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ABSTRACT

While having excellent biocompatibility and biodegradability properties, magnesium alloys have
been widely known to exhibit low corrosion resistance, especially in an acidic environment. The
partially protective layer of Mg(OH). plays an important role in the corrosion behavior of
magnesium, while a phosphate and fluoride conversion film enhances the corrosion resistance of
magnesium alloy. The comparative study of electrochemical corrosion behaviour of Mg-5Zn with
different media was performed in 1% (NH4)3sPO4 and 1% NaF. The effect of malonic and succinic
acid on the corrosion behaviour of Mg-5Zn was also analyzed. The back scattering electron mode
of scanning electron microscopy was used to characterize the microstructure of Mg-5Zn alloys.
Electrochemical impedance spectroscopy (EIS) and the potentiodynamic polarization curve were
employed to study the electrochemical corrosion behaviour of Mg-5Zn. It was found that the
presence of malonic and succinic acid decreases film resistance and enhances the electron transfer
of Mg-5Zn in 1% (NH4)3PO4 and 1% NaF. A higher Mg-5Zn dissolution rate was observed in a
binary mixture of 1% malonic acid and 1% succinic acid with 1% (NH4)3PO4 and 1% NaF in
comparison with Mg-5Zn in 1% (NHa4)3PO4 and 1% NaF.

Keywords: Corrosion; Electrochemical impedance spectroscopy; Mg-5Zn; Potentiodynamic
polarization

1. INTRODUCTION

Due to high stiffness and lightness to weight ratio and biocompatibility, magnesium and its alloys
have received considerable attention in relation to biodegradable metallic implants (Virtanen,
2011). In energy storage applications, magnesium-based alloys and magnesium-based MgH>
composites are potentially applied to hydrogen storage materials (Zulkarnain et al., 2016).
Magnesium can be used to modify the hydrogen physisorption of SWCNTSs (Supriyadi et al.,
2016). Magnesium possesses low electrochemical potential in a galvanic series, which makes
magnesium and its alloys highly reactive with a low corrosion resistance (Song & Atrens, 1999).
The corrosion resistance of magnesium depends on the microstructure, grain boundary, phase
distribution, and actual physiological environment (Pardo et al., 2008; Zhao et al., 2008; Nayak
et al., 2016). The pH value of physiological fluid has a considerable effect on the corrosion rate
of magnesium. Mg tends to corrode faster in acidic environment or pH with a neutral value to
form Mg*? (Song & Atrens, 1999). In an alkaline solution of pH 11, Mg(OH): film is produced.
A decrease in the corrosion rate of magnesium, Mg tends to corrode faster in acidic environment
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or pH with a neutral value to form Mg*? (Song & Atrens, 1999). In an alkaline solution of pH 11,
Mg(OH). film is produced. A decrease in the pH solution and the presence of chloride ion
destabilize Mg(OH)> film (Song & Atrens, 1999). Recent works related to the electrochemical
corrosion process of the ultrahigh purity of Mg-5Zn and the corrosion mechanism in magnesium
alloys have been published (Song et al., 2012; Shi et al., 2015).

It was reported that phosphate and fluoride conversion film enhances the corrosion resistance of
magnesium alloy (Chong & Shih, 2003; Chiu et al., 2007). The partially protective layer of
Mg(OH) plays an important role in the corrosion behavior of magnesium. A thin hydroxide layer
on the magnesium surface is formed when magnesium and its alloys are exposed to water (Song
& Atrens, 1999).

Interfacial kinetic studies of the metal release between magnesium alloys and their physiological
environment are important to control the corrosion process in bio-electrochemical applications
of magnesium alloy. In the human body, succinic acid is produced in mitochondria via the
tricarboxylic acid cycle. Malonic acid functions as a competitive inhibitor of succisinate
dehidrogenase in the respiratory electron transport chain. Succinic acid and malonic acid are
important parts of the respiratory chain and Krebs cycle. Succinic and malonic acid play
important roles in ATP production in the mitochondria (Chong & Shih, 2003; Akram, 2014). In
cells, succinate can be released from the mitochondrial matrix to the cytoplasm through plasma
membrane transporters. For damaged membrane cells and cell death, succinate can be released
from the cytoplasm to the outer layer of the cell and can decrease the local pH of the cell
membrane and the solution interface. Under pathophysiological conditions, succinate has been
observed in the area of inflammation (Connors et al., 2018).

Mg-5Zn corrosion simulation in (NH4)3PO4 and NaF 1% with the presence of malonic acid and
succinic acid as a biochemical interference is not reported in any previous literature study. In this
article, the comparative study of the electrochemical corrosion behavior of Mg-5Zn in (NH4)3PO4
and NaF 1% and the effects of malonic acid and succinic acid on the corrosion behavior of Mg-
5Zn in (NH4)3PO4 and NaF are reported.

2. METHODS

2.1. Materials

Magnesium (Mg) powder (99.9%) and zinc (Zn) powder (99.9%) were purchased from Merck
and used as received without any further purification. Mg-5Zn was produced by powder
metallurgy. The magnesium and zinc powder were mixed by a shaker mill and uniaxially pressed
at 300 MPa to form green cylinder compacts of a diameter of 1 cm and a height of 5 mm at
standard room temperature and pressure (25°C, 1 atm). The samples were then sintered in a tube
furnace in an argon atmosphere at 650°C for 2 h and cooled to room temperature in an inert
atmosphere using argon gas.

2.2. Liquid Solution

Succinic acid, malonic acid, (NH4)3sPOs, and NaF were purchased from Merck without any further
purification. For electrochemical measurements, a stock solution of 1% succinic acid, 1%
malonic acid, 1% (NHa4)3PO4, and 1% NaF were used. All electrochemical experiments were
performed at pH = 7, which resembles human physiological pH.

2.3. Characterization

The electrochemical measurement was employed on a Gamry G750 electrochemical working
station. A potensiodynamic polarization curve measurement was performed in a glass cell with
Mg-5Zn alloy as the working electrode. The counter electrode was a platinum wire, and an
Ag/AgCl was used as the reference electrode. The electrochemical impedance spectra (EIS) were
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measured at room temperature in the frequency range from 0.01 Hz to 100 kHz and an amplitude
of 10 mV referring to Eoc. E-chem Analyst was used to analyze potensiodynamic and EIS data.

3. RESULTS AND DISCUSSION

After the time parameters of the maskless photolithography process were found, the process was
applied to PCB routing.

3.1. Model and Real Profile Comparison

The size of the laptop model and the PCB profile required comparison to ensure the resulting
profile. Square models of 10 mm to 100 mm were created on the laptop using a box colored light
blue on a black background. The maskless photolithography process was then performed using
previously established parameters (see sections 2.1 to 2.7): exposure of four minutes,
development of three minutes, etching for two minutes, and removal for one minute.

20kV X300 50pm 0000 1060 BES

Figure 1 Image of scanning electron microscopy by the back scattering mode of Mg-5Zn shows the 3
phase in the o matrix

3.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is widely used when studying the surface corrosion
behavior of light metal alloys, such as aluminum alloys (Vika et al., 2015) and magnesium alloys
(Santiago et al., 2018). In this present work, electrochemical impedance spectroscopy (EIS)
characterization was performed for an open circuit potential on Mg-5Zn in 1% NaF, 1%
(NH4)3POg4, and a binary mixture of malonic acid and succinic acid with 1% NaF and 1%
(NH4)3POg, as shown in Figures 3a—3f. The Nyquist plot of impedance spectra is displayed as
the sum of real and imaginary impedance. The impedance spectra were analyzed using Echem
Analyst. The quantification of electrochemical impedance spectroscopy parameters was
performed using the simplex method (Nelder & Mead, 1965).

Charge transfer resistance R¢t and film resistance Rr were analyzed using an equivalent circuit, as
shown in Figures 3a and 3b. In an equivalent circuit, Ret is charge transfer resistance, Rt is film
resistance, and CPE is constant phase elements. EIS spectra represent the electrochemical process
on the electrode surface. The charge transfer resistance and film resistance obtained from an
equivalent circuit numerical simulation of EIS spectra are presented in Table 1.
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Figure 2 Energy dispersive X-ray spectroscopy of Mg-5Zn: (a) B phase composition; and (b) a phase
composition

The EIS spectra of Mg-5Zn in 1% (NH4)3POs4, 1% (NH4)3sPO4 with malonic acid, and 1%
(NH4)3PO4 with succinic acid were characterized with a depressed semicircle at high and medium
frequencies with inductance at a low frequency. Inductance at a low frequency represents the
characteristics of adsorbed species and the relaxation process on the Mg(OH)2 surface (Pebere et
al., 1990). The equivalent circuit model in Figure 3a was applied to estimate the charge transfer
resistance and film resistance of Mg-5Zn in 1% (NH4)3POa4, 1% (NH4)3PO4 with malonic acid,
and 1% (NHa)3PO4 with succinic acid.

Mg-5Zn in 1% (NHa4)3PO4 exhibited a lower transfer resistance in comparison with Mg-5Zn in
1% NaF. Variations in charge transfer resistance indicate variations in the electrochemical
behavior of Mg-5Zn in different solutions. Mg-5Zn in 1% (NH4)3sPO4 with succinic acid and 1%
(NH4)3PO4 with malonic acid exhibited the lowest charge transfer resistance in comparison with
Mg-5Zn in 1% (NH4)3PO4. Similar experimental trends were observed in EIS measurements of
Mg-5Zn in 1% NaF. The equivalent circuit model shown in Figure 3b was applied to characterize
the charge transfer resistance and film resistance Mg-5Zn in 1% NaF, 1% NaF with malonic acid,
and 1% NaF with succinic acid.
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Figure 3 Representative EIS spectra for Mg-5Zn recorded in: (a) (NH.)3sPOs; (b) (NH4)3sPO. + Succinic
Acid; (c) (NH4)sPO. + Malonic Acid; (d) NaF; (e) NaF + Succinic Acid; and (f) NaF + Malonic Acid

The presence of malonic acid and succinic acid lead to a decrease of resistance against electron
transfer. The lower value of charge transfer resistance of Mg-5Zn in 1% (NH4)3POs and 1% NaF
with 1% succinic acid and 1% malonic acid can be explained by an acid base reaction between
succinic acid and malonic acid, and the Mg(OH): film surface on the Mg-5Zn alloy acid reduces
the Mg(OH)2 layer’s film thickness. The decrease in the Mg(OH)2 layer film thickness increases
electron transfer between Mg-5Zn and the solution. The reduction in the Mg(OH). layer film
thickness is supported by the experimental results, demonstrating a decrease in the R¢ value of
Mg-5Zn in 1% (NH4)3sPO4 and 1% NaF due to the presence of malonic acid and succinic acid.
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Figure 4 Equivalent circuit used to model the impedance spectra measured on the Mg-5Zn alloys: () in
(NH4)3POs4, (NH4)3PO4 + Succinic Acid, and (NH4)sPO4 + Malonic Acid; (b) in NaF, NaF + Succinic
Acid and NaF + Malonic Acid

Table 1 EIS fitting parameters of Mg-5Zn in various media

Material Solution Ret/Q Ri/Q

Mg-5Zn (NH4)3PO4 187.50 24.33
Mg-5Zn (NH4)3PO4 + 1% Malonic acid 35.45 18.89
Mg-5Zn (NH.4)3PO4 + 1% succinic acid 56.10 10.82
Mg-5Zn NaF 493.50 753

Mg-5Zn NaF + 1% malonic acid 111.10 42.28
Mg-5Zn NaF + 1% succinic acid 198 184.90

Ab initio molecular orbital studies show that magnesium ion interacts with malonate in a
chelation bidentate orientation (Deerfield et al., 1991). Magnesium succinate exhibits high
solubility in water. The formation of a magnesium-succinate complex is strongly affected by
temperature and ion strength in the solution (de Robertis et al., 1984).

3.3. Potentiodynamic polarization

The corrosion reaction kinetics of magnesium and magnesium alloy are determined by the anodic
dissolution of magnesium and the cathodic water decomposition reaction into hydrogen and
hydroxide cations (Greenblatt, 1958). For magnesium, the rate of hydrogen evolution rises
gradually when applying polarization potential, and current density becomes more positive in the
anodic region (Zhang, 2018). For a thermodynamic comparison (relative to a standard hydrogen
electrode [NHE]), the corrosion potential of magnesium with water (Mg+ 2H.0 — 2H2 + O+
20H", E° =0.177 V) is lower than water oxidation (2H20 — 4H* +4e™+ Oz E° = 1.23 V). These
values indicate that in a certain range, magnesium corrosion can be characterized by
potentiodynamic polarization without oxygen interference from water splitting.

The potentiodynamic polarization characterization produced snapshots of the kinetic corrosion
process at the time it was measured. Potensiodynamic polarization measurements were applied
to confirm the electrochemical impedance measurements. Figure 4 displays the potensiodynamic
polarization curve of Mg-5Zn in 1% (NH4)3POs, 1% NaF, a binary mixture of 1% (NH4)3PO4
with 1% succinic acid and with 1% malonic acid, and a binary mixture of 1% NaF with 1%
succinic acid and with 1% malonic acid.

The fitting parameter results of the potentiodynamic polarization curve, including corrosion
current density and corrosion potential, are presented in Table 2. The potentiodynamic
polarization curve exhibited a Tafel behavior characteristic in the anodic and cathodic branches.
A passive region was not clearly observed in the potentiodynamic polarization curve.
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Figure 5 Potentiodynamic polarization curve for Mg-5Zn in Mg-5Zn in 1% (NH4)sPO4, 1% NaF, a
binary mixture of 1% (NH4)3PO4 with 1% succinic acid and with 1% malonic acid, and a binary mixture
of 1% NaF with 1% succinic acid and with 1% malonic acid.

The corrosion potential of Mg-5Zn in 1% NaF is higher than the corrosion potential of Mg-5Zn
in 1% (NHa4)3PO4. This result indicates that Mg-5Zn in 1% NaF is nobler than Mg-5Zn in 1%
(NH4)3POa. The presence of succinic acid and malonic acid in (NH4)3sPO4 decreases the corrosion
potential of Mg-5Zn.

Table 2 Potentiodynamic fitting parameters of Mg-5Zn in various media

leoor (A/CM2) Corrosion

Material Solution Ecorr (V) 10 Rates (mmpy)
Mg-5Zn (NH4)3(PO.) -1.527 81.37 1.795
Mg-5Zn 1% (NHz)3(POus) -1.593 141.1 3.114

1% Malonic Acid
Mg-5Zn (NHa)3(POa) -1.581 153.2 3.379

1% Succinic Acid
Mg-5Zn NaF -1.393 28.40 0.627
Mg-5Zn NaF +1% Malonic Acid -1.494 154.4 3.406
Mg-5Zn NaF +1% Succinic Acid -1.340 63.84 1.408

The corrosion current density of Mg-5Zn in (NH4)3sPO4 with succinic acid and malonic acid is
higher than that of Mg-5Zn in (NH4)3PO4, demonstrating the effect of succinic acid and malonic
acid on the kinetic of corrosion rate of Mg-5Zn. Mg-5Zn in 1% (NH4)3PO4 exhibited a higher
corrosion resistance in comparison with that of Mg-5Zn in Mg-5Zn in (NH4)3PO4 with succinic
acid and malonic acid. A similar trend of electrochemical corrosion behavior was observed in
Mg-5Zn in 1% NaF.

4. CONCLUSION

In this work, the electrochemical corrosion behavior of powder metallurgy Mg-5Zn was
examined in a binary mixture of 1% (NHa4)3PO4 with 1% succinic acid and with 1% malonic acid
and a binary mixture of 1% NaF with 1% succinic acid and with 1% malonic acid. The back
scattering electron mode of scanning electron microscopy was used to characterize the
microstructure of Mg-5Zn alloys. Electrochemical impedance spectroscopy was employed to
investigate the electrochemical process on the Mg-5Zn alloy surface. Potentiodynamic
polarization was used to characterize the kinetics of the corrosion of Mg-5Zn. It was observed
that the presence of 1% succinic acid and 1% malonic acid enhanced the corrosion process of
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Mg-5Zn in 1% (NH4)3sPO4 and 1% NaF. The acid-base reaction between Mg(OH). with succinic
acid and malonic acid on the Mg-5Zn surface promoted the degradation rate of Mg-5Zn alloys.
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