradation and
this effect is more pronounced for AZ91 as substrate. Coating
performance is mainly governed by the substrate due the defective
nature of the film.

INTRODUCTION

surface modification developed from a potentially bioactive coating
can determine the human body response. In this case, the interface
between the implant and the physiological environment becomes the
key factor which conditions the prosthesis success or failure.?- 2

Nowadays, magnesium alloys are in the spotlight as they have
the attractive feature of being biodegradable. This fact eliminates the
needing of an implant removal surgery, meaning a reduction in
sanitary costs and patient post-operatory suffering. However, these
alloys have the drawback of hydrogen evolution during its degradation
which could generate tissue inflammation and pain.345

Bioceramics or bioglasses are produced in a variety of forms and
phases to fulfill several number of medical strategies for tissue
regeneration.® Bioactive glasses have the ability to react with
physiological media faster than bioceramics, and to bond with living
tissues forming an apatite layer. Typical bio-glasses such as Bioglass
45557 are produced by melting. However, Sol- gel method is also a
suitable route to produce glass, mainly as coatings in a variety of
compositions with the further advantage of high degree of purity and
good homogeneity.8 The precursors of SiO, and P,Os in the sol-gel
technique are usually alkoxides, whereas inorganic salts, such as
nitrates, are generally used to generate the calcium component.8 In
fact, there are only occasional references about bioglass sol-gel
materials prepared using calcium alkoxides or lactates.®-11 However,
the use of calcium nitrate (which is the standard reagent employed)
presents some disadvantages such as the need of removal of nitrates
from the glass structure at temperatures higher than 550 2C.

The aim of this work was to generate a chemically modified
surface of two commercial magnesium alloys with a 58S sol-gel glass
coating, using organic precursors such as silicon and phosphate
alkoxides along with calcium lactate. The produced bioactive layer is
sintered at low temperatures in order to maintain the substrate
integrity. This 58S composition belongs to the SiO,-P,0s-Ca0 system
and has proven bonding to soft and hard tissue,? becoming itself a
good strategy to retard the hydrogen evolution and accelerate the
deposition of a hydroxyapatite layer.

MATERIALS AND METHODS

Surface modification of metallic materials constitutes a strong
strategy applied in the biomedical field. It opens a wide world of
possibilities oriented to develop the functional properties needed for
an implant acceptance when the bare material is not enough to assure
good biocompatibility and tissue regeneration. Moreover, chemical

Magnesium alloys

Two commercial magnesium alloys known as AZ31B (Al 3.0, Zn
1.0, Mn 0.2 in wt. %) and AZ91D (Al 9.0, Zn 1.0, Fe 0.005, Mn 0.33, Ni
0.002, in wt. %) were selected as substrates for this work. Plane sheets
of 0.33 cm width were cut into rectangles of 3 cm x 1.5 cm exposing an
area of 8 cm2. They were all polished with 1200 and 2500 grit SiC
paper, rinsed with ethanol and dried with hot air prior to coating. This
last procedure assures to have a standardized topography for all
samples assayed.

Sol-gel glass coating

The 58S glass (60 mol% SiO3, 36 mol% Ca0, 4 mol% P,0s) was
prepared by sol-gel method.

Tetramethyl orthosilicate (TMOS, 98% Sigma Aldrich), triethyl
phosphite (TEPI, 98% Sigma Aldrich) and calcium L-lactate hydrate
([CH3CH(OH)COO],Ca*xH,0) were used as precursors and sources of
silicon, phosphorus and calcium, respectively. HNOs 1N was used as
catalyzer. Ethylene glycol (EG: HOCH,CH,0H, 99.8% Sigma Aldrich) was
added in a constant molar ratio EG/alkoxides=0.65 to improve the
alkoxides condensation degree and increase the specific surface
areal3! of the coating as porosity agent. Methanol (CH;OH, 99.8%
Sigma Aldrich) was the solvent used to dissolve the calcium lactate.
With a water/alkoxides ratio fixed at 3, the sol labeled as E1 was
synthesized.

Keeping the same 58S glass composition but with a different
precursors set, another sol was created and labeled as E2. The



difference with E1 was that methyltriethoxysilane (MTES, 98% Sigma
Aldrich) was combined with TMOS as silicon source, as a way to
improve the coating ductility and therefore its ability to copy the
substrate roughness.® In this case a molar ratio TMOS/MTES=40/60
was selected based on previous studies® and the molar ratios
water/alkoxides was increased to 4.9.

Coatings were performed by dip-coating with a withdrawal rate
of 15 cm/min for E1 and 25 cm/min for E2 in a glove box with argon
atmosphere and relative humidity lower than 8 ppm. A thermal
treatment at 300 2C for 3 h was carried out to consolidate the coated
systems, using a furnace inside the glove box.

For a better understanding and from now on, the samples are
labeled first with the corresponding substrate and then the 58S sol-gel
glass respective composition. Thus, the samples under study are: AZ31-
E1, AZ31-E2, AZ91-E1 and AZ91-E2. Also, both bare alloys (AZ31 and
AZ91) are used as controls in the experiments.

Solution

The solution selected for experiments was the Hanks’ Balanced
Salts Solution (HBSS) to simulate the plasma composition in the
implant surrounding environment!’, HBSS was homemade prepared
following the chemical composition summarized in Table 1. Hanks’
solution was selected among the many possibilities of simulated body
fluids, since it is the only one that seems not to influence the
microstructure of the metallic surface, meanwhile others cause
acceleration of micro-galvanic effects in the second phases.!® Before
every characterization where Hanks’ solution was used as electrolyte,
it was deaerated for 15 minutes using high purity N,.1° The reason of
this is that the oxygen concentration in plasma is lower than in HBSS
without deaeration.29 While the mimic O, concentration in plasma is
5.3x10° mol/L, we measured 4.5x10-5 mol/L after our protocol. All
assays in this research were carried out at normal body temperature,
37 °C.

Electrochemical tests

Electrochemical assays were performed in a GAMRY Ref 600
electrochemical unit (Gamry, USA) with a conventional three electrode
cell, using a saturated calomel electrode (SCE, Radiometer
Copenhagen) as reference electrode, a platinum wire of convenient
area as a counter electrode and the coated and bare magnesium alloys
as working electrodes.

Electrochemical impedance spectroscopy (EIS) tests were
registered also at the Eorr with amplitude of 0.01V rms sweeping
frequencies from 20000 to 0.005 Hz. Polarization curves for each
sample were recorded from -1.8 V to -1.0 V (vs. reference) and 1 mV/s
of scan rate. In all these electrochemical assays, HBSS was the
electrolyte used and each measurement was performed four times to
assure the repetitiveness of the results.

Superficial sample characterization

The thickness of 58S E1 and E2 coatings was measured with a
profilometer KLA Tencor (Alpha-Step D-100, US). A minimum of three
lineal measurements for each sample were performed to determine
the step height between the coated and the uncoated part of each
sample. Two specimens per condition were used to the statistical
analysis. The tape test (instructed by ASTM D3359-B) was done to
characterize coating adhesion to the substrates.

Final 58S sol-gel glass coating structures were analyzed through
Fourier Transformed Infrared Spectroscopy (Nicolet 6700 FTIR
Spectrometer, Thermo Electron Corporation) by Attenuated Total
Reflectance (ATR). The FTIR spectra were collected for E1 and E2
coatings after thermal treatment.

With the aim of studying the evolution of the coated system with
time and the possible apatite deposition the samples were analyzed in

vitro by immersion in HBSS at 37 ©C, during 72 hours (72 h) and 17 days
(17 d) of exposure to the electrolyte. In all cases, samples without
immersion were used as control. Micro-Raman assays were performed
before and after immersion together with their blanks using an Invia
Reflex Confocal (Renishaw RM 2000, UK) with a 785 nm wavelength
laser, at 5% intensity, with 2 accumulations and 10 second of
exposition per spectrum. X-ray photoelectron spectroscopy (XPS) was
selected to perform an elemental analysis of surfaces prior and after
immersion of 72 h and 17 d in HBSS. Measurements were made using a
commercial VG ESCA 3000 system. The base pressure in the
experimental chamber was in the low 102 mbar range. The spectra
were collected using Mg Ka (1253.6 eV) radiation and the overall
energy resolution was about 0.8 eV. Survey spectra were recorded for
the samples in the 0-1100 eV kinetic energy range by 1 eV steps. High
resolution scans with 0.1 eV steps were conducted over Mg 2p, Ca 2p,
P 2p, Si 2p and O 1s. In the entire cases surface charging effects were
compensated by referencing the binding energy (BE) to the C 1s line of
residual carbon set at 284.5 eV.

Coatings visual integrity and deposits produced during
immersion tests were examined by scanning electronic microscopy
(SEM, JEOL JSM-6460LV, Japan) after 72 h and 17 d of immersion in
HBSS. In all cases, after the coating was consolidated and without any
immersion the corresponding sample were observed by SEM (0 h).

RESULTS AND DISCUSSION

Coating thickness was measured by profilometry, with errors
lower to 3%. Results are summarized in Table 2. Coatings of
composition E1 resulted thicker than E2 ones. Both E1 and E2
compositions deposited on AZ91 resulted in thinner than those
deposited on AZ31, probably associated with the different viscosity of
the sols and/or different wettability of E1 and E2 sols on AZ91 and
AZ31. Regarding to the coatings adhesion measured by ASTM D3359-B,
all the conditions showed excellent adhesion to the respective
substrates.

Figure 1 shows FTIR spectra for both commercial alloys coated
with the two compositions under study (58S E1 and E2), after heat
treatment. The main difference between the two compositions is the
presence of a sharp peak located at 1272 cm! which is associated with
the methyl (-CHs) group?®® in the E2 coated samples, evidencing the
non-hydrolysable methyl group presence originally from the MTES
used as precursor during the synthesis of E2 sol. The remaining spectra
serve to give an explanation of the resulted structure of the coatings in
further detail. It can be distinguished: a small peak at 450 cm
associated with the rocking Si-O-Si vibration, a wider small band
between 850~750 cm! which can be attributed to the symmetric and
asymmetric bending of Si-O-Si band. Additionally, the wide band
between 900~1200 cm is related to the glass coating structure, being
a consequence of the overlapping of several important peaks. The
band around 940~960 cm™! can be associated with the P-OH stretching
and Si-O-Ca vibration mode as well as Si-OH vibration modes. The band
at ~1040 cm1is associated to the asymmetric stretching vibration of
Si-O-Si together with the P—O stretching band that appears at about
1056 cm1.21 Another band at 1190 cm! assigned to Si-O-Si and/or P-O-
P stretching is also included in the broad band. 81222-25 The band
located at 1300~1500 cm? includes the —CH bending of lactate group
and the vibration modes of non-bridging PO, in PO43~ groups (at 1448
cm™1), and the band at around 1500~1700 cm! corresponds to the
C=0 stretching due to the lactate group presence.?6:?’ The thermal
treatment used for these coatings (at 300°C) was not enough to
degrade these groups (expected around 400°C), so they remain in the
structure. This last feature is not considered a problem as it is not
harmful to human body. Finally, the insert in Figure 1 shows a wide
band located between 2500~3600 cm1, generally associated with O-H
stretching of absorbed water and Si-OH and P-OH groups.24:28:29



The composition and presence of the different compounds in
deposits or degradation process products can be analyzed by Micro-
Raman spectroscopy. The analysis was focalized on the different
deposits and singular points present in both systems. The samples
were studied without immersion and after 72 h and 17 d of immersion
in HBSS. Figure 2a shows Raman spectra of AZ31-E1 and AZ31-E2 and
Figure 2b shows the same for AZ91-E1 and AZ91-E2. Also spectra of
bare AZ31 and AZ91 substrates after 72 h of immersion are shown for
comparison in the respective figure. The presence of magnesium
hydroxide and Mg-Al hydrotalcites (Mg and Al hydroxy-carbonates) can
be noticed by the peak around 440 cm™.3031 |n AZ31 bare alloy after 72
h immersion in HBSS, a peak at 956 cm! related to symmetric
stretching of phosphate compounds2* is present. Coated AZ31-E1 and
AZ31-E2 samples, presented the same type of deposited compounds
but at different immersion times. Moreover, both coatings applied
onto AZ31 alloy presented a wide band centered at 440 cm-! related
with magnesium hydroxides3? and other around 694 cm! related with
CHs-0-Si-OH vibrations.33 These denote the sample degradation from
early times which involves the dissolution of the coating in contact
with the HBSS. Also at 594 cm™! a band associated with P-O symmetric
stretching is present3 related with the phosphorous oxide present in
the bioactive glass coating. After 72 h immersion in HBSS, AZ31-E1
system still presents the characteristic peaks of the silica glass and
substrate, but a band at 961cm related with phosphates in
hydroxyapatite compounds can be seen.3® In AZ31-E2 composition
after 72h immersion, there is a clear evidence of apatite related
compounds deposited on the surface, noticed by the presence of 963
cm™ band.3¢ At 17 d of immersion, phosphate related bands at 435,
592 and 961 cm are present in both coated samples (either with E1 or
E2).3437 Also a band at 1078 cm! is related with carbonates present in
hydroxyl-carbonate apatite.3®

Similar behavior is noticed in AZ91-E1 and AZ91-E2 in Figure 2b.
For E1 composition after 72 h and 17 d of immersion, the apatite-like
deposits are mixed with remains of the bioactive glass coating, while
for E2 the deposits are just based on phosphates, denoting the in vitro
bioactive behavior of the E2 coating. Table 3 summarizes the
assignments of Raman vibration modes associated with the coated
samples.

In order to complete the information about surface composition
changes after immersion in HBSS, X-ray photoelectron spectroscopy
(XPS) assays were performed. The analyzed area with XPS technique
depends on instrument design, having a spot around 0.3 mm? in this
case. Nevertheless, the obtained information is related with surface
since the maximum depth reached is around 2 nm. Figures 3 and 4
show the detailed spectra for O 1s, Si 2p, Mg 2p, Ca 2p and P 2p for all
systems under study, without immersion and after 72 h of immersion
in HBSS. Table 4 shows the peak value assignments and the
correspondence with the different binding energies and compounds.

The presence of magnesium compounds can be noticed with a
peak around 49.5 eV corresponding to Mg(OH),.38 Figure 3a evidences
that Mg 2p signal is detected with and without immersion for E1
composition for both alloys (mainly for AZ31), while Figure 4a shows
that for E2 is only measured after the 72 h in HBSS. This fact
emphasizes the higher integrity for samples coated with E2, which
correlates with the EIS results (see below). Moreover, the signal is
stronger when AZ31 is the substrate denoting the less protective
feature of E2 on AZ31 as corroborated with the electrochemical results
that follows.

The glassy coating can be studied by the Si 2p signal peak in
Figures 3b and 4b where the binding energy at 102.9 eV is related with
typical Si-O-Si bonds in silica gels for all the conditions without
immersion.3° For all coated samples, it can be seen that after 72 h in
contact with the electrolyte this signal almost vanishes and shifts to
101.5eV, evidencing the degradation of the coating and the Si-O- bonds
present in first steps of apatite formation reactions.*0 In Figures 3c, 3d,

4c and 4d, the presence of a shift in P 2p and Ca 2p peaks and the
increase of intensity denotes that after 72 h of immersion in HBSS all
bioactive coatings form apatite related compounds313241 as it was
previously shown by the Raman spectroscopy results. Also the shift in
O 1s peaks, shown in Figures 3e and 4e, to lower values of binding
energies is related with oxygen in phosphates and reactive Si-O-
species.3041

Figure 5 shows the SEM images for coated samples before
immersion and after 72 h and 17 d of immersion in HBSS. All the
conditions without immersion appear to be homogeneous despite
some flaws that are present on the surface. It is important to say that
the presence of discontinuities on the surface at the initial stage is not
considered as a failed coating. The purpose of the coating is to provide
a bioactive surface to accelerate bone healing together with a retard
(without inhibition) of the electrochemical reactions and thus a prefect
coating is not a desired objective. The biodegradable feature of
magnesium alloys is preferred to be kept and the generation of a
perfect barrier coating can retard excessively the metal degradation.
After 72 h in HBSS at 37 2C all coatings show delamination and also
some deposits. After 17 d in contact with the electrolyte all coatings
appear to be degraded and partially covered with deposits on the
surface. It can also be observed that the deposits mainly nucleate over
the sol-gel glass coating than on the MgO/Mg(OH), layer of the bare
alloy, denoting the bioactive behavior of the thin sol-gel glass ceramic
layer.

Figure 6 shows the EIS spectrum for the two coated alloys and
the comparison with the bare material after 24 h and 17 d of
immersion in HBSS. It can be observed two time constants at medium
and high frequency and an inductive response at low frequency for
both bared alloys and also for the coated AZ31 at all immersion times.
The inductive behavior disappears for both coated compositions on
AZ91 samples (Figure 6¢ and d). The nature of the inductive behavior is
largely discussed in literature and it has been reported to correspond
to charge effect, adsorbed species that may affect the electrochemical
reactions and /or pitting of the alloy.#243 It can be observed that in all
the systems a resistive component is depicted in the low frequency
range and hence it can be assumed that the coating resistance is
revealed, allowing the electrolyte to reach the substrate underneath
the coating. Both AZ91-E1 and AZ91-E2 present higher total impedance
than the bare alloy and in turn, the total impedance is even higher for
E2 (Figure 6c). After 17 d of immersion there is a slight decrease of the
impedance modulus and an increase in the angle for AZ91-E2 at high
frequencies probably related to deposits onto the surface. The AZ91-E1
system shows a slight decrease in the total impedance modulus and a
less capacitive behavior indicating the proliferation of defects in the
coating. The EIS results for both coated AZ31 systems showed more
defective coatings that the ones onto AZ91. AZ31-E2 showed the
highest impedance modulus after 24 h of immersion and this
parameter diminishes after 17 d of immersion (Figure 6a). A similar
behavior is observed for AZ31-E1, both reaching values near the bare
alloy as an indicative that the coating degrades in time. The decrease in
phase angle at higher frequencies for coated AZ31 (Figure 6b)
compared with coated AZ91 (Figure 6d) is directly related with the
formation and extent of electrolyte pathways into the coating.

Kramer — Kronig relationship was verified for the EIS results. It
was demonstrated that Kramer-Kronig transformation into real and
imaginary components present low noise ratio (< 1% for the frequency
domain under study), as observed for other authors for Mg in chloride
containing electrolytes.**

To perform a deeper analysis of events taking place at the
interface and also to correlate them with physical events,
electrochemical impedance spectra were fitted using the electrical
circuits shown in Figure 7a and b. In all cases where an inductive loop
was present, it was necessary to use an inductance followed by a
resistance in the equivalent circuits selected. In the circuits Rl



represents the electrolyte resistance; Ry, Ry and Rs the resistance of
the deposits, oxides/hydroxides onto the surface and through the film
defects as charge resistance, respectively. An ideal capacitor (C;) was
used in the capacitance associated to double layer at the bottom of the
defects. Constant phase elements (CPE) were also used to represent
non ideal capacitors associated with the presence of deposits and/or
oxo-hydroxides on the surface and the deviation of the slope from -1 in
the impedance modulus vs. frequency plot in the Bode plot. Zcpe is
given by:

1
Zcpg = ey (1)

Where Q is a parameter independent of frequency and a is a
coefficient associated with system homogeneity. The inductor L is
equivalent to a short circuit in steady state and is related to adsorbed
species and reaction intermediates as stated above.#546

Table 5 and 6 show the results of data fitting according the
equivalent circuits presented in Figure 7. Polarization resistance (Rp)
values were calculated in an attempt to estimate the corrosion
resistance of the systems under study by means of equations (2) and
(3) and using the values obtained from the data fitting presented in
Table 5 and 6 from the circuits a and b respectively.

-t 41 (2)

Rp  Rsoi+Ri+R; = R3
Rp = Rso1 + R1 + Ry (3)

Assuming that, according to Stern Geary relationship given by
equation 4, corrosion current density (icorr) is inversely proportional to
Rp and that corrosion rate (Vcor) is directly proportional to icorr
(equation 5), it can be said that from the analysis of Ry, a ranking of
corrosion rates can be assented. In equation 5, Vo is the instant
corrosion rate that is an average over the surface sample, Meq is the
equivalent weight (12.15 eq/mol), n the number of electron
interchanged, & is the magnesium density (1.74 g/ mL) and F the
Faraday constant. There is a range of reported Tafel slopes in literature
and a very complete analysis was made by Bland et al*” in order to
assess a reliable value of B in equation 4. In this work we prefer to base
the analysis of facility to corrode of the different compositions used in
the study on the R;, analysis and hence to establish a status among the
samples and coating compositions. Since generalized corrosion is not
the type of degradation observed in these samples and there is no
decade of linearity or evidence of activation control, Tafel behavior
cannot be assured. For this reason, the corrosion rate calculated by
equation 5 would provide only an approximation which would be as
useful as the R, analysis by itself.

: _ BaBc _B
Leorr = 23(BatBORy Ry (4)
M, .
Veorr = rs; * leorr (5)

It can be observed in the values shown in Table 5 that the films
deposited onto AZ31 present lower values of R; and R; in time, giving
account of wider pathways for the electrolyte to reach the base metal
as the immersion proceeds. This is also observed for the AZ91 alloy
with the exception of E2 coating where an increment in R; is observed,
probably related to deposits onto the surface, as seen in XPS and
Raman results. It can be assumed that the corrosion rates expected
should be higher for the AZ31 coated samples than for AZ91 coated
ones. According to the R, values calculated from equation 2 and 3 and

presented in Tables 5 and 6 it can be assumed that the corrosion rates
expected should be higher for the AZ31 coated samples than for the
coatings over AZ91. Equally, there is one magnitude order of difference
between the Ry values of these two bare substrates. It is observed
that, since the porous nature of the coating, the substrate commands
the corrosion behavior of the system.

Figures 8a and b show the polarization curves of the samples
when a raising potential is applied and density current is measured. It
can be noticed that Eor results in more active values for AZ91 systems,
and that there is also a significant shift in the E.or between conditions
compared with the AZ31 system. This fact can be attributed to a more
heterogeneous microstructure in AZ91 substrate, due to its higher
aluminum (Al) content. The Al presence in magnesium alloys
conditions significantly the formation of the Mgy;Al1; intermetallic (B
phase) which acts as a cathode while the matrix (o phase) remains as
anode. When Al content is high, more intermetallic is present and local
micro-galvanic cells takes place that might be the reason for more
active Ecorr Values. Even though the Eorr values for AZ91 resulted more
negative, it is not enough to consider that the overall alloy corrosion
behavior is inferior. Figure 8a shows the polarization curves for the
AZ91 alloy. It can be observed that this alloy presents a passive region
that remains stable after immersion. In addition, E1 and E2 coatings
show stable coatings with no sign of major degradation after
immersion with lower current densities for the E2 composition.
Polarization curves presented in Figure 8b show that bare AZ31
presents a zone of passivity that disappears after 17d of immersion.
AZ31-E1 shows a defective coating denoting signs of degradation ever
higher than the bare alloy after 17 d of immersion. AZ31-E2 shows a
broad pseudo passive region after 24 h of immersion but the coating
shows severe signs of deterioration after prolonged immersion
reaching values comparable to the bare substrate as AZ31-E1. In
general, corrosion rates for coated AZ31 after 17 d of immersion are
very similar with the bare metal, showing no improvements to the
corrosion behavior with the uncoated alloy. This correlates with the EIS
results, which show minimal changes in the overall corrosive response
when the AZ31 metal is coated.

Porosity (in this case consider as permeation degree since the coating
is porous and also cracked) can be estimated according to Creus*® by:

Rys |AEcorr|
P=25110"5a I*100 (6)

14

Where R is the polarization resistance of the coating, Ry is the
polarization resistance of the bare steel, B, is the Tafel slope of the
bare steel and AEcor is the difference in corrosion potential between
the coated and bare substrate. Tafel slope was determined from the
data of Figure 8 and a value of 0.162 V dec! for AZ31 and 0.160 V dec!
for AZ91 was obtained. Rys and R, data can be obtained from Table 5
and 6. Table 7 shows the result obtained for the coatings after 24 h of
immersion in HBSS. It can be observed that E1 coatings show higher
initial porosity than the E2 on both substrates and in turn, coating
applied onto AZ31 are more porous than the ones onto AZ91, in good
agreement with the results observed in EIS and polarization curves.

Once again it can be noticed from the polarization curves that
the substrate is controlling the electrochemical response. For both
alloys, the E1 sol-gel glass coating has poor or null protective capacity,
being also harmful when AZ31 is the substrate selected. This fact is not
observed when the 58S E2 coating is applied, but it clearly lasts longer
when is applied over AZ91 than over AZ31.

The different behavior between both coatings is likely due to the
more organic composition of E2 respecting to E1, having a further



hydrophobic effect. The coating, although thinner, will be more
ductile, showing lower tendency to cracking. It is worth noting that
even the coatings applied onto AZ31 seems to be no effective in the
long term, it accomplishes the goal of enhancing the corrosion
resistance at the beginning of the immersion reducing the area where
the reactions take place and then reducing the overall corrosion at first
stages of implantation.

CONCLUSIONS

< Nitrate-free sol-gel glass coatings of bioactive 58S composition
were prepared and applied onto AZ31 and AZ91 magnesium
alloys. The coating constitutes a versatile strategy to generate a
chemically modified surface that can inhibit the degradation
behavior of a magnesium alloy.

% The films shown bioactivity in vitro as demonstrated by Raman
and XPS techniques. Both E1 and E2 compositions have evidence
of formation of apatite-like compounds on the surface. The
nucleation of the compounds is preferred over the coating than
on the bare substrate.

<+ The substrates are the controlling part of the electrochemical
response of the magnesium coated alloy. This fact was
corroborated by EIS and polarization curves and related with the
porous characteristic of the coatings developed.

< The E2 composition has a slow degradation rate at the beginning
of immersion in a simulated body fluid, such as the Hanks’
Buffered Salt Solution. After prolonged immersion AZ91-E2
present higher corrosion resistance than AZ31-E2, and the former
remains with lower corrosion densities than the bare alloy.

< Due to the uncertainties in Tafel slopes determination, R, values
were considered as a preferred parameter to establish a ranking
of corrosion resistance of the different conditions presented in
this study.

«» Coatings applied onto AZ31 and AZ91 effectively reduce the
corrosion reactions, mainly at the beginning of the immersion,
reducing the anodic and cathodic reactions and promoting the
formation of phosphate related compounds on the surface.
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FIGURE CAPTIONS

FIGURE 1. FTIR spectra of 58S sol-gel glass coated treated at 300 2C for
3 h for both alloys.

FIGURE 2. Raman spectra of 58S coated samples over AZ31 (a) and
AZ91 (b), without immersion and after 72 h and 17 d in HBSS.

FIGURE 3. XPS high resolution spectra for both materials (AZ31 and
AZ91) bare and coated with E1 composition, after 0 and 72 h
immersion in HBSS: (a) Mg 2p, (b) Si 2p, (c) P 2p, (d) Ca 2p, (e) O 1s.
FIGURE 4. XPS high resolution spectra for both materials (AZ31 and
AZ91) bare and coated with E2 composition, after 0 and 72 h
immersion in HBSS: (a) Mg 2p, (b) Si 2p, (c) P 2p, (d) Ca 2p, (e) O 1s.
FIGURE 5. SEM images for the 58S coated samples after 72 h and 17 d
in HBSS. Samples without immersion are also shown for comparative
purposes. (a) AZ31-E1, (b) AZ31-E2, (c) AZ91-E1, (d) AZ91-E2.

FIGURE 6. Bode (impedance modulus and phase angle vs frequency)
plots for coated samples on both alloys and the comparison with the
corresponding bare alloy after immersion in HBSS at 37 °C: AZ31 (a, b)
and AZ91 (c, d). Solid lines show the fitting of the data by modeling
with the equivalent circuits detailed in Fig. 6.



FIGURE 7. Equivalent circuits used for modeling for coated samples
over: (a) AZ31 and (b) Az91 alloy.

FIGURE 8. Polarization curves measured in HBSS at 37 °C for coated
samples onto: (a) AZ91 and (b) AZ31 substrate.

Tables

TABLE 1. Chemical composition of the Hanks’ Balanced Salts Solution
(HBSS) [mmol/L].

TABLE 2. Coatings thickness measured on AZ31 and AZ91 alloys [um].
TABLE 3. Assignments of Raman vibration modes associated with 58S
sol-gel made glass coating.

TABLE 4. XPS binding energy assignment for both coated and bare
alloys after 72 h immersion in HBSS.

TABLE 5. Fitting results calculated from statistical analysis of
electrochemical impedance spectroscopy for AZ31 coated alloy after
72 hand 17 d in HBSS. The standard deviation is lower than 20% in all
cases.

TABLE 6. Fitting results calculated from statistical analysis of
electrochemical impedance spectroscopy for AZ91 coated alloy after
72 hand 17 d in HBSS. The standard deviation is lower than 22% in all
cases.

TABLE 7. Calculated porosity percentage (by using eq. 6) of the
coatings applied onto AZ31 and AZ91 after 24 h immersion in HBSS.



