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In this work, the surface of a Mg-8Er alloy was modified by coating with tricalcium phosphate via
electrochemical deposition to make the alloy more resistant to corrosion by body fluids. The goal is to
improve the integration of implants, avoid the rejection of cytotoxic products, and optimize bone
regeneration. The morphologies of the substrate and the coating were examined using X-ray diffraction
(XRD). Corrosion tests were performed using potentiodynamic polarization techniques and
electrochemical impedance spectroscopy (EIS) under conditions similar to those of the human body,
which in this case is an aqueous solution of oxygen and various salts, such as sodium chloride (NaCl),
magnesium chloride (MgCl), potassium chloride (KCI) and glucose. The solution had an overall pH of
approximately 7.4. The immersion test results show that the calcium phosphate coating can mitigate
the corrosion of the Mg alloy (substrate). Scanning electron microscopy (SEM) revealed that the
tricalcium phosphate coating can mitigate the general corrosion of the Mg-8Er alloy.
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1. INTRODUCTION

At present, it is necessary to obtain new biocompatible and biodegradable materials as
substitutes for titanium and stainless steel to assist in healing bone fractures because these materials
release metallic ions that are harmful to the body. Additionally, when using these materials, two
surgeries are required: one to place the material and another to remove it [1]. Magnesium (Mg) and its
alloys have been studied for use as biodegradable/biocompatible materials because they play a
fundamental role in osteosynthesis. Additionally, because of the biodegradation properties of Mg,
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surgery is no longer required to remove the implant, only to place it, thereby reducing the recovery
time and avoiding complications such as infections and rehealing. In addition, the properties of Mg are
similar to those of bone [2]. The material used in this work is the Mg alloy Mg-8Er. Mg is a light metal
that degrades very quickly via electrochemical corrosion, which means that without surface
modifications, this material is not suitable for assisting in orthopaedic recovery. Erbium (Er) is a metal
that has few uses [3]. In this case, blending Er with pure Mg results in a Mg-Er alloy that has superior
material properties and that is easier to machine than pure Mg [4]. A tricalcium phosphate coating is
used to impart the material with greater compatibility, improve its mechanical integrity, and stimulate
a better bone matrix, as calcium phosphate is the major component of bone tissue [5].

Bone fractures require special care to heal properly; in some cases, a plaster cast and certain
precautions are sufficient, but for severe injuries, the treatment becomes more delicate. Many fractures
require the placement of implants, such as screws, nails or plates, to keep the bone fixed during healing
[6].

These implants are fabricated from stainless steel or titanium because these materials possess
extraordinary mechanical properties. However, these materials also decrease biocompatibility and
cause inflammation and infections; moreover, these metals and alloys experience corrosion in the
human body due to their microstructural properties, surface state and carbon and hydrogen contents
[7].

Conceptually, a biomaterial is a substance (different from a drug or medicine) or a combination
of substances that can be used for a period of time as an entire system or as part of a system to treat or
replace an organ, tissue, or body function [8]. In other words, a non-living material is used as a
medical device with the goal of interacting with a biological system. Magnesium is considered to be
biodegradable because its properties are very similar to those of bone; calcium is one of the major
components in the human body and degrades under physiological conditions via electrochemical
corrosion [9]. Although these new materials are compatible with the human body, Mg is very
susceptible to corrosion and can degrade prior to full tissue recovery. Therefore, it is necessary to
perform superficial modifications to maintain mechanical integrity and to ensure that there are no
limits on the orthopaedic applications [10].

The purpose of this work is to perform superficial modifications to the Mg-8Er alloy using a
coating of tricalcium phosphate, evaluate its degradation behaviour in simulated electrolytes and
determine the degradation delay of the material.

2. EXPERIMENTAL DETAILS

2.1 Alloy

The alloy used in this work is Mg-8Er. The composition of this alloy was determined by X-ray
fluorescence and is shown in Table 1. Such alloys have become important in the biomedical industry
for manufacturing surgical instruments, with the vision of creating implants that have greater
compatibility with the human body and a friendlier interaction with bone tissue because the superior
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mechanical properties of conventional implants induce significant wear during their residence time.
According to the above, alternatives are being studied to improve corrosion resistance through
depositing a coating on the metal surface of magnesium alloys and through surface treatments.

Table 1. Composition of the alloy used as the substrate.

Alloy (wt. Mg Er Cu Fe Ni
%)
Mg—-8Er 91.6608 | 8.3263 0.0051 0.0040 0.0038

2.2 Tricalcium phosphate coating

The technique used was the electrodeposition of B-tricalcium phosphate coatings via an anodic
oxidation process in an equivalent solution of hydrochloric acid, sulfuric acid and distilled water. This
process was performed to adhere the coating to the substrate. Subsequently, cathodic electrodeposition
was performed to obtain a B-tricalcium phosphate coating film. Conventional electrolysis was used to
deposit layers of calcium phosphate on the metallic substrate based on the cathodic reduction of water,
thus leading to a local pH increase that can be leveraged to precipitate the calcium and phosphate ions
present in the solution and obtain an insoluble adherent layer of calcium phosphate on the metal. The
morphology, composition, thickness and structural characteristics of the coating depend on the
temperature of the electrolyte, the applied current of 310 mA/s, the deposition time of 2 hours and the
agitation speed of 220 RPM.

2.3 Characterization via XRD and SEM

The structures of the films were investigated using X-ray diffraction (XRD) analysis, which
was conducted using a PANalytical Empyrean X-ray diffractometer with Cu Ka radiation (A = 1.54060
A) in the Bragg-Brentano configuration with a counting time of 1 second per step and a step size of
0.03°. The phases were identified using the ICCD database accessed with the X’Pert High Score
software. The surface was observed under high vacuum using a JEOL NeoScope JCM-5000 scanning
electron microscope operating at 10 kV.

2.4 EIS

Electrochemical impedance spectroscopy (EIS) measurements were performed because this
technique allows the study of the mechanisms and kinetics of the corrosion of metal/electrolyte and
metal/coating/electrolyte systems. This is a particularly useful technique: it hardly disturbs the system
being studied and does not interfere with transport phenomena because the electrochemical process
occurs through the system response when disturbed with a sinusoidal potential of 10 mV and a
frequency range of 100 kHz to 0.1 Hz. For the EIS study, the samples were prepared by deburring one
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side of the Mg-8Er alloy to grade P1000. The area exposed to the aggressive medium was
approximately 2 cm?. Upon coating, no surface preparation was applied after the deposition.

The first EIS measurement, called 14 days, was evaluated after 24 hours, allowing the
stabilization of open circuit potential. The electrolyte used to simulate conditions of human body fluid
was the solution of ringer's during the 90 days evaluated, the chemical composition of the solution in
(g /1) 9 of NacL, 0.24 CaCl,, 0.43 KCI and 0.2 NaHCO3 with a pH Of 7.2.

3. RESULTS

3.1 X-ray diffraction (XRD)
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Figure 1. X-ray diffraction pattern of the Mg-8Er alloy

Figure 1 presents a crystallographic study of the magnesium samples at 14, 28 and 90 days,
which was conducted following the simulated corrosion tests. However, no significant changes in the
results were obtained as a function of time; thus, the test was stopped at 90 days. From the diffraction
peaks, we observed a significant amount of magnesium, the greatest intensity of which corresponds to
the Mg (101) plane of metallic magnesium, accompanied by families of characteristic planes such as
Mg (002), Mg (102), Mg (201) and Mg (103), which describe a compact hexagonal structure (HCP)
[11]. Nevertheless, for the coating of magnesium oxide, a greater intensity is evident in the peak
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corresponding to the MgO (100) plane, accompanied by the family of MgO (110) and MgO (202)
planes with a face-centred cubic structure (FCC). In addition, the XRD pattern presents a characteristic
peak of magnesium fluoride corresponding to the Mg,F, (112) plane, indicating a body-centred
tetragonal lattice (tetragonal-1). The presence of this peak is attributed to the interactions of the
material with the electrolyte, which in turn is attributed to atomic diffusion from the substrate-
electrolyte interface [12].

For the crystallographic simulations of the structure of the magnesium oxide (MgO) coating, it
was necessary to use the experimental results as a basis for the characterization techniques performed
in this study. The morphology determined using SEM enables the determination of magnesium oxides
on the surface that correspond to the types of crystal structures and the values of the lattice parameters
experimentally obtained using XRD. The atomic radii of the elements presented here depend on the
type of link between them and on the occupation of the atoms, which is determined by performing a
structure analysis corresponding to the coordination number of the FCC structure and the Miller
indices [13]. The lattice parameter used is 4.206 A, and the sites occupied by the magnesium atoms
correspond to the octahedral positions of the cell and the ratio of magnesium to oxygen atoms.
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Figure 2. X-ray diffraction (XRD) patterns of tricalcium phosphate.

Figure 2 presents the diffractograms that correspond to the characteristic patterns of the
tricalcium phosphate phase from the different coatings synthesized after 14, 28 and 90 days. These
diffractograms were obtained at low angles of incidence, where there is a response from the interaction
between the incident ray and the coatings examined for all the compositions. In addition, a significant
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change in the intensity of some peaks implies that some crystallographic orientations grow at the
expense of others due to the inclusion of the polysaccharide bond in the crystalline structure of the
tricalcium phosphate [14]. According to the XRD patterns, the present phases are identified as B-
tricalcium phosphate. The corresponding diffraction peaks are very sharp, indicating high crystallinity
of the two phases and that the obtained crystal size is relatively large. It is well known that this two-
phase calcium phosphate is required for use as a biomaterial due to the greater biodegradability of the
B-TCP phase [15].

3.2 Electrochemical impedance spectroscopy (EIS)

Figure 3 presents the impedance spectrum of the organic coating applied on the metal Mg-8Er
substrate in contact with a simulated physiological solution. The film was evaluated until 90 days of
immersion passed, during which time the protective film was periodically evaluated [16]. The
impedance diagram shows the interactions between the coating and the substrate as a function of time.
The behaviour of the coating materials is obtained as a function of the impedance, and the obtained
performance is classified as being adequate because it possesses a resistance of greater than 10° Q.cm?
[17].
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Figure 3. Bode diagram appropriate for the coatings, where an increase in the impedance as a function
of time is observed.

Figure 4 shows the Bode diagram corresponding to the phase angle versus the logarithm of the
frequency. As time increases, there is an expansion of the frequency range, where the contribution of
the imaginary part to the impedance is significant. As shown, the phase angle is not zero.
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Figure 4. Bode diagram for the phase angle versus the logarithm of the frequency for the tricalcium
phosphate coating; a change in capacitance is observed as time increases.
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Figure 5. Impedance diagram corresponding to the substrate and evaluated at 14, 28 and 90 days of
immersion in a simulated physiological solution.
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Figure 5 shows the substrate and its response as a function of time by comparing the impedance
diagram against the logarithm of the frequency. A low total impedance response is obtained compared
to the tricalcium phosphate coating. The electrolyte permeates areas where the molecular bonds are
weak and creates an ion-conducting pathway [18]. Consequently, a thin layer of NaCl forms at the
metal/magnesium oxide interface, in which parts of the metal serve as anodes and cathodes. The
substrate oxidizes at the anodic sites, and the oxygen uptake accelerates the reactions at the cathodic
sites, increasing the pH and decreasing the oxide adhesion [19].

Figure 6 shows the recorded capacitance data, which show that there is absorption at high
frequencies, that transfer processes occur at intermediate frequencies between 10? Hz and 10° Hz, and
that diffusion processes are observed at a low frequency of 0.1 Hz.
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Figure 6. Phase angle diagram corresponding to the substrate and evaluated at 14, 28 and 90 days of
immersion in a simulated physiological solution; an increase in capacitance is observed as a
function of time.

Figure 7 shows the equivalent circuit corresponding to the impedance data for the coating-
substrate system. This is a simple circuit consisting of a double layer resistance and a double layer
capacitance of the coating. From this circuit, we infer that the coating functions as a perfect barrier
[20]. The capacitance within the equivalent circuit is replaced by a constant phase element.
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Figure 7. Equivalent circuit corresponding to the modelling used to adjust the coating data.

Figure 8 shows the equivalent circuit used to simulate the behaviour of the substrate after
exposure to the simulated biological fluid. The ions and oxygen reach the substrate and form
electrochemical corrosion sites at the interface, which is represented in the equivalent circuit by the
double layer capacitance, Ccorr, and transfer resistance, Rcorr [21]. After an intensive attack, the
corrosion products are represented in the equivalent circuit as Rdiff. To better understand the elements
that compose the equivalent circuit, we can associate each element with a physical phenomenon within
the substrate system/magnesium oxides in contact with the working solution. Rpo is referred to as the
pore resistance and is related to how ionic conduction pathways form within the metal. Cpo is the
capacitance associated with the structure of the magnesium oxide. Rcorr is the polarization resistance
of the metal surface in contact with the ion conduction pathways, and Ccorr is the respective
capacitance of this contact [21].

Ficor Fudiff

Figure 8. Equivalent circuit corresponding to the substrate after exposure as a function of time.

3.3 Scanning electron microscopy (SEM)

As shown in Figure 9, the substrate contains microscopic defects. An ion-conducting pathway
exists in the film, and the reaction sites at the interface are generated immediately upon contact with
the electrolyte [22]. When the electrolyte penetrates the film, the presence of macro-defects increases
the conducting pathways within the magnesium oxide film, further stimulating the transport of ions to
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the surface and accelerating corrosion. These results are related to those in the impedance diagrams, as
it constitutes an analytical study of the various processes involved in the corrosion phenomenon. These
processes manifest simultaneously, oxidizing the film and then removing it.

Figures 9 a, b and ¢ show the surface of the material following the EIS test. Slight changes in
the morphology of the surface accompany the corrosion products. This result implies that the
deterioration of the material occurs evenly during the test, although the corrosion points may give way
to various phenomena [23]. The morphology of the MgO coating can be observed, which includes a
profile with a greater roughness and cracks present in the coating. After 90 days of immersion, the
substrate exhibits a high level of cracking on the surface, which is due to differences in the crystal
structures at the substrate-magnesium oxide interface.

Figure 9. Mg-8Er micrographs corresponding to different immersion times: a) 14 days, b) 28 days and
c) 90 days.

Figure 10 shows the coatings and the corrosion protection that they offer, as no detachment is
observed. The coating creates a barrier to the migration of ions before dissolving at a certain time,
thereby delaying the corrosion of the metallic substrate. Figure 10a shows the morphology of the
coating obtained at 14 days of exposure. The morphology is characterized by the presence of ridges
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and valleys with an appreciable contrast [24]. The coating is completely continuous, and the
discontinuities in the central region are due to corrosion of the tricalcium phosphate that does not
adhere well, which drastically changes the morphology of the coating. In Figure 10b, a homogeneous
topography is observed with greater uniformity. The types of "islands" that compose the coating layer
still exhibit a minor degree of roughness. This observed morphology may be associated with the
dissolution of the coating as time passes because for longer times, the material tends to stabilize its
surface, resulting in a slow reaction such that the ion flow in the interface promotes a minimal reaction.
Figure 10c shows how the obtained coating dissolves after applying the EIS technique after 90 days.
The topography is mostly uniform, which is confirmed by the ceramic characteristics of the coating
being clearly distinguishable from the clear tone in the grayscale, which is suggestive of the protective
nature of the coating [25].

(b)

(©

Figure 10. Micrographs corresponding to the tricalcium phosphate coating after a change in
topography is observed: a) 14 days, b) 28 days and c) 90 days.
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4. CONCLUSIONS

The behaviour obtained after applying the EIS technique is demonstrated. The magnesium
alloy generates a layer of magnesium oxide due to the interaction between the substrate and the
electrolyte, which is related to their physicochemical nature and involves modifications in the anodic
and cathodic regions in the electrolyte/metal interface region. For the tricalcium phosphate coating,
improvements in corrosion behaviour were obtained compared to the magnesium substrate, and
although it corrodes due to the saline solution in the first 28 days of evaluation, a protective layer still
remains on the substrate surface. The above can be attributed to the uniform degradation increasing
with the exposure time in the electrolyte. After 28 days, a barrier to ion migration is obtained, and the
corrosive phenomenon decreases, promoting a longer life for the material in a physiological medium.

Using SEM and XRD characterization techniques, the corrosive nature of the substrate and the
coating are observed since both techniques allow discrimination of the corrosion products and the
substrate. Differences in the topography of the coatings are observed for as long as 28 days, indicating
that this type of coating heterogeneity is required for the creation of an environment conducive to the
degree of adhesion for the biological material that acts as a host.
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