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Abstract: The corrosion behaviour of Mg98.5-Nd1-Zn0.5 (at. %) alloy was studied in phosphate
buffered saline (PBS) solution to evaluate its degradation performance as a potential candidate for
biomedical applications. The alloy, produced by casting and hot extrusion, consists of a fine-grained
magnesium matrix with an average grain size of 3.8 µm embedding a high volume fraction of
(Mg, Zn)12Nd precipitates. Hydrogen release tests revealed a stable low corrosion rate of 0.6 mm/year
after 24 h of immersion. Electrochemical testing data proved good correlation with the data from
hydrogen evolution, with the corrosion rate stabilizing below 1 mm/year.
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1. Introduction

Magnesium and its alloys have potential applications as biomaterials due to their biocompatibility
and degradation behaviour [1–3]. Furthermore, Mg and its alloys have a Young’s Modulus closer to
that of cortical human bone than to that of other metallic biomaterials like stainless steel or titanium
alloys. This restrained mismatch could be of assistance in overcoming the problematic aspects with
respect to implant encapsulation. This might cause problems such as skeletal thickening and chronic
inflammation, which could lead to premature loosening of implants. Major interest in magnesium
alloys arises from their potential use as temporal implants turning unnecessary future surgeon
operations. Thus, economic costs and pain for patients could be mitigated if temporal implants
made from magnesium alloys could dissolve within the body at a controlled rate, which would
allow bone regeneration and avoiding all drawbacks related to excessive hydrogen accumulation
around the implanted region. A useful strategy for satisfying such requirements implies optimizing
the composition and microstructure of the alloy. Magnesium alloys with yttrium and rare earth
additions have attracted interest in recent years because of their enhanced mechanical/creep properties
and weak texture (interesting for processing) [4–6]. The dominant corrosion mechanism in these
alloys is microgalvanic corrosion through the coupling of the more noble second phases with the Mg
matrix [7–10], which is suggested to be lowered when alloying elements are present in solid solution in
the matrix. Compared with other alloying elements, neodymium has proved to be beneficial from the
point of view of mechanical properties and corrosion response [11–18]. Magnesium alloys containing
rare earth elements (RE), where neodymium or cerium constitute the main RE component have shown
excellent results in in vivo applications [19–24]. Furthermore, the presence of zinc in solid solution in
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magnesium alloys has been demonstrated to improve corrosion behaviour by increasing their corrosion
potential, which results in a decrease in the corrosion rate of binary Mg-Zn alloys when zinc content
is about 4–6 wt. % [25–28]. In any case, the impurity level in magnesium alloys must be lowered
below a critical value in order to attain acceptable corrosion behaviour [1–3]. Tolerances for iron,
nickel and copper impurities in pure magnesium have been established to be 170, 5 and 1000 ppm,
respectively [29]. Based on the preceding results, it is reasonable to assume the viability of alloys based
on the Mg-Nd-Zn system as suitable materials for their use in biomedical applications. In the present
work, the use of the extruded Mg98.5Nd1Zn0.5 (at. %) alloy, Mg94Nd5Zn1 in mass percentage, is
proposed because a good combination of mechanical properties and corrosion resistance is expected.
Thus, the aim of the present study is the evaluation of the corrosion behaviour in phosphate-buffered
saline (PBS) solution of a new Mg-Nd-Zn alloy for biomedical applications.

2. Materials and Methods

The nominal composition of the studied alloy expressed in atomic percentage was Mg98.5Nd1
Zn0.5 (Mg94Nd5Zn in mass percentage), which will be referred to hereafter as EZ51. The processing
route comprises the melting of Mg-22Nd% (wt. %) master alloy and high purity magnesium and
zinc, for adjusting the composition of the alloy in an electric resistance furnace. The melt was casted
in cylindrical steel moulds (42 mm in diameter). Resulting ingots were extruded at 350 ◦C using
an extrusion ratio of 28:1, designated as EZ51-IM350. Experimental chemical composition from
fluorescence spectrometry measurements in a Philips PW1404 3kW Rh cathode (Philips, Amsterdam,
The Netherlands) confirmed impurity levels below the tolerance of the equipment: The composition of
the alloy in weight percentage is Mg 93.95%, Zn 1.15%, Nd 4.85%, Ni < 10 ppm, Fe ≈ 172 ppm and
Cu < 10 ppm.

Microstructure characterization was carried out by optical microscopy in an Olympus BX-51
microscope (Olympus, Tokyo, Japan) and scanning electron microscopy in Hitachi S-4800 equipment
(Hitachi High-Technologies Corporation, Tokyo, Japan). For this characterization, sections along
the extrusion direction were cut from extruded bars, polished with diamond paste down to 1 mm,
colloidal silica suspension and final chemical etching with a solution of 0.5 g picric acid ((Sigma-Aldrich,
St. Louis, MO, USA), 0.5 mL acetic acid ((Sigma-Aldrich, St. Louis, MO, USA), 1 mL water and 20 mL
ethanol (Sigma-Aldrich, St. Louis, MO, USA). Quantitative image analysis was carried out to measure
the volume fraction of second phases and grain size in the magnesium matrix after extrusion. For
the volume fraction of second phases several backscattered electrons SEM images from the cast alloy
were measured using Fiji Imaje J software [30] to get a good statistical measure of this fraction. The
grain size was measured counting a minimum of 500 grains from Electron Backscattered Diffraction
(EBSD) maps.

X-ray diffraction measurements (XRD) were performed in a Siemens D5000 diffractometer (Bruker
AXS, Karlsruhe, Germany) with a horizontal goniometer using Cu-Kα radiation to identify phases
presented in the as-cast alloy and after extrusion. Also filtered products from solution after corrosion
testing were subjected to XRD (Co-Kα radiation) analysis.

Corrosion tests consisted of the measurement of hydrogen release through the immersion of the
samples following ASTM-G31-71 (1999) with a ratio of 40 mL of solution per cm2 of exposed surface.
Phosphate buffered saline (PBS) solution was chosen based on its buffer properties (pH is stable around
7.4 for restrained additions of ions) and on its similar concentration of ions as some of the human
body fluids. It had a composition of 0.008 M sodium phosphate, 0.002 M potassium phosphate, 0.14 M
sodium chloride, 0.0027 M potassium chloride. All corrosion tests in PBS medium have been conducted
at 37 ◦C to simulate human body temperature conditions as well. Schemes for both set up and samples
used for corrosion tests are depicted in Figure 1. Samples 7.5 mm in diameter and 3.5 mm thick were
prepared from extrusion bars for hydrogen release tests. Surfaces exposed to the corrosion medium
were polished with diamond paste down to 1 µm, while the base was sealed with lac to prevent there
the occurrence of corrosion (see Figure 1a). The hydrogen released during corrosion process was
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gathered in a burette, as depicted in Figure 1b [31]. On the other hand, for electrochemical testing, bars
about 6 cm long were used, with their exposed lateral surface restricted to 2 cm height by stretched tape.
The electrochemical cell was configured with a reference electrode of Ag/AgCl, a counter electrode of
graphite, and the sample as working electrode [32], as shown in Figure 1c,d. Measurements were taken
in a Gill-AC Potentiostat-Galvanostat (ACM Instruments, Cark, UK). For polarization curves, linear
polarization tests at 60 mV/min rate were carried out with an open circuit potential (OCP) of ±1000 mV,
at initial conditions and after 48 h, with a different sample for each curve and time. Tafel slopes from
anodic and cathodic branches were obtained at OCP ± 100 mV, giving the corrosion current density
(icorr) at their intersection. The constant B for the present system metal/electrolyte was calculated using
the Stern-Geary equation icorr = B/Rp, with B = βcβa/2.3 (βc + βa), with βc and βa being the slopes of
the anodic and cathodic curves in a Tafel plot, and Rp being the polarization resistance.
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Figure 1. Scheme of hydrogen release set up, adapted from reference [31] (a–d) electrochemical cell,
adapted from reference [32].

Linear polarization control in direct current (DC) was measured at the same rate from OCP ±
5 mV in samples immersed for up to 96 h to monitor the evolution of the corrosion rate during the
corrosion process. The measured Rp is considered to be the sum of Rp and RΩ, with Rp being the
contribution of the alloy and RΩ the ohmic drop of the electrolyte. Also, electrochemical impedance
spectroscopy (EIS) in alternating current (AC) was tested right after DC linear polarization control in
the same samples, applying a sinusoidal signal of 10 mV amplitude with frequencies from 0.5 to 104 Hz.
In this technique, the ohmic drop and the Rp are also obtained together, although their corresponding
contributions can be isolated.



Metals 2020, 10, 148 4 of 16

3. Results

3.1. Microstructural Characterization

The microstructure of the EZ51 cast alloy presents a dendritic structure formed during solidification
of the melt (Figure 2a). A second phase is located within the interdendritic space, as pointed out in
Figure 2b. The volume fraction of this second phase is 12.0 ± 0.4%. A fine dispersion is also resolved
inside the α-Mg dendrites (Figure 2b). The XRD pattern (Cu-Kα radiation) of the as-cast alloy only
reveals peaks due to Mg and Mg12Nd (see Figure 3), although Mg12Nd peaks are slightly shifted
with respect to the standard angles. Such shifting could result from deviation from its stoichiometric
composition, as deduced from Energy-dispersive X-ray Spectroscopy (EDS) microanalyses. Second
phases are Mg-rich particles containing 5 and 7 at. % of zinc and neodymium, respectively, so most of
the zinc is probably substituting magnesium atoms in the Mg12Nd lattice.

During extrusion, the interdendritic Mg12Nd phase is broken and distributed preferentially along
the extrusion direction (Figure 2c,d). Figure 4a depicts the fully recrystallized microstructure of the
extruded alloy with an average grain size of 3.8 µm. Figure 4b shows the particle size distribution of
Mg12Nd phase, with an average value of 760 ± 16 nm. This microstructure renders a yield stress of
250 MPa, and ultimate tensile strength of 303 MPa and elongation to failure of 15%.

Metals 2019, 9, x FOR PEER REVIEW 4 of 15 

 

reveals peaks due to Mg and Mg12Nd (see Figure 3), although Mg12Nd peaks are slightly shifted with 
respect to the standard angles. Such shifting could result from deviation from its stoichiometric 
composition, as deduced from Energy-dispersive X-ray Spectroscopy (EDS) microanalyses. Second 
phases are Mg-rich particles containing 5 and 7 at. % of zinc and neodymium, respectively, so most 
of the zinc is probably substituting magnesium atoms in the Mg12Nd lattice. 

During extrusion, the interdendritic Mg12Nd phase is broken and distributed preferentially along 
the extrusion direction (Figure 2c,d). Figure 4a depicts the fully recrystallized microstructure of the 
extruded alloy with an average grain size of 3.8 μm. Figure 4b shows the particle size distribution of 
Mg12Nd phase, with an average value of 760 ± 16 nm. This microstructure renders a yield stress of 
250 MPa, and ultimate tensile strength of 303 MPa and elongation to failure of 15%. 

  
(a) (b) 

  
(c) (d) 

Figure 2. Optical micrographs showing the microstructure of EZ51 alloy. (a,b) As-cast ingot, (c,d) extruded bar. 

 
Figure 3. XRD (X-ray diffraction) pattern of EZ51 as-cast ingot (Cu-Kα radiation). 

Figure 2. Optical micrographs showing the microstructure of EZ51 alloy. (a,b) As-cast ingot,
(c,d) extruded bar.



Metals 2020, 10, 148 5 of 16

Metals 2019, 9, x FOR PEER REVIEW 4 of 15 

 

reveals peaks due to Mg and Mg12Nd (see Figure 3), although Mg12Nd peaks are slightly shifted with 
respect to the standard angles. Such shifting could result from deviation from its stoichiometric 
composition, as deduced from Energy-dispersive X-ray Spectroscopy (EDS) microanalyses. Second 
phases are Mg-rich particles containing 5 and 7 at. % of zinc and neodymium, respectively, so most 
of the zinc is probably substituting magnesium atoms in the Mg12Nd lattice. 

During extrusion, the interdendritic Mg12Nd phase is broken and distributed preferentially along 
the extrusion direction (Figure 2c,d). Figure 4a depicts the fully recrystallized microstructure of the 
extruded alloy with an average grain size of 3.8 μm. Figure 4b shows the particle size distribution of 
Mg12Nd phase, with an average value of 760 ± 16 nm. This microstructure renders a yield stress of 
250 MPa, and ultimate tensile strength of 303 MPa and elongation to failure of 15%. 

  
(a) (b) 

  
(c) (d) 

Figure 2. Optical micrographs showing the microstructure of EZ51 alloy. (a,b) As-cast ingot, (c,d) extruded bar. 

 
Figure 3. XRD (X-ray diffraction) pattern of EZ51 as-cast ingot (Cu-Kα radiation). Figure 3. XRD (X-ray diffraction) pattern of EZ51 as-cast ingot (Cu-Kα radiation).Metals 2019, 9, x FOR PEER REVIEW 5 of 15 

 

  

(a) (b) 

Figure 4. (a) EBSD (Electron Backscattered Diffraction) map showing the grain size and grain orientation; 
and (b) particle size distribution of Mg12Nd phase in the extruded bar EZ51-IM350. 

3.2. Corrosion Behaviour 

3.2.1. Hydrogen Release 

The hydrogen release study of EZ51-IM350 alloy in PBS is presented in Figure 5. The volume of 
released hydrogen shows a pronounced increment in the first 5 h of immersion, followed by a short 
plateau region up to 24 h, and then a constant increment until the end of the test after 144 h (see Figure 
5a). The pH evolution in the PBS solution (Figure 5b) exhibits a steady increase from the initial value of 
7.4 up to a maximum of 9.2 after 122 h of exposure, moment at which the value seems to slightly 
decrease or stabilize. Corrosion rates were calculated assuming that all hydrogen gas is the result of 
Mg corrosion according to reaction Mg (s) + 2H2O (1) → Mg2+ + 2OH− + H2 (g). Thus, the volume of 
hydrogen released can be converted into the mass loss rate (M given as mg/cm2/d), assuming 
hydrogen as an ideal gas (density ρH2 = 0.082 g/L at 25 °C) and density of the alloys ρalloy = 1.86 g/cm3. 
Subsequent conversion from mass loss rate (mg/cm2/d) to average corrosion rate (mm/y), assuming 
uniform attack, can be calculated by using P = 3.65 ∆M/ρalloy [33]. The calculated accumulated mass-loss 
in Figure 5c follows the same trend as the hydrogen release data, with an accumulated value at the 
end of the test of 0.002 g/cm2. The corrosion rate (Figure 5d) experiences a progressive increment of 
up to 1.5 mm/y in the first 5 h of immersion, but decreasing to 0.3 mm/y, coinciding with the plateau 
at 24 h observed in Figure 5a. Thereafter, the steady increment in hydrogen release stabilizes the 
corrosion rate at 0.6 mm/year. 

  

Figure 4. (a) EBSD (Electron Backscattered Diffraction) map showing the grain size and grain orientation;
and (b) particle size distribution of Mg12Nd phase in the extruded bar EZ51-IM350.

3.2. Corrosion Behaviour

3.2.1. Hydrogen Release

The hydrogen release study of EZ51-IM350 alloy in PBS is presented in Figure 5. The volume
of released hydrogen shows a pronounced increment in the first 5 h of immersion, followed by a
short plateau region up to 24 h, and then a constant increment until the end of the test after 144 h
(see Figure 5a). The pH evolution in the PBS solution (Figure 5b) exhibits a steady increase from the
initial value of 7.4 up to a maximum of 9.2 after 122 h of exposure, moment at which the value seems
to slightly decrease or stabilize. Corrosion rates were calculated assuming that all hydrogen gas is
the result of Mg corrosion according to reaction Mg (s) + 2H2O (1)→Mg2+ + 2OH− + H2 (g). Thus,
the volume of hydrogen released can be converted into the mass loss rate (M given as mg/cm2/d),
assuming hydrogen as an ideal gas (density ρH2 = 0.082 g/L at 25 ◦C) and density of the alloys
ρalloy = 1.86 g/cm3. Subsequent conversion from mass loss rate (mg/cm2/d) to average corrosion rate
(mm/y), assuming uniform attack, can be calculated by using P = 3.65 ∆M/ρalloy [33]. The calculated
accumulated mass-loss in Figure 5c follows the same trend as the hydrogen release data, with an
accumulated value at the end of the test of 0.002 g/cm2. The corrosion rate (Figure 5d) experiences
a progressive increment of up to 1.5 mm/y in the first 5 h of immersion, but decreasing to 0.3 mm/y,
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coinciding with the plateau at 24 h observed in Figure 5a. Thereafter, the steady increment in hydrogen
release stabilizes the corrosion rate at 0.6 mm/year.

Metals 2019, 9, x FOR PEER REVIEW 5 of 15 

 

  

(a) (b) 

Figure 4. (a) EBSD (Electron Backscattered Diffraction) map showing the grain size and grain orientation; 
and (b) particle size distribution of Mg12Nd phase in the extruded bar EZ51-IM350. 

3.2. Corrosion Behaviour 

3.2.1. Hydrogen Release 

The hydrogen release study of EZ51-IM350 alloy in PBS is presented in Figure 5. The volume of 
released hydrogen shows a pronounced increment in the first 5 h of immersion, followed by a short 
plateau region up to 24 h, and then a constant increment until the end of the test after 144 h (see Figure 
5a). The pH evolution in the PBS solution (Figure 5b) exhibits a steady increase from the initial value of 
7.4 up to a maximum of 9.2 after 122 h of exposure, moment at which the value seems to slightly 
decrease or stabilize. Corrosion rates were calculated assuming that all hydrogen gas is the result of 
Mg corrosion according to reaction Mg (s) + 2H2O (1) → Mg2+ + 2OH− + H2 (g). Thus, the volume of 
hydrogen released can be converted into the mass loss rate (M given as mg/cm2/d), assuming 
hydrogen as an ideal gas (density ρH2 = 0.082 g/L at 25 °C) and density of the alloys ρalloy = 1.86 g/cm3. 
Subsequent conversion from mass loss rate (mg/cm2/d) to average corrosion rate (mm/y), assuming 
uniform attack, can be calculated by using P = 3.65 ∆M/ρalloy [33]. The calculated accumulated mass-loss 
in Figure 5c follows the same trend as the hydrogen release data, with an accumulated value at the 
end of the test of 0.002 g/cm2. The corrosion rate (Figure 5d) experiences a progressive increment of 
up to 1.5 mm/y in the first 5 h of immersion, but decreasing to 0.3 mm/y, coinciding with the plateau 
at 24 h observed in Figure 5a. Thereafter, the steady increment in hydrogen release stabilizes the 
corrosion rate at 0.6 mm/year. 

  
Metals 2019, 9, x FOR PEER REVIEW 6 of 15 

 

  
Figure 5. Results from hydrogen release tests of EZ51-IM350 alloy immersed in PBS (phosphate buffered 
saline) solution. (a) Hydrogen release, (b) pH evolution, (c) mass loss, and (d) corrosion rate. 

Corrosion products after immersion of EZ51-IM350 in PBS for 144 h were identified by XRD in 
Figure 6 as Mg(OH)2 and magnesium phosphates. In those phosphates, part of the magnesium was able 
to be replaced by sodium and potassium. The morphology of corrosion products formed on the surface 
of EZ51-IM350 alloy was examined after immersions for 48 h (Figure 7a,b) and 144 h (Figure 7c,d). 
Dense deposits of corrosion products are found over the whole exposed surface, with a stochastic 
deposition of long phosphorous-rich flakes on the top and an inner layer of Mg(OH)2, the latter of 
which are only visible after 48 h of immersion (Figure 7b). The thickness of the phosphate layer tends 
to thicken in the course of the corrosion since the Mg(OH)2 layer underlying long phosphate flakes 
was not visible after 144 h of immersion (see Figure 7c). Cross-sections of immersed EZ51-IM350 
samples reveal a uniform scale of corrosion products, almost parallel to the initial exposed surface 
during the first 48 h of immersion (see Figure 8a). EDS analyses, taken at different points across the 
thickness of the corrosion scale in Figure 8b, proved minimal changes in its composition (see Table 1). 
The scale was enriched in phosphorous and magnesium with minor amounts of sodium and 
potassium (balance oxygen). This is in good agreement with the phases identified by XRD after 144 h 
of corrosion, confirming that after 48 h of immersion, the corrosion scale was already constituted by 
magnesium phosphates containing small concentrations of sodium and potassium. The development 
of a thin film of corrosion products growing into the metal substrate, with different morphology 
than that observed for phosphates, was noticed in some regions concentrating a large amount of 
second-phase particles. There, the continuity of the phosphate layer was broken by the formation of 
new oxide/hydroxide, as seen in Figure 8b. The thickness of the corrosion scale hardly increases with 
longer immersion periods for the sample exposed for 144 h (Figure 8c). The scale is mostly composed 
of phosphate flakes, although some non-corroded second phases are sandwiched among outward 
and inward phosphate flakes (Figure 8d). 

 
Figure 6. XRD pattern of the corrosion scale formed on the alloy immersed for 144 h in the PBS solution. 

Figure 5. Results from hydrogen release tests of EZ51-IM350 alloy immersed in PBS (phosphate
buffered saline) solution. (a) Hydrogen release, (b) pH evolution, (c) mass loss, and (d) corrosion rate.

Corrosion products after immersion of EZ51-IM350 in PBS for 144 h were identified by XRD
in Figure 6 as Mg(OH)2 and magnesium phosphates. In those phosphates, part of the magnesium
was able to be replaced by sodium and potassium. The morphology of corrosion products formed
on the surface of EZ51-IM350 alloy was examined after immersions for 48 h (Figure 7a,b) and 144 h
(Figure 7c,d). Dense deposits of corrosion products are found over the whole exposed surface, with a
stochastic deposition of long phosphorous-rich flakes on the top and an inner layer of Mg(OH)2, the
latter of which are only visible after 48 h of immersion (Figure 7b). The thickness of the phosphate layer
tends to thicken in the course of the corrosion since the Mg(OH)2 layer underlying long phosphate
flakes was not visible after 144 h of immersion (see Figure 7c). Cross-sections of immersed EZ51-IM350
samples reveal a uniform scale of corrosion products, almost parallel to the initial exposed surface
during the first 48 h of immersion (see Figure 8a). EDS analyses, taken at different points across the
thickness of the corrosion scale in Figure 8b, proved minimal changes in its composition (see Table 1).
The scale was enriched in phosphorous and magnesium with minor amounts of sodium and potassium
(balance oxygen). This is in good agreement with the phases identified by XRD after 144 h of corrosion,
confirming that after 48 h of immersion, the corrosion scale was already constituted by magnesium
phosphates containing small concentrations of sodium and potassium. The development of a thin film
of corrosion products growing into the metal substrate, with different morphology than that observed
for phosphates, was noticed in some regions concentrating a large amount of second-phase particles.
There, the continuity of the phosphate layer was broken by the formation of new oxide/hydroxide,
as seen in Figure 8b. The thickness of the corrosion scale hardly increases with longer immersion
periods for the sample exposed for 144 h (Figure 8c). The scale is mostly composed of phosphate flakes,
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although some non-corroded second phases are sandwiched among outward and inward phosphate
flakes (Figure 8d).
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Table 1. EDS (Energy-dispersive X-ray spectroscopy) microanalyses corresponding to the points
marked in Figure 8b of the corrosion scale formed over the EZ51-IM350 alloy immersed in PBS solution
for 48 h. The presence of Nd was attributed to the possible presence of non-corroded second phases
embedded in the corrosion scale and within the excited volume of EDS measurement (Figure 8d).

Site O (at. %) Na (at. %) Mg (at. %) P (at. %) K (at. %) Nd (at. %)

1 63.6 5.3 12.8 14.5 3.8 -

2 58.5 6.0 17.5 13.9 3.6 0.4

3 62.7 6.7 13.4 13.5 3.7 -

3.2.2. Electrochemical Characterization

Linear polarization tests were measured for EZ51-IM350 alloy. From these curves, the corrosion
rate of the alloy in the course of the corrosion process was determined by Tafel extrapolation. It has
been reported that evaluation of the corrosion rate by Tafel extrapolation from polarization curves in
Mg alloys deviates largely from the corrosion rate calculated using other procedures such weight loss or
hydrogen evolution. Such discrepancies are usually attributed to determination of polarization curves
in samples immediately after their immersion, i.e., far from the steady state corrosion [33]. Thus, in the
present study, Tafel extrapolation was carried out in the sample immersed for 48 h, i.e., once the steady
state was attained, as confirmed in Figure 5d. For comparison, Tafel extrapolation was also applied
in the case of freshly prepared specimens immediately after immersion in the PBS solution. Their
corresponding polarization curves and Tafel extrapolations are shown in Figure 9 while the parameters
measured/calculated from these curves are presented in Table 2. No linear behaviour is observed in
the Tafel range in cathodic branches while asymptotic tendency is found in anodic branches from
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4.6 mA/cm2, likely related to concentration control. The increase in linear polarization resistance from
82 Ω·cm2 (82 Ω·cm2) for the freshly prepared specimen to 877 Ω*·cm2 for the alloy immersed for 48 h
evidence the protective nature of the corrosion scale formed in the PBS solution. Furthermore, the
analysis of corrosion current densities from intersection of cathodic and anodic Tafel slopes clearly
manifests such protection. Thus, the corrosion rate lessens from 7.1 mm/y for the freshly prepared
specimen to 2.5 mm/y for the sample immersed 48 h (it is assumed that 1 mA/cm2 corresponds to
22.84 mm/year [34]). The corrosion rate can be also calculated for different immersion times using the
well-known Stern-Geary equation [35]. The corresponding Rp values were measured previous to the
linear polarization tests (see Figure 10). Measurements of OCP and DC linear polarization (Rp + RΩ)
of the EZ51-IM350 alloy with immersion time are displayed in Figure 10. The initial OCP value of
−1467 mV is kept mainly constant over the entire exposure, although a slight decrease between 24 and
48 h is noticed (see Figure 10a). A similar trend was found regarding the evolution of linear polarization
(Figure 10b); a remarkable increment until 24 h of immersion is followed by a slight decrease and
stabilization around 900 Ω·cm2. Once Rp is known, taken the value of B in the stationary state as
45 mV (see Table 2), the variation of the corrosion current density during the corrosion process can be
determined, as presented in Figure 10b. The current density drops from values close to 1 mA/cm2

during the initial stage of corrosion to values below 0.1 mA/cm2 once the steady state is reached, which
is indicative of the protection conferred by the corrosion scale developed there.Metals 2019, 9, x FOR PEER REVIEW 9 of 15 
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Figure 9. Linear polarization curves of EZ51-IM350 of freshly prepared specimen immediately after
immersion and the specimen immersed in PBS solution during 48 h. Tafel fittings at ± 100mV OCP are
also depicted.

Table 2. Parameters measured (Ecorr, Rp) and calculated (β, B, graphical icorr1 and corrosion rate (Pi1)
from the linear polarization curves of Figure 9 for EZ51-IM350 alloy. Rp value from EIS experiments
and B = 45 mV were taken for the calculation of icorr2 and Pi2.

Parameter 0 h 48 h

Ecorr (mVAg/AgCl) −1529.9 −1486.8
βa (mV/decade) 186 148
βc (mV/decade) −398 −345

B (mV) 55* 44.9
icorr1 (mA/cm2) 0.27 0.11
Pi1 (mm/year) 6.2 2.5

Rp (Ω*cm2) 169 1094
icorr2 (mA/cm2) 0.27 0.04
Pi2 (mm/year) 6.2 0.9
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Figure 10. Linear polarization control in DC of EZ51-IM350 alloy immersed in PBS: (a) corrosion
potential and (b) global resistance Rp + RΩ and calculated icorr taking B = 45 mV.

To gain more insight into the corrosion processes and the need to isolate the ohmic drop contribution
due to the electrolyte from the polarization resistance provided by the corrosion scale, electrochemical
impedance spectroscopy measurements (EIS) in AC were carried out (Figure 11). The Nyquist diagram
from Figure 11a shows closed semicircles indicating a single time constant for the range of frequencies
measured, with increasing diameters (and so Rp) as the immersion time increases up to 24 h. For longer
times, the impedance diameter decreases, so the protective nature of the corrosion scale is partially
lost. This decrease is probably related to the local attack observed at the scale/metal interface, in
regions where the second phases are concentrated (see Figure 8b). In the corresponding Bode diagram,
contributions to global resistance can be distinguished: the contribution of the material Rp is resolved
at low frequencies with a maximum around 1400 Ω·cm2 at 24 h, while the ohmic drop RΩ shows
up at high frequencies with values around 50 Ω·cm2 (Figure 11b). The Bode diagram for the angle
(Figure 11c) confirms the presence of a single time constant within the measured frequency range.
Taking this into account, the Nyquist curves can be fitted to an equivalent circuit of Randles (Table 3),
showing a notable increment in the modulus of Rp after 24 h of immersion, which is in good agreement
with the linear polarization measurements. Figure 11d presents the comparative of calculated icorr

from both electrochemical techniques of linear polarization and EIS, disclosing the same tendency but
they are slightly overestimated in DC measures for immersion times up to 72 h, becoming very similar
for longer exposure tests. The capacitance values indicate that the process is related to the double layer,
and therefore that faradaic corrosion was being measured at that time constant.

Table 3. Equivalent circuit of Randles used for fitting the experimental EIS curves of the EZ51-IM350
alloy. The table lists the values of RΩ, Rp and C (capacitance).

Equivalent Circuit Time
(h)

RΩ

(Ω·cm2)
Rp

(Ω·cm2)
C

(F/cm2)
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Figure 11. Electrochemical Impedance Spectroscopy of EZ51-IM350 immersed in PBS: (a) Nyquist
diagram, (b) bode diagram of the module, (c) bode diagram of the angle, and (d) comparison of
calculated icorr from Figure 10b and from Nyquist adjustment in Table 3 with B = 45 mV.

4. Discussion

4.1. Microstructure

The microstructure of the EZ51 alloy is characterized by the presence of the Mg12Nd intermetallic
phase. This phase has been previously observed by Zhang et al. for Mg-Nd-Zn-Zr alloys [11,14,25],
where neodymium additions combined with extrusion processing were demonstrated to refine grain
size and increase mechanical and corrosion response. However, particles in EZ51-IM350 also contains
5 at. % of Zn, which is in good agreement with partial replacement of magnesium atoms by zinc
atoms in the lattice of Mg12Nd, as experimentally found for other intermetallic compounds formed in
magnesium alloys [36,37].

4.2. Evaluation of Corrosion Rate

Different experimental techniques have been applied for the study of the corrosion behaviour
of Mg alloys [8,33,38], reporting some controversy between the characterization by electrochemical
techniques and that obtained from hydrogen release [7,8,33,38]. For the present EZ51-IM350 alloy,
there is certain scatter between the corrosion rates calculated by electrochemical techniques with those
calculated from hydrogen release tests, which are minimized when the corrosion rate is evaluated in
the steady state, i.e., for immersion times longer than 24 h, as shown in Figure 12. Such discrepancies
are within the range, even becoming lower, than those reported for other magnesium alloys in which
differences in the corrosion rate of several tens of mm/y have been reported [33].
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Figure 12. Comparison of corrosion rates from different testing techniques in EZ51-IM350 alloy
immersed in PBS solution. Please note that hydrogen release corresponds to accumulated rate while
electrochemical techniques are instantaneous rates.

These differences could probably arise from the fact that hydrogen release tests give an accumulated
corrosion rate while polarization resistance and EIS measurements give instantaneous rates. In
any case, there is a reasonable agreement with a difference of 2 mm/y between the maximum
corrosion rate evaluated by Tafel extrapolation and the minimum rate determined by hydrogen
evolution tests. Furthermore, differences are below 1 mm/y when compared with the corrosion rates
evaluated by EIS or DC linear polarization techniques. Among the corrosion rates calculated by
electrochemical measurements, the values determined by EIS measurements are slightly shifted to lower
values compared with those obtained from DC linear polarization tests because the ohmic resistance
contribution is included within the Rp calculated by DC linear polarization tests. It could be thought
that such mismatch could also arise from the different specimen orientation used in EIS measurements
(longitudinal sample) compared with transversal sections used in DC linear polarization and hydrogen
release tests. It has been proved that the corrosion rate of extruded magnesium alloys containing
long arrangements of second phases depends on their orientation, with the corrosion rate being much
higher in longitudinal specimens than for transversal samples [39]. The corrosion rates measured by
EIS and hydrogen release tests for the EZ51-IM350 alloy in the steady state are 0.95 and 0.55 mm/year,
respectively for the samples immersed for 48 h, so it is reasonable to assume the effect of specimen
orientation on the corrosion rate, although high fragmentation of second phases could account for
the small difference measured in the corrosion rates calculated from EIS and hydrogen release tests.
Although the difference is somewhat higher in the case of the corrosion rates determined by Tafel
extrapolation or DC linear polarization tests, 2.5 and 1.6 mm/year, respectively, it is widely accepted the
high uncertainty introduced for the determination of the corrosion rate for the procedures/approaches
based on the Tafel approximation method [8,33]. In any case, the corrosion rate is similar to that
reported for other Mg-Zn-RE-(Y) alloys corroded also in biological media [10,40–42].

4.3. Corrosion Mechanism

It is well established that the Mg(OH)2 corrosion scale generated during the initial stages of
corrosion in magnesium provides certain degree of protection to the magnesium substrate. However,
the presence of chlorides in the aggressive medium has an enormous deleterious effect because they
promote pitting in the corrosion deposit, by dissolving the Mg(OH)2 scale through the formation of
the soluble product MgCl2 according to the reaction Mg(OH)2 + 2Cl−→MgCl2 + 2 OH−. All these
reactions result in an increase in the concentration of magnesium dissolved in the PBS solution which
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is accompanied by an increase in pH in such a way that magnesium-rich phosphates can deposit on
the surface of the corrosion scale.

The protectiveness conferred by the Mg(OH)2 combined with the phosphate layer in EZ51-IM350
alloy is confirmed by hydrogen release tests and electrochemical measurements. The corrosion rate is
kept at low values for this high-alloyed magnesium alloy, with a maximum of 1.5 mm/year after 5 h of
immersion (Figure 5d). According to EIS data, the polarization resistance rises slightly for increasing
immersion times, from 203 to 305 Ω·cm2 for 3 and 6 h of immersion, respectively. A similar value
of about 300 Ω·cm2 was obtained by DC linear polarization, once the ohmic drop term (calculated
from EIS measurements) was removed from the linear polarization value. This indicates that the
corrosion scale becomes progressively more protective as the corrosion proceeds, as a consequence of
the thickening of a near-defect-free scale. It is interesting to note that for longer immersion times the
polarization resistance rises to very high values, about 900–1000 Ωcm2, coinciding with a minimum
value of the corrosion rate at 24 h. This decrease in the corrosion rate seems to be associated with
compositional changes in the scale rather than inherent shielding of the Mg(OH)2 layer. The surface and
cross-sectional views suggested that phosphate deposits over the Mg(OH)2 layer account for further
decrease in the corrosion rate. These phosphates could act directly as a physical barrier preventing
direct contact of the solution with the metallic substrate and sealing any defect or crack existing in the
hydroxide layer [39]. The result was a remarkable decrease of the corrosion rate in the course of the
corrosion. For times longer than 24 h, the corrosion rate stabilizes at a somewhat higher value. This is
in agreement with the progressive decrease in the polarization resistance for longer immersion times.
Cross-sectional views evidence the growth of new hydroxide at local points. The increase in volume
associated with the new hydroxide impairs the phosphate layer. Similar corrosion rates have been also
reported during corrosion of other Mg-Zn-RE-(Y) alloys in PBS medium [10,40,42]. Nevertheless, the
corrosion rate of Mg-Zn-RE-(Y) alloys increases gradually with increasing the immersion time, while it
stabilizes in the present case of EZ51 alloy. Such a difference could be related to the development of pits
due to local cracking of the scale as result of large growth stresses in the corrosion scale. Moreover, the
magnitude of pitting became gradually higher with increasing immersion time. In comparison, new
hydroxide growing at the scale/metal interface does not imply overall pit formation in EZ51-IM350.
Cross-sections reveal a certain self-healing ability of the alloy to form a phosphate layer at the scale alloy
interface in the regions at which a new hydroxide was previously formed. This could be verified by
the presence of a hydroxide layer embedding second phases of the alloy between two phosphate-rich
layers (Figure 8d). Therefore, coarsening of hydroxide found in Mg-Zn-RE alloys [43] is prevented,
avoiding further impairment of the phosphate layer and further acceleration in the corrosion rate. This
self-protection could arise as well from a decrease in the activity of microgalvanic cells by Mg-Nd
second phases. Neodymium additions probably reduce, compared to other alloying elements, the
microgalvanic coupling potential more effectively among the intermetallic second phases and the
magnesium matrix [5,14,15].

5. Conclusions

The Mg98.5Nd1Zn0.5 extruded alloy immersed in PBS was investigated. The following conclusions
can be drawn:

1. The microstructure of the alloy consists of an equiaxed magnesium matrix embedding a
high-volume fraction of Mg12Nd particles in the form of arrangements aligned along the extrusion
direction. This microstructure renders higher strength and ductility than other Mg-Nd-Zn alloys
containing lower zinc and neodymium concentrations.

2. Hydrogen release tests and EIS measurements confirms low corrosion rates with values close
to 1 mm/y in the steady state after 24 h of immersion. Corrosion rates determined by DC linear
polarization tests is at least two times higher than those calculated from hydrogen release tests
because of uncertainty for the calculation of Tafel slopes from anodic and cathodic branches.
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3. The corrosion rate of the EZ51 alloy is similar to that reported for other ternary Mg-Nd-Zn alloys
containing lower volume fractions of second phases.

4. The low corrosion rate is associated with deposition of dense continuous magnesium-rich
phosphates over the Mg(OH)2 layer initially formed. Low corrosion rates allow the sealing of any
defect/crack generated in the corrosion scale in the course of the corrosion process.

5. Neodymium additions seem to reduce more effectively microgalvanic coupling potential among
the intermetallic second phases and the magnesium matrix, as reported in commercial alloys
modified with neodymium additions.
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