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Highlights
 A well-developed silane/TiO2 coating controlled corrosion rate of two Mg
alloys.
 The protective ability of the coating depends upon the nature of the alloy.
 A Mg(OH)2 and Ca/PO4 containing layer of corrosion products was
found.
 The coating favors the formation of a non-stoichiometric hydroxyapatiterich layer.
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Abstract
A silane-based coating modified with titanium IV iso-propoxide was developed to
slow down the corrosion rate of AZ31 and ZE41 magnesium alloys intended as biodegradable
implants materials. Electrochemical impedance spectroscopy (EIS) was used to monitor the
corrosion evolution over 7 weeks in simulated body fluid at 37°C. A homogeneous crack-free
3µm-thick coating provided corrosion protection for 2 and 3 weeks to the ZE41 and the
AZ31, respectively.
The corrosion mechanisms and the nature of the corrosion products of the coated
systems are discussed and correlated to the coating morphology before and after the
immersion tests.

Keywords: A. Magnesium; A. Alloy; B. EIS; C. Polymeric coatings; C. Alkaline corrosion.
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1. Introduction
Magnesium (Mg), and particularly its alloys, have drawn interest as biodegradable
materials over the last years [1-4]. Compared to other biomaterials, Mg alloys present a
considerable number of advantages: (i) high strength-to-weight ratio makes them suitable for
load-bearing applications; (ii) their elastic modulus (~43 GPa) is close to that of bone
minimizing stress shielding effect; (iii) Mg is present in large amount in the human body and
it is essential for several metabolic processes [5-10]. However, the corrosion resistance of Mg
alloys is poor and they undergo a rapid dissolution in simulated physiological media [11].
Indeed, this behaviour makes them unsuitable for fabrication of permanent implants such as
endoprosthesis or hip replacement devices. However, it is possible to take advantage of their
rapid biodegradation to design temporary implants. Particularly in bone repair therapy, Mg
alloys have shown to be beneficial for bone growth and strengthening [12].
The rapid intrinsic degradation of Mg alloys in chloride-containing solutions,
including human blood plasma [13], has hindered their widespread clinical application so far.
In addition to the unfavourable corrosion kinetics of Mg, the accompanying hydrogen
evolution (Hevo) is a major issue. Hydrogen gas pockets adjacent to the implant can be formed
causing structural disorders of the surrounding tissues and delay the healing process [14]. In
addition, Hevo leads to local increase of the pH that might induce toxicity events [15]. Surface
coating have shown to be a promising strategy to slow down the corrosion rate of Mg alloys
and modulate it to levels at which detrimental effects are negligible [4]. Considering that these
coatings must interact in a favourable manner with bone cells, many of the current approaches
incorporate hydroxyapatite particles resulting in hybrid/composite layers [15-17]. Alternative
options rely on the deposition of bioactive layers that favour hydroxyapatite precipitation
from simulated body fluids (SBFs) [18, 19]. Those containing TiO2, a recognized
biocompatible oxide, have high potential for surface functionalization of Mg alloys [20].
In the present study we propose a silane-based coating formulation, modified with
titanium iso-propoxide to slow down and to control the corrosion rate of Mg alloys intended
as biodegradable implants. The study was performed using electrochemical impedance
spectroscopy in simulated body fluid (SBF) at physiological temperature. Depending upon the
alloy system, the corrosion mechanisms are discussed.
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2. Experimental procedures
2.1. Materials and substrate preparation
Extruded rods of AZ31 and ZE41 alloys (ASTM designation) with the chemical
composition indicated in Table 1 (as detailed by the manufacturer Magnesium Elektron
Company) were used in the present study. Discs of diameter 25 mm and 3mm-thick were
grinded sequentially with 180, 400, and 1000 SiC grit papers and pre-treated with 12% HF
solution by immersion for 15 minutes to promote the formation of a MgF2 surface layer [21].
All discs were rinsed with ethanol (96%, Sigma-Aldrich) and dried in air stream as final step.

2.2. Synthesis of the sol-gel coating and thermal conditioning
The coating formulation was selected based on previous investigations [22] and
optimized for the purpose of this work. Two different alkolsols were mixed to obtain the final
hybrid coating using the sol-gel route. The first alkolsol was prepared in the presence of
acetylacetone (Acac, analytical standard) by the hydrolysis of 70% titanium (IV) isopropoxide (≥97% TIP, Aldrich) in iso-propanol. Diluted aqueous solution of HNO3 (pH 0.5)
was added resulting in a final volume ratio TIP:Acac:H2O of 5:3:1. The second silane-based
alkolsol was obtained by the acidic hydrolysis (pH 0.5) of (3-glycidoxypropyl)trimethoxysilane (≥98% GPTMS, Aldrich) in iso-propanol and stirred for 1h at room
temperature. The final volume ratio of GPTMS:2-propanol:H2O was 8:8:1. Finally, the
titanium-containing and the silane-based alkolsols were mixed together in a volume ratio of
1:1.5, respectively. The combined solution was aged at room temperature for 1 hour and
deposited onto AZ31 and ZE41 pre-treated discs by the dip-coating technique. The dipping
parameters were 3 immersions of 10 seconds each at a withdrawal speed of 17 cm/min. The
final step after dip-coating procedure was to dry the samples at 120°C for 90 minutes in air.
Four conditions were tested: 12% HF pre-treated discs of the alloys designed as (i) AZ31 and
(ii) ZE41; (iii) coated AZ31 alloy (AZ31_S) and (iv) coated ZE41 alloy (ZE41_S).

2.3. Morphological characterization
or examining the morphology and chemical composition of the coating, field emission
gun scanning electron microscope (FEG-SEM) JEOL-JSM7001F equipped with an energy
dispersive spectroscopy (EDS) microanalysis was used. All the samples were coated with Au
using a sputter coater system and examined before and after the immersion tests. Additionally,
a diffracted backscattered electron detector (EBSD) appended to the SEM was used to assess
crystallinity of the coating.
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To determine the film thickness cross-sections were prepared by embedding the
sample into an epoxy resin (Buehler) mould at room temperature and grinded up to 2500 SiC
grit paper in ethanol.
A Nanosurf Easyscan 2 atomic force microscope (AFM) apparatus was used to
determine the coating roughness and to obtain additional morphological information.
Unfiltered images of topography, vibration amplitude and phase contrast were obtained in
non-contact mode (tapping) at different positions and magnifications on the surface at room
temperature using silicon probes.

2.4. Electrochemical techniques and corrosion products characterization
Electrochemical impedance spectroscopy (EIS) measurements were carried out in
order to characterize the corrosion performance of the coated alloys. The study was performed
in naturally aerated simulated body fluid (SBF) pH 7.4 at 37±1°C for 7 weeks. The spectra
were recorded at different immersion times using a Gamry Ref. 600 potentiostat at open
circuit potential in the 105 Hz down to 10-1 Hz frequency range. The SBF was prepared
following the procedure described in [23] with the composition listed in the Table 2.
A conventional three-electrode electrochemical cell was used, consisting in the sample
as working electrode with an exposed area of 3.1 cm2, a saturated calomel electrode (SCE) as
reference and platinum coil as counter electrode. All the experiments were performed in a
Faraday cage to avoid electromagnetic interferences. The fitting parameters were obtained by
analysing the results with ZView3® software.
X-ray diffraction analyses of untested and tested discs were performed using Cu Kα
radiation in a Bruker D8 ADVANCE diffractometer operating at 40kV and 30mA. Raman
spectra were acquired in a LabRAM HR800 Evolution Horiba, with a solid-state laser source
operating at 532 nm with a 180° backscattered geometry, 600 lines/mm grating spectrograph
and laser beam power of 20 mW.

3. Results
3.1 Surface morphology of uncoated and as-prepared coated alloys
The grinded discs were pre-treated for 15 minutes in 12% HF solution before coating.
Fig. 1a and 1b depict the topographic AFM images of the layer formed on the pre-treated
discs. Previous studies [2, 24] reported that acid treatment with hydrofluoric acid provides a
MgF2 layer on Mg alloys, decreasing corrosion rate in SBF solution [24]. The surfaces of the
pre-treated alloys reveal MgF2 crystal strings following the surface roughness (Fig. 1a‒1b).
6

The morphology of the layer formed on AZ31 showed more compact structure when
compared to the layer on ZE41, filling the cleavages between grinded scratches.
Fig. 1c and 1d depict AFM and SEM images of the coating, respectively. Irregularshaped aggregates ranging from 1‒10 µm in diameter were found on the as-deposited coating.
Their distribution over the surface was random with some crowded areas (Fig. 1c). EDX
analysis of the aggregates (Fig. 1d) revealed that they consisted of Si and Ti oxides, most
likely undissolved particles during the sol-gel preparation step. Topographical AFM images
confirmed a smooth and rather homogeneous coating surface of small roughness Rq 21.9 ± 2.1
nm apart from the agglomerates. SEM images showed that the coating did not present relevant
defects, such as micro-cracks or micro-pores. Additional analysis by electron backscattered
diffraction (EBSD) did not reveal the Kikuchi patterns, suggesting that the coating and the
aggregates had predominantly an amorphous structure. This is in accordance to the irregular
shape of the agglomerates. The coating showed a homogeneous thickness of ~3.2 ± 0.4 µm
irrespectively of the alloy (Fig. 1e).

3.2 Electrochemical monitoring of the corrosion evolution
Following the characterization of the coated alloys, the corrosion behavior was studied
by EIS at open circuit potential. The measurements were performed by immersing the
samples in SBF (7.4 pH) solution at 37 ± 1°C. Fig. 2 shows the open circuit potential (OCP)
evolution of pre-treated and coated alloys. The OCPs of the pre-treated discs increased to
more positive values during first 3 days and remained constant about -1.52 V until 2 weeks.
Then, the OCPs showed minor fluctuations around this value remaining nearly constant until
week 7th. The initial rise in OCP can be related to the formation of a layer of corrosion
products with protective barrier properties.
The presence of the coating shifts the initial OCPs toward more positive values
compared to the uncoated alloys. The OCP of AZ31_S increased slowly during first 3 days
whereas that OCP of ZE41_S decreased. After 3 days, OCP of AZ31_S slowly decreased due
to degradation of the coating barrier properties. On the other hand, the OCP of ZE41_S
stabilized after 3 days followed by a small increase until week 3th. Then, the OCP showed a
temporary increase to -1.46 V around 4 weeks. This feature was also reflected on the EIS
results and will be discussed below along with characterization of the corrosion products.
Representative Bode plots obtained for the HF pre-treated alloys (AZ31 and ZE41)
and the coated alloys (AZ31_S and ZE41_S) are depicted in Fig. 3 and Fig. 4, respectively.
The low frequency impedance values of coated alloys at early immersion were two orders of
7

magnitude higher compared to the pre-treated samples, evidencing that the coating provides
an effective barrier effect.
The initial low frequency impedance values of the coated alloys were similar, around 6
x104 ·cm2 (see Fig. 4). However, with time relevant changes were observed. First, low
frequency (10-1 Hz) impedance of AZ31_S showed minor fluctuations during first 72 hours.
Next, impedance decreased being one order of magnitude lower around week 4th. At the same
time, the high frequency time constant (103‒105 Hz) gradually vanished due to deterioration
of the coating barrier properties.
In the case of ZE41_S, impedance dropped during first 72 hours to a value almost one
order of magnitude lower compared to AZ31_S at the same immersion time. However,
impedance of ZE41_S revealed a significant increase at later stages. From 2nd to 4th week of
immersion the low frequency impedance reached values of 2x105 ·cm2. After this period,
the impedance decreased once again to values of 9x103 ·cm2 after week 7th. Unlike
AZ31_S, the high frequency time constant of ZE41_S was always detected in the spectra
during the immersion period. In both coated alloys there were evident signs of corrosion
activity. To further detail the nature and morphology of the corrosion products a detailed
characterization was carried out.

3.3 Morphology and composition of the corroded surfaces
Fig. 5 depicts the surface morphology of uncoated and coated discs after EIS
experiments for 7 weeks. The cracks formed on the corrosion products layers, as observed in
Fig. 5a‒5b, may be due to volumetric contraction during dehydration process after electrolyte
removal and the vacuum atmosphere during SEM analysis. Defects as cracks and local
delamination evolved in the coating for both AZ31_S and ZE41_S (see Fig. 5c‒5d). The
arrow in Fig. 5d indicates a delaminated area with flake-like shape. These defects, as well as
cracks, were randomly scattered over the entire surfaces. The morphology of the delaminated
areas is likely due to local accumulation and growth of corrosion products at the
substrate/coating interface as well as to hydrogen evolution (Hevo). Visual inspection of the
coated samples during immersion revealed the progressive formation of pits. In the ZE41_S
discs the first pits appeared after week 1st. In the case of AZ31_S, identical pits appeared
during week 3th.
EDX analysis of the pre-treated samples revealed the elemental composition of the
corrosion products layers. The presence of Mg, O, Ca, P and C was detected (Table 3). The
results evidenced the incorporation of Ca, P and C into the corrosion products. Nevertheless,
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part of the carbon content may come from atmosphere impurities and part from surface
deposits too. Calcium and phosphorus come from SBF solution.
To perform EDX analysis on the corrosion products of the coated discs the coating
was manually removed. The corrosion layers of AZ31_S and ZE41_S contained higher
amount Mg, O, Ca and Cl elements compared to the pre-treated discs. These results suggest
that the local environment created by the presence of the coating along with the corrosion
processes may promote the formation of P and Ca-enriched corrosion products. Additional
XRD measurements confirmed that the corrosion layers consisted of Mg(OH)2. Broad
diffraction peaks, as observed in Fig. 6a‒6b, may suggest poor crystallinity of these layers. In
the case of AZ31 the peaks of Mg(OH)2 were not detected by XRD. There may be two
possible explanations of this fact: (i) either the corrosion layer on AZ31 at 7 weeks is
amorphous, (ii) or the layer is not thick enough to be detected by XRD. Fig. 7a shows a XRD
pattern of pre-treated AZ31 after 1 week of immersion where the peaks corresponding to
Mg(OH)2 are clearly observable. This result suggests that crystallinity of the corrosion layers,
particularly on AZ31, decreased with the immersion time. In aqueous solutions with high
chloride concentrations Mg(OH)2 reacts with Cl to produce highly soluble MgCl2 [25, 28].
According to this, one hypothesis may be that the former Mg(OH)2 layer might become
MgCl2 and dissolve gradually into the solution. In Fig. 3a and 3b it is possible to see that
setting-up of the corrosion layers on uncoated discs took place during first 3 days. This is in
close agreement with the steep OCP rise for the same period of time as observed in Fig. 2.
Further Raman characterization supported the aforementioned hypothesis. Fig. 7b
displays the Raman spectrum of the corrosion layer on AZ31_S and ZE41_S at week 7th. The
peak at 3648 cm-1 corresponding to the O-H fundamental of Mg(OH)2 on the high frequency
side was detected on both samples. Since Raman scattering is sensitive to the degree of
crystallinity, broader peak and decreased intensity of AZ31_S corrosion layer may indicate
lower crystallinity when compared to the corrosion layer of ZE41_S.
Further Raman results confirmed the presence of Ca and P in the corrosion layer of
both coated discs, as reported in EDX results in Table 3. The corrosion layers consisted then
in a mixture of Mg(OH)2 and hydroxyapatite (HAP) for both AZ31_S and ZE41_S. The Fig. 8
depicts Raman spectra of coated discs in comparison to RRUFFTM patterns [29] of
hydroxyapatite (Ref. 060180) and clorapatite (Ref. 060192). It has been reported in previous
studies [30] that precipitation kinetics is critical for the purity of HAP and its crystallographic
characteristics. Most of the synthetic methods to produce HAP crystals from supersaturated
aqueous solutions led to the formation of non-stoichiometric products. This is due to the
presence of vacancies and ion substitutes in the crystal lattice such as hydrogen phosphates,
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carbonates, potassium and chlorides, among others [30]. Usually, these species are introduced
into the precipitating system with the reactants. Hence, synthetized HAPs incorporating any
of the above-mentioned ions undergo significant changes and have different crystal
morphology compared to the stoichiometric [30]. This may explain the differences observed
in the Raman spectra of AZ31_S and ZE41_S. Correspondingly, the Ca/P molar ratios listed
in Table 3 suggest that in the present case the HAPs precipitated from SBF differ from
stoichiometric HAP whose Ca/P molar ratio is 1.67. Other authors [27] have also reported that
during immersion in SBF, the corrosion of Mg alloys is accompanied by the formation of
corrosion products such as magnesium hydroxide, carbonates and phosphates.
Cross-sectioning of coated samples revealed additional features of the corrosion layers. Fig.
9a shows the cross-section of AZ31_S where a rather thin corrosion layer with a thickness in
the range of 4‒5 µm is observed. Nevertheless, the layer seems to have a dense structure. The
local delamination of the coating due to accumulation of corrosion products is also seen in
Fig. 9a. This corresponds to the flake-like shaped delaminated areas aforementioned and
depicted in Fig. 5c‒5d. The occurrence of localized corrosion (pits) was also observed on both
AZ31_S and ZE41_S corrosion layers (not shown). The local environment created by the pit
formation may promote the pile-up and growth of corrosion products around the pit. Apart
from these areas, the thickness of the AZ31_S corrosion layer seemed quite homogeneous.
In the case of ZE41_S, a non-uniform corrosion layer of thickness ranging from 20 to
(a)

(b)

40 µm was observed (Fig. 9b). Large areas where the layer was detached possibly due to
further corrosion were also found. Some of these areas reached about 90 µm in depth. This
may explain the wide OCP variations of ZE41_S as observed in Fig. 2. During first 3 days of
immersion the OCP of ZE41_S slightly dropped probably due to deterioration of the coating
barrier properties. Next, the OCP stabilized and started rising slowly until week 3th. It
appeared that the corrosion layer formation took place during this period of time. Then,
thickening and densification of the layer could happen from week 3th to week 4th. However,
the occurrence of pits in the corrosion layer enables the electrolyte to reach the metal surface
and further corrosion causes selective detachment of the layer. The proposed corrosion
mechanism would explain the OCP drop after 4 weeks of ZE41_S and will be further
discussed together with the parameters extracted from the EIS fitting.

4. Discussion
4.1 Corrosion mechanism and modelling
The most representative redox reactions responsible for the overall corrosion process of Mg
alloys are listed below [22]:
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2H2O + 2e- → 2OH- + H2 ↑

(Eq. 1)

O2 + 2H2O + 4e- → 4OH-

(Eq. 2)

Anodic reaction

Mg → Mg2+ + 2e-

(Eq. 3)

Overall reaction

Mg + 2H2O → Mg(OH)2 + H2

(Eq. 4)

Cathodic reactions

As indicated by Eq. 4, the main products of the corrosion reaction are hydrogen gas
and insoluble magnesium hydroxide. The local conditions may also promote the formation of
hydroxides of the alloying elements and hydrated oxides [26].
The main role of the coating is to hinder water and oxygen access to the Mg substrate
and especially to slow down the corrosion rate at early stages of immersion. This is possible
due to the formation of stable Si-O-metal bonds which provide good adhesion to the substrate
delaying corrosion onset [22]. The coating matrix is composed of a TiO2- and SiO2-containing
network with good barrier properties that hinders electrolyte uptake and protects the
underlying metal from accelerated corrosion [44]. However, in the present case the main
objective of coating is to control the corrosion process and not to prevent it completely.
Consequently, a thin coating was prepared allowing the electrolyte to gradually reach the
metal substrate and the corrosion processes start. The corrosion activity leads to chemical and
physical degradation of the coating due to initial swelling and subsequent setting-up of
corrosion products. The local alkaline environment at the metal/coating interface promotes
corrosion products growth inducing mechanical stresses to the coating which results in
delamination and cracking. These defects further facilitate the electrolyte access to the alloy
surface and the evolution of the corrosion processes.
Taking into account that the coating thickness and morphology was reproducible for
both alloys, it can be suggested that the response of the coated discs over immersion reflects
the respective corrosion susceptibility of the alloy. The impedance modulus of AZ31_S
showed a more stable behaviour when compared to that of ZE41_S, as observed in Fig. 4. The
low frequency impedance of ZE41_S revealed a significant increase after 2 weeks suggesting
the formation of a protective layer of corrosion products (see Fig. 4b). However, this
protective effect was temporary and the impedance modulus decreased at a later stage. The
ZE41 magnesium alloy contains rare-earth (RE) elements that may form protective RE oxides
and hydroxides, decreasing the corrosion rate [43, 45]. Then, it is reasonable to think that the
formation of the corrosion layer on ZE41_S took place during first 2 weeks of immersion
followed by densification from 2 to 4 weeks. After 4 weeks, nucleation and growth of defects
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in the layer due to the presence of aggressive Cl‒ ions allowed further corrosion and
consequently a decrease of the impedance values.
In contrasts, the initial corrosion rate of AZ31_S was slower compared to ZE41_S.
There may be two complementary reasons of this fact: (i) at early immersion the corrosion
resistance of AZ31 alloy in SBF is higher than that of ZE41 alloy and, (ii) the coating barrier
properties degrade slower on AZ31 alloy. The first rationale may be supported by the
impedance values of the uncoated samples plotted in Fig. 3. The second rationale may be
explained by the middle-high frequency time constant that gradually vanished over immersion
(Fig. 4a). Additionally, the corrosion layer formed on AZ31_S seemed to have a quite dense
and homogeneous structure (Fig. 9a). All the above mentioned, may be responsible for the
rather stable behaviour of AZ31_S during immersion.
To detail the EIS results numerical fitting of the experimental data was carried out
using the equivalent circuit depicted in Fig. 10a. In this model, constant phase elements (CPE)
representing non-ideal capacitors were considered instead of pure capacitors. Non-ideal
capacitor behaviour may be due to factors such as electrode porosity, non-uniform current
distribution and variations of the coating composition [3]. The physical interpretation of the
equivalent circuit is also depicted in Fig. 10 and accounts for the presence of three time
constants: (i) one at high frequencies describing the barrier properties of the coating; (ii) a
second one in the medium frequency range assigned to interfacial corrosion layer and, (iii) a
third one at low frequencies assigned to localized corrosion activity. The χ2 of the regression
was around 10‒3.
In Fig. 10a CPEcoat accounts for the capacitive response of the coating and CPEIL for
the capacitive response of the interfacial layer (IL). It is important to note that at the
beginning of the experiments the interfacial layer corresponds to the MgF2 layer. However,
with time this layer transforms into the corrosion products that build up underneath the
coating. Likewise, Rcoat and RIL account for the resistance of the solution inside the narrow
coating pores and the resistance of the pores in the IL, respectively.
Fig. 10b–10e depict the evolution of the different parameters extracted from the
numerical fitting. The initial values of the pore resistance (Rcoat) for both coated alloys were
similar. This is reasonable since at the beginning of the immersion the coating governs the
corrosion response. In this case the as-deposited coatings had similar thickness and
morphology on both alloys. The barrier properties of the coating can, thus, be characterized
by Rcoat and CPEcoat. When Rcoat decreases and CPEcoat increases the coating barrier properties
deteriorate and its protective ability decreases. In Fig. 10d the initial increase in Q for CPEcoat
(0.66 < 𝑛 < 0.89) of AZ31_S may be attributed to electrolyte uptake, hereinafter the coating
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barrier properties started to degenerate. From the behaviour of the Q parameter for CPEcoat
(0.1 < 𝑛 < 0.81) of ZE41_S it may be considered that the coating barrier properties deteriorate
faster on ZE41 alloy. This is probably due to the increased corrosion activity of this alloy at
early stages of immersion. Consequently, deposition and growth of the corrosion layer may
occur at a faster rate inducing mechanical stresses to the coating matrix that result in structural
defects, compromising the physical integrity of the coating at an earlier stage.
At the beginning of immersion RIL of AZ31_S was higher compared to RIL of ZE41_S.
As depicted in Fig. 1a‒1b, the MgF2 layer on AZ31 alloy had a more compact structure when
compared to the same layer on ZE41 alloy. As immersion elapses, the MgF2 layer gradually
dissolves and is replaced by the layer of corrosion products. Therefore, a more permeable
MgF2 layer along with higher corrosion susceptibility can lead to the fast drop in RIL of
ZE41_S during first 24 hours.
The impedance of a CPE is given by the following equation [3]:
ZCPE    Q1  j   

n

with  1  n  1 (Eq. 5)

where j is the imaginary number and 𝜔 is the angular frequency (𝜔 = 2𝜋𝑓, with 𝑓 as the
frequency). The Q parameter of CPE becomes equal to capacitance when 𝑛 = 1 and equal to
resistance when 𝑛 = 0. An inductor corresponds to 𝑛 = ‒1. The 𝑛 values corresponding to
CPEIL of AZ31_S, indicated that the interfacial layer behaviour is closer to an ideal capacitor
(0.88 < 𝑛 < 0.95). This confirms that the Mg(OH)2/HAP layer (see Fig. 9a) formed on
AZ31_S was quite stable over immersion being responsible for the passive corrosion
behaviour.
The charge transfer resistance (Rct) closely followed the RIL variations. The Q values
of the double layer capacitance (CPEdl, 0.90 < 𝑛 < 0.98) of AZ31_S decreased from 24 hours
to 1 week probably due to coating swelling. At this point the corrosion processes had already
started. The precipitation/accumulation of corrosion products blocked the pores and defects in
the coating through which the ions from the electrolyte are transported. The ions cannot reach
the substrate and consequently the CPEdl decreased. The subsequent decline of the coating
barrier properties reactivates these pathways and corrosion processes can proceed.
The wide fluctuations in RIL and CPEIL (0.62 < 𝑛 < 0.95) of ZE41_S indicated that its
corrosion layer structure varied over immersion (Fig. 10c and 10e). An increase in the RIL
means that the IL structure becomes more compact [27]. In the same way, a decrease in the Q
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parameter for CPEIL may be attributed to thickening of the layer. The capacitance of parallel
plates is expressed by the following expression [27]:

C  A/ d

(Eq. 6)

where 𝜖 is permittivity of the dielectric material between plates and A and d the area and
separation of the parallel plates of the capacitor, respectively. Analogically, Q is equivalent to
capacitive response (C) and d to the corrosion layer thickness. As observed in Fig. 10c and
10e, the initial increase in both RIL and Q for CPEIL of ZE41_S suggest that the corrosion
layer forms from 24 hours to week 1st. After 1 week, the continuous rise in RIL and the
corresponding decrease in Q for CPEIL may indicate densification and thickening of the IL,
respectively. As depicted in Fig. 9b, large areas of the Mg(OH)2/HAP layer on ZE41_S were
detached. These areas may expose either a new-fresh-metallic surface that reacts with the
electrolyte to initiate the formation of a new fraction of the corrosion layer, or a cavitated
zone in the corrosion layer that may become thicker afterwards. If this process is cyclic, it can
be reflected in wide variations of the resistance and the capacitive response. Since resistance
is inversely proportional to capacitance, the overall impedance response will be governed by
the process with the highest Q value [33].
Lamaka et al. [22] studied the corrosion performance of ZK30 (3.0 wt% Zn, 0.3 wt%
Zr) Mg alloy coated with a hybrid GPTMS:Ti coating doped with Ce3+ ions. The study
demonstrated that precipitation of Ce(OH)3 and Ce(OH)4 contributed to seal the corrosion
layer structure, leading to a temporary increase of its resistance. Alkalinisation at the
substrate/coating interface is likely to promote the formation of rare-earth hydroxides that
may contribute to the initial stability of the ZE41_S corrosion layer. The fact that these
hydroxides were not detected by EDX analysis may be due to their lower content in
comparison to other elements. In respect to x-ray diffraction results, the equipment used in
this study may have low analytical limit and therefore patterns from precipitates in low
quantity and crystal phases traces are difficult to detect. Moreover, Raman results suggested
that the ILs of both AZ31_S and ZE41_S were poorly crystalline. Ascencio et al. [3] studied
the influence of immersion time on the corrosion mechanisms of WE43 (4.0 wt% Y, 3.0 wt%
RE) Mg alloy in modified SBF. They found that changes in the impedance response at
advanced stages of immersion (120 hours) were due to rupture of the corrosion layer and
lateral growth of stable pits [3]. Furthermore, from combined ART-FTIR and XRD results
they demonstrated that the top-most corrosion layer was composed of an amorphous
Mg(OH)2 and carbonated apatite mixture [3].
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The response of Rct and Q for CPEdl (0.76 < 𝑛 < 0.98) of ZE41_S showed that these
parameters were governed initially by the coating properties, and thereafter by the formation
and breakdown of the protective corrosion layer. After week 5th, the resistance and the
capacitive response of ZE41_S stabilized. This may be due to enlarged coating delaminated
areas. When delaminated areas extent and reach a large fraction of the total coated surface, the
corrosion becomes almost uniform and the electrochemical response is close to that expected
for the uncoated metal.
The presence of Ca and P in the corrosion products layer revealed that the SBF
influences the nature of the corrosion products, as reported by Ascencio et al. [3]. Li et al.
[31] suggested that a Mg(OH)2 layer provides favourable sites for hydroxyapatite nucleation
via calcium immobilization on its surface. These nuclei grow spontaneously, consuming the
calcium and phosphate ions from the surrounding fluid [32]. As pH rises, the ion strength of
the electrolyte increases and hence the ionic activity inducing formation of Ca-P nuclei and
their posterior growth. The formation of the nuclei induces changes in the barrier properties of
the formed interfacial Mg(OH)2 layer and can contribute for the observed impedance
fluctuations too. Worth of notice is the fact that Ca and P were detected in higher quantities in
the coated discs. This might be related to more concentrated local alkalinization in the buried
areas where the coating delaminates.
Taken together, these data indicate that the coating can efficiently slow down the
corrosion of the here studied Mg alloys in SBF under static conditions. However, further
experiments would be required to extrapolate these results to the in vivo condition where the
complexity of the biological fluids, the dynamic conditions as well as the mechanical loads
acting over the materials can all together impact on their final corrosion behavior.
Nevertheless, it must be pointed out that the deposition of a corrosion layer containing
hydroxyapatite on the metal surface should favors bone deposition on the implant surface and
consequently limit metallic ions accessibility into the body fluids. In this sense, this study
contributes to the development of a route to control the corrosion activity of Mg alloys
intended to be used as biodegradable metallic implants.

4. Conclusions
Thin TiO2-modified silane coatings can be used to slowly control the corrosion rate of
AZ31 and ZE41 Mg alloys. The coating barrier properties degrade faster on the rare-earth
containing ZE41 alloy, due to its decreased corrosion resistance at early stages of immersion.
However, the build-up of a thick Mg(OH)2/hydroxyapatite layer, as observed in the SEM
analysis, induces wide variations on the corrosion activity as confirmed by electrochemical
15

impedance results. Contrarily, the Mg(OH)2/hydroxyapatite layer formed on the coated AZ31
alloy is thinner and shows a more stable behavior, degrading slowly over time.
In all the tested materials the results reveal the formation of calcium- and phosphateenriched corrosion products. However, the presence of the coating determines the
composition of the calcium and phosphate compounds formed. The increase of the calcium to
phosphate molar ratio in the coated discs can be assigned to a non-stoichiometric
hydroxyapatite, as demonstrated by the Raman analysis. The presence of these compounds is
an essential feature for the increased biocompatibility of these materials in bone repair
applications.
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(a)

(c)

(b)

(d)

(e)

Fig. 1. Topographical AFM images of MgF2 layer on (a) AZ31 and (b) ZE41, (c) as-deposited
coating. Secondary electron image of (d) as-deposited coating with EDX results and (e)
backscattered electron image of coating cross section.
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Fig. 2. OCP evolution of pre-treated and coated alloys in SBF (pH 7.4) at 37±1 °C.
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(a)

(b)

Fig. 3. Bode plots of pre-treated (a) AZ31 and (b) ZE41 immersed in SBF (pH 7.4) at 37±1
°C. Symbols are impedance values |Z| and lines are phase angle values (ɸ).
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(a)

(b)

Fig. 4. Bode plots of coated (a) AZ31_S and (b) ZE41_S immersed in SBF (pH 7.4) at 37±1
°C for 7 weeks.
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(a)

(b)

(c)

(d)

Fig. 5. Morphology of uncoated and coated discs after EIS experiments in SBF at 37±1°C for
7 weeks: (a) AZ31, (b) ZE41, (c) AZ31_S and (d) ZE41_S.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. XRD patterns of the corrosion layers on coated (a) AZ31_S, (b) ZE41_S and pretreated (c) AZ31, (d) ZE41. XRD patterns of pre-treated (e) AZ31 and (f) ZE41 before EIS.
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(a)

(b)

Fig. 7. (a) XRD pattern of corrosion layer on AZ31 after 1 week and (b) Raman spectra of the
corrosion layers on AZ31_S and ZE41_S after 7 weeks in SBF at 37°C.
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(a)

(b)

Fig. 8. Raman spectra of the corrosion layer on (a) AZ31_S and (b) ZE41_S after 7 weeks in
comparison to hydroxyapatite and chlorapatite Raman spectra [29].
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Fig. 9. Cross-sectional secondary electron images of (a) AZ31_S and (b) ZE41_S after 7
weeks in SBF at 37°C. The inset in (a) depicts a plane-view of the AZ31_S corrosion layer
after coating removal.
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(b)

(c)

(d)

(e)

Fig. 10. (a) Equivalent circuit used to fit the EIS data. Evolution of the resistance for (a)
AZ31_S and (b) ZE41_S. CPE parameter Q for (c) AZ31_S and (d) ZE41_S.
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Table 1. Chemical composition of the Mg alloys.
Alloy

Al

Zn

RE*

Zr

Mn

AZ31

3

1





0.3

ZE41



4.3

1.3

0.6



* Ce, La, Nd and other rare earths
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Table 2. List of reagents required to prepare 1000 ml of SBF (pH 7.4).
Reagentsa
NaCl
NaHCO3
KCl
K2HPO4·3H2O
MgCl2·6H2O
1M-HCl
CaCl2
Na2SO4
TRIS
(CH2OH)3CNH2
1M-HClb

g
8.035
0.355
0.255
0.231
0.311
40 (ml)
0.292
0.072
6.118
0‒5 (ml)

a

Listed in sequence of

dissolution
b

To adjust pH 7.4
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Table 3. Surface chemical composition of all tested conditions before and after EIS measured
by EDX.
Elemental composition, atomic %
Before EIS

O

Mg

Al

Before

O

Mg

Zn

15.23

80.62

2.71

EIS
pre-treated

pre-treated

19.09

77.09

2.61

O

Mg

Ca

P

C

Cl

Si

Ti

Ca/P

AZ31

38.47

11.49

1.71

2.03

40.95

0.32





0.84

ZE41

45.08

16.22

1.74

2.26

33.58

0.73





0.77

AZ31_S

76.00

15.82

2.82

1.18



2.08

2.09

0.59

2.39

ZE41_S

71.99

17.08

3.01

1.47



2.21

2.56

1.89

2.04

AZ31
Corrosion

ZE41

layer*

*

After 7 weeks in SBF at 37±1°C
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