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Abstract

Silica sol-gel coatings were deposited on AZ31B and AZ91D magnesium substrates with the aim of controlling the
degradation rate, corrosion attack and further dissolution of magnesium alloys for temporal implants. Two different silica
sols were prepared with and without colloidal silica particles (MTL and TG sols) and deposited by dip-coating on both
alloys. The coatings were characterised in SBF using three different in vitro tests; hydrogen evolution, pH variation and
potentiodynamic polarization curves. The results show that the corrosion behaviour depends on the alloy and on the coating
composition. Coatings on AZ91D-MTL were able to block the degradation of the alloy during 8 days of immersion in SBF,
whereas coatings AZ91D-TG only maintain their stability during 3 days. Mg(OH), and hydroxyapatite (HAp) were
identified as the compounds precipitated on AZ31B samples, not appearing on AZ91D samples. The electrochemical tests
confirm the promising corrosion results obtained for coated AZ91D samples.

Graphical Abstract

Suitable silica sol—gel coatings were deposited on Mg alloys showing a great potential to control the degradation rate,
corrosion attack and further dissolution of the magnesium alloys.

55
50 AAZ91D

45 = AZ91D+TG coating e
40 # AZ91D+MTL coating &

=35 »
) !
E 30 - -
E 25 ra .
E2 4 -
- - 0

£15 PGP

10 L

5 PR

0 200 400 600 800

Immersion time( h)

Highlights

19 %

-1,0 ——AZ91D
11 ——AZ91D+TG coating
1,2 ——AZ91D+MTL coating

10€09  10€07  10E05  10£03  1,0E-01
i (Afem?)

o Silica sol-gel coatings are able to block the degradation and corrosion attack of Mg alloys.
¢ Different corrosion processes were identified that depend on the alloy and composition of the coatings.
e Mg(OH), and HAp precipitate onto the alloys, promoting the osteointegration.
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1 Introduction

Metallic materials such as stainless or titanium alloys are
widely used as permanent and temporal implants due to
their properties such as good mechanical strength and
fracture toughness [1-4]. However, they have some
important limitations associated with the difference between
their elastic moduli with that of natural bone tissue, and also
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with the release of toxic metallic ions and/or particles
through corrosion or wear processes [5]. Usually and after
repairing, the temporal implants need to be removed by a
second surgical procedure [6, 7]. In search of other solu-
tions, magnesium alloys appear as good alternatives for
biodegradable implants; the material is gradually corroded
during the growth and healing of tissue, being completely
dissolved upon fulfilling the regeneration [8§].

Mg alloys present several properties similar to natural
bone, with density of 1.74-2.0 g/cm? compared to 1.8-2.1 g/
cm’ (natural bone), an adequate cyto-compatibility and
biocompatibility confirmed through cell culture studies and
successful implants in animal models [9, 10]. AZ91D and
AZ31B alloys are the more studied alloys for biodegradable
purposes. One of the main limitations of magnesium, that
currently hinders medical application, is the high corrosion
rate, which can influence the survival of living tissues. H, is
released during the corrosion process affecting the integrity
of the implant and avoiding the regeneration of the living
materials. On the other hand, the increment of local pH
towards alkaline values can induce the poisoning of the
cells if pH exceeds 7.8. To solve these limitations is a
challenge to open the use of Mg alloys in biomedical
applications.

Different ways can be considered to control the corrosion
resistance, the most suitable being the surface modification
of the alloys by deposition of different films [11, 12]. In this
case, the coating should delay the initiation of the corrosion
process Mg, further reducing the corrosion rate when it has
started. The aim is to maintain the integrity of the substrate
for the period needed for ensuring that the implant has
fulfilled its restorative function; afterwards, it should
degrade up to total dissolution.

Different coating processes have been considered such as
galvanic anodization, microarc oxidation (MAQ), electro-
phoretic deposition (EPD), pulsed laser deposition (PLD),
etc. [13, 14]. Sol-gel is one of the most widely used
methods for anti-corrosive and biocompatible coatings on
Mg alloys for orthopaedic applications due to its suitable
compatibility with the environment and body [15]. Fur-
thermore, the coatings could be outfitted with other func-
tionalities, such as insertion of drug delivery or precursors
for increasing the biocompatibility and bioactivity, etc.

Several strategies have been considered to improve the
bioactivity and corrosion resistance of Mg alloys using sol—
gel coatings. One important is based in the deposition of
bioactive glass or glass—ceramic sol-gel coatings such as
Bioglass 45557, 58S, etc. [16-19]. These materials react
with the physiological fluid for obtaining an adequate
interfacial bonding with bone by forming a hydroxyapatite
layer (HA). Amaravathy et al. [20]. showed, by cell
experiments, the biocompatibility and good cell adhesion on
HA/TiO, sol-gel coatings deposited on Mg alloys

confirming the osseointegration. Yang et al. [21] reported
the decrease of iy, in more than two orders of magnitude
for Mg alloys coated with HA, demonstrating the
improvement of in vitro corrosion, and observing an
increment in the cyto-compatibility properties. The elec-
trochemical results of bioactive glass—ceramic coatings
show a significant control of the corrosion resistance of Mg
alloys; initially, degradation proceeds slowly with good cell
adhesion and growth, followed by an acceleration [22-24].
Furthermore, the local pH values showed an important
decrease, essential to osteoblast cell adhesion and pro-
liferation [23]. For example, 58S MBG coatings immersed
in SBF maintain a pH lower than 8 for long immersion time
[21, 25].

However, most of these papers report the densification of
the coatings at relatively high temperatures (400450 °C).
Mg alloys and specially those of AZ series are very sensi-
tive to temperature [26-28]. In particular, treatment tem-
peratures higher than 200 °C lead to the degradation of the
microstructure of AZ91 alloy, affecting the mechanical
properties, especially those related to creep [29]. Similar
behaviour occurs in AZ31B magnesium alloys. The thermal
stability of these alloys can be increased up to 300-350 °C
with suitable doping of the alloys [30, 31]; these tempera-
tures being considered as absolute maximum treatment
temperature to maintain the mechanical stability of the
alloys. Heat treatments overcoming these limits can affect
the mechanical stability of the substrate and its behaviour in
service.

Another strategy to enhance the corrosion resistance of
Mg alloys is the use of inorganic or hybrid sol—gel coatings
[32-36]. In this case, most papers report the densification of
the coatings at temperatures lower or around 300 °C, to
preserve the mechanical properties of the substrate.
Nevertheless, these sol—gel coatings are usually designed to
obtain suitable barriers for improving the corrosion resis-
tance during long periods of time, not considering their
possible use as biodegradable implants [37, 38]. Thereby,
the corrosion properties of the metal/coating systems are
studied using electrochemical tests in NaCl aqueous solu-
tions, not the simulated body fluid (SBF) [39, 40]. For
example, Galio et al. [41]. reported the addition of 8-
Hydroxyquinoline (8-HQ) as corrosion inhibitor, into silica-
zirconia sol-gel films. The film enhances the corrosion
behaviour of the magnesium alloy without degradation of
the barrier properties.

Summarizing, only a few papers present a wide-ranging
characterization combining electrochemical measurements
in SBF with studies of pH and H, evolutions, essential
properties for application of Mg alloys as biodegradable
implant materials [42]. Amaravathy et al. [43] reported a
broad characterization of Nb,Os sol-gel coatings on AZ31
alloy for biodegradable implants, including cell adhesion
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studies, and informing of a significant reduction of the
corrosion rate with formation of HAp after immersion in
SBF. However, the coatings were densified at 380 °C/1 h,
likely inducing a slight degradation of the mechanical
properties of Mg alloy. Gaur et al. [44] studied the in vitro
biodegradable properties of silica coatings prepared varying
the ratio of silane mixtures. The electrochemical char-
acterization showed an improvement in the corrosion
resistance of the coated substrate and a significant decrease
in H, evolution in SBF. However, the study shows a control
of the corrosion degradation for implants that involves
short-term but not for long-term protection.

The aim of this work was to develop biodegradable
implants using AZ31 and AZ91 standard Mg alloys as
substrates, modifying their surfaces through the deposition
of inorganic—organic silica sol-gel coatings heat-treated at
low temperature (180 °C) to avoid the degradation of the
mechanical properties of the alloy. Silica based coating
have been selected since they present the best properties on
corrosion resistance and biocompatibility. Two different
sols were studied, with and without colloidal silica nano-
particles, characterising the mechanical stability, adhesion
to the substrate, corrosion resistance as well as the in vitro
behaviour of the resulting coatings. The best protective and
biocompatible results were obtained for coatings with col-
loidal silica particles deposited on AZ91D alloy.

2 Experimental
2.1 Substrate preparation

Magnesium alloys AZ31B (Al 3 wt%, Zn 1 wt%, Mn 0.2 wt
%, the remaining, Mg) from Dugopa S.A., (Spain) and
AZ91D (Al 9 wt%, Zn 1 wt%, Mn 0.33 wt%, Ni 0.002 wt%,
Fe 0.005 wt%, the remaining, Mg) from Shaanxi (China)
were used as substrates. Before deposition, the alloy sheets
were polished with 1200 and 2500 grit SiC paper, followed
by ultrasonic cleaning in distilled water.

2.2 Hybrid sol-gel synthesis and characterisation

Two kinds of hybrid silica sols were prepared. First, a
hybrid silica sol (TG sol) was synthetized by mixing tet-
raethoxysilane (TEOS, Aldrich, 99%) and 3-(glycidylox-
ypropyDtrimethoxy silane (GPTMS, ABCR, 98%) with
ethanol absolute (EtOH, Panreac, 99.8%). The solution was
stirred for 30 min, after which water acidulated (1N HCI,
VWR, 37%) was added to catalyse the hydrolysis and
condensation reactions. The final molar ratio of the hybrid
silica sol was TEOS/GPTMS/EtOH/H,O = 0.5/0.5/3.8/3.5
and the pH of the sol was 6.
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The second hybrid silica sol (MTL sol) was prepared by
mixing TEOS and MTES (methyltrietoxysilane, ABCR,
97%) with a colloidal SiO, nanoparticles suspension
(Ludox-4S, Aldrich, aqueous suspension 40 wt%, particle
size 20 nm, pH 9). The solution was stirred for 30 min, after
which 0.6 mL of concentrated nitric acid HNO3; (VWR,
65%) was added to 100 mL of solution. Finally, absolute
ethanol was added to the solution to give a final silica
concentration of 120 g/L, with 64 g/L of colloidal particles.
The final molar ratio of the hybrid silica sol (denoted as
MTL) was TEOS/MTES/SiO, = 0.4/0.46/0.14.

2.3 Deposition and curing of the coatings

The sols were deposited on glass-slides and standard
AZ31B and AZ91D substrates (supplied by Dugopa S.A.,
Spain and Shaanxi, China, respectively) by dip-coating at a
withdrawal rate of 30 cm/min and further cured for 30 min
at 180°C. The temperature was selected to prevent the
degradation of the mechanical properties of the alloys and
to compare both SiO, coatings in similar conditions.

2.4 Characterization of the coatings

The coating thickness was measured on coated glass-slides
by Spectroscopic Ellipsometer (J.A. Woollam Co., Inc, EC-
400, M-2000U Software: WVASE32). The spectral band
was recorded from 250 to 900nm at incident angles
between 50° and 60°. The data were fitted using the
WVASE32 software with a Cauchy model. Optical micro-
scope (Axiophot-ZEISS, software; ZEN 2012) was utilised
to analyse the homogeneity of the coatings and the possible
presence of defects, with the help of camera system
(AxioCam MRc5).

The morphology and cross-section of coatings deposited
on magnesium substrates were studied by scanning electron
microscopy (SEM). The adhesion of the coatings was
qualitatively measured following ISO 2409 and ASTM
D3359 tests. In the test, a pattern of cuts was made in the
coating and then a tape is applied and removed over the cuts
performed in the film.

In vitro biodegradation studies were developed following
three different tests: hydrogen evolution, pH variation and
potentiodynamic polarization.

Hydrogen evolution measurements are useful to study
the rate of hydrogen evolved and the dissolution rate of
magnesium. Uncoated and coated samples of 4 cm® were
placed in a beaker containing 140 mL SBF solution at 37 °C
for 28 days. The hydrogen evolution was evaluated placing
a funnel over the sample and a burette vertically mounted
over the funnel, then, the dispositive is immersed in the
beaker with the SBF (Fig. 1). Experiments were performed
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Fig. 1 Photography of dispositive for hydrogen evolution test

Table 1 Composition of simulated body fluid (m-SBF)/liter

Reagents Amount
NaCl (g) 8.035
NaHCOs; (g) 0.355
Tris [=(CH,OH);CNH,] (g) 6.118
KCl (g) 0.225
K,HPO,4-3H,0 (g) 0.231
MgCl,-6H,0 (g) 0.311
CaCl; (g) 0.292
NaySOy4 (g) 0.072

1 M HCI (ml) 44

in triplicate to evaluate the reproducibility of the test. Table
1 summarizes the composition of SBF.

The pH evolution was measured placing the uncoated
and coated samples in a beaker with 140 mL of SBF solu-
tion at 37 °C, and monitoring the value as a function of time
of immersion up to 14 days. Similar to H; evolution, the test
was repeated three times to confirm the reproducibility.

The hydrophilic/hydrophobic behaviour of the uncoated
and coated substrates was determined by measuring the
water contact angle, using the Easy Drop Standard “Drop
Shape Analysis System” Kruss DSA 100 equipment under

ambient laboratory conditions. Three measurements were
performed on each sample and the results are presented as
average =+ standard deviation.

Fourier transform infrared spectroscopy (FTIR) spectra
were recorded between 650 and 4000 cm ™!, using a Perkin
Elmer Spectrum 100 spectrometer with an attenuated total
reflectance (ATR) accessory, with a resolution of 2cm”l
UV-vis-NIR spectra were recorded between 2500 and 2000
nm with a Perkin Elmer (Lambda 950) spectrophotometer,
with a resolution of 2 nm. All spectra were normalized and
presented as absorbance (%).

X-ray diffraction (XRD) patterns were obtained with an
incident angle of 5° and step size of 0.02° to analyse the
presence of hydroxyapatite (HAp).

The corrosion behaviour was studied through potentio-
dynamic tests performed in SBF solution at 37 °C using a
three-electrode system. The uncoated and coated samples
(exposed area of 0.78 cm?) act as working electrode, with
platinum as counter electrode and a saturated calomel
electrode (SCE) as reference electrode. Open circuit
potential was monitored for 12 h and tests were carried out
from —1.8 mV/SCE to —1.00 mV at a scan rate of 1 mV/s
using a GAMRY Instruments Reference 600 potentiostat.
The values of E,, and i, were determined by Tafel
extrapolation method from the potentiodynamic polariza-
tion plots. Tests were performed in triplicate.

3 Results and discussion

Both hybrid silica sols (TG and MTL sols) are completely
transparent and homogeneous. The addition of silica
nanoparticles does not affect the homogeneity of the sol,
producing only a slight decrease in the stability with aging
time.

The morphology of silica coatings deposited on AZ31B
and AZ91D were analysed by optical microscopy to detect
lack of homogeneity or defects. The images of optical
microscopy showed that the coatings cover perfectly the
substrates without detection of cracks, even after curing.
The coatings are highly transparent in the visible region;
therefore, the optical appearance is not altered. The coating
thickness was around 1.5 and 2.5 um for TG and MTL
coatings, respectively.

Figure 2 shows the images of coatings after the tape test.
The AZ91D coatings present good adhesion and high
mechanical stability, allowing the manipulation of the
implant during the surgery. AZ31B coatings show a slight
delamination in some part of the cut pattern, that could
affect the corrosion behaviour. Analysis of the coating by
SEM (not shown) confirmed the good adhesion of the films
even after cutting the sample.
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Fig. 2 Appearance of a AZ31B-
TG, b AZ31B-MTL, ¢ AZ91D-
TG and AZ91D-MTL coatings

after applying the adhesion tests

1000 pm
1

Table 2 Degradation rates and

Degradation rate (mL/cmzlday) Contact angle (°)

contact angles of uncoated and Samples
coated samples AZ31B
AZ91D

AZ31B + TG coating
AZ31B 4 MTL coating
AZ91D + TG coating
AZ91D + MTL coating

1.37 85
1.63 70
0.163/1.57 72
0.153/1.34 97
0.177/1.27 102
0.019/1.31 99

The biodegradation properties of the coatings were fol-
lowed through the evolution of pH and H, as a function of
immersion time in SBF. Usually, when Mg alloys is in
contact with the physiological environment, corrosion
appears. Magnesium hydroxide (Mg(OH),) and hydrogen
gas (H,) are produced:

Mg + 2H,0 — Mg(OH),+H, (1)

with the subsequent local increase of the pH that may
affect the cell viability. Initially, Mg(OH), could provide a
temporary protection of the Mg alloys, retarding the cor-
rosion process, but it is not enough to control the degra-
dation rate (Table 2).

Figure 3 compares the hydrogen evolution for the alloys
AZ31B and AZ91D uncoated and coated with TG and MTL
sols during 28 days of immersion in SBF solution.

In a first step, the hydrogen evolution on bare alloys is
different respecting to coated ones. In the case of AZ31B a
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typical parabolic law is observed [40], probably associated
with a diffusion-controlled process that can be explained
considering the precipitation of insoluble and protective
magnesium hydroxide or corrosion products on the surface.
The images of AZ31B uncoated samples as a function of
immersion time (Fig. 4) support this hypothesis. Instead, the
corrosion of AZ91D is close to a linear tendency, different
to the parabolic law for the AZ31B. The mechanism of
corrosion changes, probably related with the different
alloying elements present in AZ91D compared to AZ31B.
The degradation rate, determined considering a lineal
degradation process, was 1.37 and 1.63 mL/cm?/day, for
AZ31B and AZ91D alloys, respectively, although the real
degradation rate for a parabolic behaviour should be greater
(Table 3).

Figure 4 shows the different morphology and corrosion
process depending of the alloy. In AZ31B, white corrosion
products (Mg(OH),) are observed on the surface; otherwise
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Fig. 3 Variation of hydrogen evolution as a function of immersion
time in SBF solution for coated and uncoated a AZ31B and b AZ91D
substrates

on AZ91D practically not corrosion products appear. The
amount of corrosion products increases with the immersion
time, especially on the AZ31B.

In the case of coated samples, the hydrogen evolution
with the immersion time shows a different behaviour
compared to bare substrates, depending on the alloy and
type of silica coating. It is clearly observed that coated
AZ91D samples suffer less corrosion respecting to coated
AZ31B. For AZ91D-MTL film, the hydrogen evolution is
very slow during the first 200 h (8 days) of immersion, less
than 0.5 mL/cm>. For AZ91D-TG coating, there is a control
only for the first 120 h (5 days). Other authors have reported
the diminution of the H, evolution for coated AZ91D
samples but not so marked. For example, Chen et al. [45]
reported low H, values of 0.5 mL/cm? but only during the
first 100 h of immersion.

During this first period, the degradation rate (Table 3)
was determined obtaining values of 0.019 and 0.177 mL/
cm*day, respectively. Silica coatings, especially MTL,

Table 3 Electrochemical parameters obtained from potentiodynamic
polarization curves

Sample Ecorr feon(MA/cm?)
AZ31B —1.44 6.23

AZ91D —1.50 1.75

AZ31B + TG coating —1.51 0.15
AZ31B + MTL coating —1.60 0.3

AZ91D + TG coating —1.57 0.14

AZ91D + MTL coating —1.58 0.04

Fig. 4 Optical images of a AZ31B and b AZ91D substrates after immersion in SBF for 672 h
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were able to control the degradation rate of the magnesium,
blocking the corrosion during the first days of immersion in
SBF. Afterwards, the degradation starts, reaching values of
1.27 and 1.31 mL/cm?/day, very similar in both cases. For
coated AZ31B and during the first 70h, the corrosion
process is slower (0.6 mL/cm?) respecting to the bare alloy
and similar for both silica films. The coatings offer only
temporary protection to the substrate. Values of 0.163 and
0.153 mL/cm*/day were determined for AZ31B-TG and
AZ31B-MTL, respectively. After this time, AZ31B-TG
coating  degradation  accelerates  (1.57 mL/cm?/day)
respecting to AZ31B-MTL coating (1.34 mL/cm*/day),
even surpassing the bared alloy (1.37 mL/cm*day). The
difference between both alloys and with the information
reported by other authors could be associated with the dif-
ferent adhesion properties observed in the adhesion tests
(Fig. 2).

Figure 5 shows the images of AZ31B-TG and AZ91D-
TG coatings with the immersion time up to 672 h (28 days).
AZ31B-TG shows a higher degradation along with the
deposition of Mg(OH), and HAp. On the other hand,
AZ91D-TG samples suffer lower degradation but the pre-
cipitation of corrosion products was not appreciated, prob-
ably associated with the conversion of Mg(OH), into
soluble MgCl, [43].

Summarising, AZ91D-MTL coating appears as the most
adequate to control the degradation rate of the alloy,
although the stability of the corrosion products is worse,
and the possibility to grow HAp on the implant is lower,
which could affect the generation of the tissue.

Surface wettability plays an important effect in the cor-
rosion behaviour. Table 3 shows the measurements of

@ Springer
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Fig. 5 Optical images of coated a AZ31B and b AZ91D substrates after immersion in SBF for 672 h

uncoated and coated substrates when a drop of SBF was
placed on the surfaces. For uncoated samples, AZ91D
substrate has the lowest contact angle, about 70°, impli-
cating higher surface energy and more hydrophilic beha-
viour compared to AZ31B (85°). After the deposition of
silica coatings, the contact angle greatly increases reaching
a maximum value around 100° for AZ31B-MTL, AZ91D-
TG and AZ91D-MTL coatings. Thus, the coated surfaces
are more hydrophobic than the bare substrate and the
penetration of SBF could be reduced, enhancing the cor-
rosion resistance of the coated system, as observed in the
hydrogen degradation plots. The contact angle decreases
from 85 up to 72° for AZ31B-TG coating, explaining the
rapid degradation of the substrate when the corrosion starts.
Hydrophobic surfaces may be not suitable, because the cell
adhesion can be affected. In the future, supplementary tests
will be performed to study the cell adhesion on bare and
coated samples.

FTIR spectra obtained from coated samples before and
after the test of hydrogen evolution are shown in Fig. 6. The
spectra of AZ91D-MTL samples before and after the test
are very similar. The principal bands associated with the of
Si—O-Si bonds, ~940-1200 cm_l, are identified, indicating
that the silica coating is still present after 28 days of
immersion. This behaviour explains the better corrosion
resistance of AZ91D-MTL sample respecting to coated
AZ31B and uncoated specimens. On the other side, for
AZ31B-MTL sample the silica coating has completely
disappeared after the test. Only bands associated to Mg(OH)
5, at 1375cm™! attributed to O-H vibration of Mg(OH),
together with bands associated with carbonate groups (1380
cm™') and phosphate PO,*~ (560-1110cm™') groups of
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Fig. 6 FTIR spectra obtained from coated samples before and after the
test

HAp appear [46]. For coated AZ91D, it is not possible to
identify the bands due to overlapping and poor adhesion of
the corrosion products in the surface (Fig. 4). The corrosion
products layer, mainly constituted by magnesium hydro-
xide, magnesium phosphate and calcium magnesium
phosphate, are not stable, providing only a temporary pro-
tection [20].

XDR diffraction of the AZ31B-MTL coating was per-
formed after 28 days of immersion (Fig. 7). The absence of
peaks associated with amorphous SiO,, around 20°, indi-
cates that the silica coating has disappeared at the end of test
confirming the results obtained by FTIR (Fig. 6¢). Peaks
associated with Mg(OH), and HAp are identified according
to the JCPDS-00-009-432 and 00-044-1482 data, respec-
tively. In the case of coated AZ91D samples, the poor
adhesion of the corrosion products avoids the identification
of Mg(OH), and HAp by XRD.

The evolution of the pH with the time in SBF solution
has been also analysed, Fig. 8, showing a tendency similar
to that observed on the hydrogen evolution curves. In the

¢

——AZ31B+MTL coating
4 ¢ ICPDS-00-009-432
e  JCPDS-00-044-1482

¢

Intensity (a.u)

2theta

Fig. 7 XRD spectrum of the top surface of AZ31B-TG coating after
28 days of immersion in SBF
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Fig. 8 Variation of pH as a function of immersion time in SBF solution
for coated and uncoated a AZ31B and b AZ91D substrates

case of AZ31B, the pH increases after 24 h of immersion in
SBF. The deposition of a silica coating delays the biode-
gradation process during the first 2 days; as time prolongs,
the increment is very rapid, not suitable for the human body.
For AZ91D-MTL coating the pH maintains below 7.5 for
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Fig. 9 Potentiodynamic polarization curves of a the magnesium
AZ31B with and without coatings; b the magnesium AZ91D with and
without coatings

more than 6 days compared to uncoated and coated AZ91D-
TG sample. The stability of the coating is markedly higher
for AZ91D-MTL coating compared to the rest of the coat-
ings and alloys. The pH is a critical factor to ensure a good
bone regeneration and the formation of HAp.

Figure 9 shows the potentiodynamic polarization figures
for the bare and coated samples in SBF at 37 °C. The cor-
rosion potential (E..,) and the corrosion current density
(icorr) have been estimated and the values are summarized in
Table 3. The corrosion potential slightly changes between
coated and uncoated samples. Similar behaviour was
observed for 58S sol-gel coatings on AZ31B and AZ91D
alloys [16]. However, all the coated samples show much
lower i.,, compared to the naked alloys, indicating an
increasing of the corrosion resistance. The maximum
improvement was observed for AZ91D-MTL coating, with
Qo OF 4 x 1078 A/em?® compared to 1.75 x 107% A/em? for
bare alloy, two orders of magnitude lower. A similar effect
was observed for hydrogen evolution. Some authors [36,
47] have reported the electrochemical characterization of
sol-gel coatings on AZ91D, observing a change in the E,,
to more positive values and a drop in the iy, (~1 % 1077 A/
cm?) respect to bare substrate, finding that the sol—gel layers
could provide a good corrosion protection. However, the

@ Springer

values of i, determined were higher than that observed to
AZ91D-MTL coating, resulting the coating with the best
corrosion resistance properties. On the other hand, AZ91D-
TG, AZ31B-TG and AZ31B-MTL films show similar
values of corrosion current density, around ~1x 107" A/
cm?, close to those reported.

For all coated samples, the anodic part shows a passi-
vation range indicating the existence of a protective film on
the surface. This passive region depends on the coating
composition, being much higher for AZ91D coated samples
respecting to ones. A breakdown potential of —1.38 V is
observed for both AZ91D samples compared to —1.43 V
and —1.5V, corresponding to AZ31B-TG and AZ31B-
MTL films, respectively. Thus, silica coatings on AZ91D
alloy provide a more effective physical barrier against
corrosion. On the other hand, the anodic part of potentio-
dynamic curves for uncoated samples show no passivation
region, with high corrosion rates from the initial time. These
results, including the amplitude of passivation regions, are
similar or better than the published results [44, 47, 48].

To sum up, the corrosion resistance of AZ91D magne-
sium alloy was significantly improved with the deposition
of silica coatings, confirming and reinforcing the results of
hydrogen evolution and pH tests for this alloy. The coatings
inhibit the diffusion of active corrosion ions and water,
showing much lower degradation rates. The coated AZ91D
could thus be used to control the degradation rate of Mg for
future biodegradable implant. TG and MTL coatings may
be useful for fitting the degradation process more suitable
depending on the application.

The aim is to maintain slow degradation rates up to the
finishing of the restoring process (stents, bone healing, etc.)
with the further acceleration of the dissolution of the alloy
after this process.

Further work is in progress to introduce bioactive glass
particles for promoting the deposition of HAp on the
AZ91D alloy and EIS tests for following the evolution of
corrosion with time.

4 Conclusions

In summary, reproducible and environmentally friendly
silica sol-gel coatings were deposited on AZ31B and
AZ91D substrates showing a great potential to control the
degradation rate and corrosion attack of magnesium alloys.

Both electrochemical (potentiodynamic) and non-
electrochemical (H, and pH evolution) tests were used to
evaluate the corrosion behaviour of silica coatings on
magnesium alloys. Different corrosion processes appeared
depending on the alloy and composition of the coatings. In
general, coated AZ91D samples reduce more significantly
the H, release and decrease pH values compared to coated
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AZ31B samples. On the other hand, the MTL coating can
block the degradation of magnesium during more prolonged
time, 8 days, than TG coatings, only 3 days. However, the
stability of corrosion products and HAp deposition is worse
in AZ91D substrate.

The electrochemical corrosion tests show a relevant
effect on the protection of magnesium alloys by the
deposition of silica films. This improvement is more
important in MTL coating for AZ91D substrates.

The results obtained in this work reveal that it is possible
to select the suitable alloy and coating composition,
depending on the application of the implant, to reach the
required anti-corrosion properties and the further dissolu-
tion of Mg substrates after the specific reparation is finished.
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