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Abstract

The corrosion behaviour of as-cast and solution-annealed Mg-0.5Zn-0.2Ca alloy containing
150 ppm Si was investigated in 0.9% NaCl solution. The main secondary phases in the as-cast
state are isolated MgCaSi and a coexisting intermetallic particle which consists of Mg.Ca and
CaxMgeZns. A quasi-in situ approach is applied to investigate the corrosion initiation and
development. It is proved that Mg.Ca phase is anodic and preferentially corrodes within the
first hour of immersion. Whereas, CazMgsZnz and MgCaSi phases continuously act as
cathodes until 24 h. After solution annealing, the more homogeneous microstructure and
reduced galvanic corrosion result in a higher corrosion resistance.
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1. Introduction

Mg and many Mg alloys are promising candidates for biomedical applications [1-5]. The yield
strength of pure Mg is lower than that of bones, and thus needs to be improved to meet the
biomedical application demands [6]. Alloying proves to be an effective way to strengthen Mg.
So far, a series of commercial alloys, e.g. AZ31, WE43, LAE442 [7, 8] and a number of
independently developed alloys, e.g. Mg-Nd-Zn-Zr, Mg-Zn-Y-Nd [9, 10] have already been
studied as potential candidates for biodegradable implant applications. However, most of them
are Al- or rare earth-containing and the toxicity of the alloys still needs further investigations
[11, 12].

Ca is an important element in human bones since it is beneficial for the bone regeneration [13].
However, although the addition of Ca could strengthen the mechanical properties, the corrosion

rates of Mg-Ca alloys increase simultaneously with a higher content of Ca [14, 15]. It is well
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known that the galvanic corrosion caused by potential difference between the intermetallic
phases and the matrix is non-negligible in Mg alloys [16]. The optimal addition of Ca into the
Mg matrix should be kept within 1 wt.% considering both the mechanical and corrosion
properties [17]. Kim et al. [18] and Zeng et al. [19] claimed that galvanic corrosion of Mg-Ca
alloys occurred with the Mg»Ca phase as a cathode and the Mg matrix as an anode. Mohedano
et al. [20] pointed out that the Mg>Ca phase present a very small Volta potential difference
compared to the Mg matrix (less than 10 mV), indicating inactive coupling on the Mg2Ca/a-
Mg interface. However, in recent years, a consensus in the literature has been reached that
Mg-Ca functions as the anode in the galvanic couple, which would be preferentially dissolved
out of the matrices [13, 21-25]. Nonetheless, the conclusions were mostly drawn with the
assistance of chromic acid to remove the corrosion products [13, 22, 24, 25]. Potentially, it is
possible that chromic acid could remove Ca rich precipitates. In order to rule out this possibility,

further investigations are needed without only using this potentially interfering reagent.

Mg-Zn alloys also attracted much attention since Zn is one of the essential elements in the
human body and was found to be effective in strengthening Mg alloys [26]. The corrosion
resistance of Mg alloys increased with the addition of Zn [27] and the suggested concentration
in the Mg-Zn binary system should be kept below 5 wt.% [28]. It is reasonable to expect that
with proper additions of Zn and Ca, a Mg-Zn-Ca ternary system with good corrosion and
mechanical performance could be obtained. Du et al. [29] found that with the addition of Zn in
a Mg-3Ca alloy, Mg-2Zn-3Ca exhibited improved mechanical strength, ductility and corrosion
resistance. However, most of the previous studies focused on Mg-Zn-Ca alloys with a high
addition of Ca [30] and/or Zn [24, 29, 31-34], which led to a high amount of intermetallic
phases in the system. Song et al. [35] proposed that the continuous Mgi17Al12 phase distributed
along grain boundary could protect the Mg matrix from corrosion and Esmaily et al. [36]
claimed that Al content is proportional to the corrosion resistance due to the formation of a
protective Al-enriched layer in the surface film. However, unlike the Al-containing alloys, the
continuous Mg.Ca phase promoted pitting and undercutting of the Mg matrix [13, 29].
Bakhsheshi-Rad et al. [32] reported that the corrosion rate of Mg-0.5Ca-xZn alloys increased
if the Zn content exceeded 1 wt.%. Zander et al. [37] pointed out that Mg-0.6Ca-0.8Zn
possessed the lowest corrosion rate compared to other systems with higher Ca or Zn content.
To balance the mechanical properties and the corrosion performance of Mg alloys, and to
reduce potentially harmful effects of alloying elements, micro alloying is one method of choice.

Although Mg-Zn-Ca alloys are emerging materials for biomedical applications, most of the
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publications focused only on the general corrosion performance using electrochemical and
physical methods [38-40]. Until now, few studies are committed to answer scientific questions:
How does the corrosion initiate and develop? What is the corrosion sequence among the phases
in the system? What are the causal links between macroscopic corrosion and microscopic
corrosion? How to prove directly that Mg»Ca is an anode without the use of reagent that might
interfere with? To answer these questions, the alloy and experiments were designed and

conducted.

In this study, the corrosion behaviour of a micro-alloyed Mg-0.5 wt.%Zn-0.2 wt.%Ca
(hereafter, shortened as Mg-0.5Zn-0.2Ca) system was investigated. The intermetallics were
discontinuous so that the corrosion interaction of a specific phase could be monitored and
observed. Unlike many previous research on Mg alloys for biomedical applications, a simple
0.9 wt.% (shortened as 0.9%) NaCl solution rather than simulated body fluid (SBF) or
Dulbecco’'s modified eagle medium (DMEM) was selected as the corrosive medium, so that
more information from the material side could be obtained [41]. The general corrosion
resistance of the as-cast and solution-annealed Mg-0.5Zn-0.2Ca alloy were compared and the

corrosion mechanism was proposed based on a quasi-in situ monitoring method.

2. Experimental Procedures

2.1 Material preparation and compositional analysis

The as-cast Mg-0.5Zn-0.2Ca alloy was prepared by direct-chill casting with pure Mg (99.95
wt.%, Magnesium Elektron Ltd., UK), Zn (99.99 wt.%, Wilhelm Grillo Handelsgesellschaft
mbH, Germany) and Ca (99.51 wt.%, Alfa Aesar GmbH & Co KG, Germany). The alloy melt
was held at 720 °C under Ar-SFs protective atmosphere and then cast into steel moulds
followed by water quenching. The steel moulds were coated with boron nitride and pre-heated
up to 680 °C. The cast cylindrical ingots were 180 mm in length and 65 mm in diameter. To
obtain a more homogeneous microstructure, solution annealing was applied. The ingots were
annealed at 450 °C for 16 h followed by cold water quenching at room temperature. To verify
the composition, Spark-Optical Emission Spectroscopy (Spark-OES, Spectrolab M9 Kleve,
Germany) and Inductively Coupled Plasma-Optical Emission Spectroscopy measurements
(ICP-OES, Thermo Fisher Scientific iCAP duo 6500, USA) were conducted.



According to the results from Spark-OES, the concentration of alloying elements and
impurities in the top part and bottom part of the casting ingots are comparable, showing a
homogeneous distribution of the alloying elements without sedimentation. Due to the similarity
of Spark-OES and ICP-OES results, only the ICP-OES results are displayed in Table 1. The
concentration errors for Zn and Ca are + 0.02 wt.%. The deviations for the impurities are less
than £ 6 ppm. Fe, Cu and Ni impurities which are well-known as detrimental to the corrosion
properties are within the tolerance limits [42]. Interestingly, Si, which was sometimes not
considered in the compositional analysis in previous investigations [24, 29, 39, 43] reaches
almost 150 ppm. It might be derived from the raw materials during the casting process.
Following an in depth literature review, it is found that limited research focused on the effect
of Si addition on the corrosion performance of Mg alloys, possibly due to the comparatively
low Volta potential difference between the Mg.Si phase and Mg matrix [44, 45]. However,
some other Si-containing phases might also form. The effect of minor Si inclusion on the
microstructure and corrosion property of Mg-0.5Zn-0.2Ca alloy are elaborated in the following

sections.

2.2 Microstructure analysis

The samples were wet ground with SiC abrasive paper up to 2500 grit consecutively and then
polished with a mixture of water-free silica colloid (OPS) and 1 um diamond slurry. To reveal
the grain structure, the samples were treated by an acetic/picric acid etchant [46], followed by
optical microscopy (OM, Leica DM2500 M, Germany) characterization. The grain size was
calculated using a line intercept method [47] embedded in the software analySIS pro 5.0
(Olympus Soft Imaging Solutions GmbH, Germany) with multiple measurements. The
microstructure was also characterized by scanning electron microscopy (SEM, Tescan Vega3,
Czech Republic) and the compositions of intermetallic particles (IMPs) were determined by
energy dispersive spectroscopy (EDS, IXRF Systems 550i, USA). Pandat software
(CompuTherm LLC, USA) with the PanMagnesium 2017 database [48] was used to calculate
the thermodynamic behaviour during the solidification process. The thermodynamic simulation
was performed based on a Scheil model, which assumes that no diffusion takes place in the
solid [49]. The overall area fraction of IMPs was calculated by using software ImageJ (National
Institutes of Health NIH, USA) [50]. IMP analyses were performed by high energy X-ray
diffraction (XRD) with a wave length of 0.01258 nm at PETRA 111 beamline in DESY and also
by transmission electron microscopy (TEM, Philips CM200, Netherlands) with EDS detector
(Oxford Instruments, UK). Twin-jet electropolishing using a 1.5% perchloric acid solution in



ethanol was used to prepare the TEM foils. Focused ion beam (FIB)/SEM dual beam
microscope (FEI NOVA200, USA) was additionally used to prepare the TEM lamellae.

2.3 Electrochemical measurements

The general corrosion behaviour of the Mg-0.5Zn-0.2Ca alloy in 0.9 % NaCl solution was
studied by potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy
(EIS) measurements using a potentiostat (Gill AC, ACM Instruments, UK). Prior to the test,
all samples were ground until 1200 grit SiC abrasive paper. Connected to the potentiostat was
a three-electrode cell set-up with Ag/AgCl as reference electrode, platinum mesh as counter
electrode and the specimen as working electrode. The exposed sample area and the electrolyte
volume were 0.5 cm? and 330 mL, respectively. During measurement, a magnetic stirrer at 200
rpm constantly agitated the electrolyte. The PDP tests were started at -150 mV relative to the
free corrosion potential and performed at a scanning rate of 0.2 mV/s after being held at OCP
for 30 min. The EIS measurements were carried out at OCP with an AC amplitude of £ 10 mV
rms in the frequency range between 0.1 Hz and 30000 Hz. The EIS measurements were
performed after different immersion times of 5 min, 1 h, 3 h, 6 h, 12 h, 24 h, 48 h and 72 h,

respectively. All tests were repeated four times to guarantee the reliability of the results.

2.4 Quasi-in situ corrosion observation

All the samples were ground and polished following the aforementioned procedures. The
samples were marked so that exactly the same position could be tracked before and after the
corrosion process. A titanium tweezer was slightly applied on the sample surface to mark a
small cross as a reference. Titanium tweezer rather than steel tweezer was chosen to guarantee
that no iron residuals remained on the surface during the marking process. The distance
between the targeted IMPs and the cross mark is 0.92 £ 0.07 mm. The IMPs and the
surrounding matrix were observed with SEM in back scattered electron (BSE) and secondary
electron (SE) mode. Prior to the corrosion test, the sample was carefully polished again to
further reduce the effects of marking and electron exposure on the corrosion performance. After
immersion in 0.9% NaCl solution for a specific time, i.e. 0.5 min, 10 min, 30 min, 1 h, 3 h, 6
h, 12 h or 24 h, respectively, the corroded samples were rinsed with deionized water and ethanol
to remove the crystallized NaCl and poorly attached corrosion products. Then, the same
positions were observed again by SEM in BSE and SE mode directly after immersion as well
as after the removal of the corrosion products. Diluted chromic acid (~1.5 g/L) cleaning and a
mechanical exfoliation process (repeated peeling with sticky tape) were applied to study the

corrosion process development.



3. Results and Discussion

3.1 Microstructural analysis

Microstructures of the as-cast and solution-annealed Mg-0.5Zn-0.2Ca alloys were
characterized by OM and SEM. The as-cast Mg-0.5Zn-0.2Ca alloy revealed a dendritic
microstructure with IMPs present along the grain boundary and within the grains (Fig. 1a, b).
Zn is enriched in the interdendritic arms and grain boundaries which are pointed with arrows
in Fig. 1b. For clearer interpretation, EDS element mapping results of the as-cast state are also
shown in supporting information (Fig. S1). The average grain size was 147 £ 8 um. By
analysing the morphologies and compositions of numerous precipitates via SEM and EDS,
three types of secondary phases are identified to be present in the alloys (Fig. 1c, d). IMPs are
formed due to the low solid solubility of Si in Mg matrix (maximum 0.003 at.%) [5, 51]. The
Mg-Ca-Si-containing phases had either spherical or elongated shape. They are distributed
within grains and along grain boundaries. Coexisting intermetallic particles (CE-IMPs) with
composition and morphology contrast can also be observed. The brighter part is Mg-Zn-Ca-
containing phase and the darker part is Mg-Ca-containing phase. The CE-IMPs are either round
or elongated and located within grains. In addition, a limited amount of isolated Mg-Zn-Ca-
containing particles can also be observed. Although the shape and brightness of the isolated
Mg-Zn-Ca- and Mg-Ca-Si-containing particles are similar in BSE image, clear discrepancy in
SE image can still be seen. Nevertheless, it is not the focus of this work due to its rare in

quantity.

The SEM EDS semi-quantitative measurement results of the IMPs in the as-cast state are listed
in Table 2. The relative atomic ratio of Ca/Si in the Mg-Ca-Si-containing phase is 0.81 + 0.09.
As reported by Carbonneau et al. [52], the atomic fraction among Mg, Ca and Si was close to
a stoichiometric value of one-third in the ternary MgCasSi phase. In this case, the atomic ratio
of Ca/Si is near 1, indicating that the Mg-Ca-Si-containing phase is potentially a MgCaSi phase.
The atomic ratio of Zn/Ca in Mg-Zn-Ca part in CE-IMP is 1.59 + 0.41, which indicates that
the Mg-Zn-Ca part in CE-IMP is possibly CazMgeZns [33]. The average Zn concentration in
Mg-Ca part in CE-IMP is approximately 3 at.%, which is probably from the Mg-Zn-Ca part in
the neighbourhood. Since only one IMP forms between Mg and Ca, it could be assumed that
the Mg-Ca part in CE-IMP is the Mg2Ca phase. The overall IMPs area fraction in the as-cast
state is calculated to be 0.29 + 0.05% by ImageJ. However, it is hard to measure the fraction of

every single phase since the size of the IMP is just several microns. Considering the main



phases in the system, the quantity fraction of CE-IMP and MgCasSi are measured and the values
are 45.6 + 4.8% and 54.5 + 4.8%, respectively.

To confirm the crystal structures of IMPs, high energy XRD in DESY was conducted. Other
than the well-established a-Mg peaks, no obvious peaks in the spectrum are detected (not
shown here). This is probably due to the fact that the amount of IMPs in this micro-alloyed
system is below the detection limit of the XRD measurement [53, 54]. In addition, selected
area electron diffraction (SAED) analysis of MgCaSi and CE-IMP were also conducted in TEM.
Both phases in CE-IMP possess a hcp crystal structure with two distinct lattice spacing. The
hcp phase with a larger lattice spacing in reciprocal space (Fig. 2a) corresponds to Mg.Ca
phase and the hcp phase with a smaller lattice spacing in reciprocal space (Fig. 2b) corresponds
to Ca2MgeZn3 phase. These results are in accordance with the literature, which stated that
Mg2Ca phase possessed smaller lattice parameters while Ca2MgeZns phase had larger lattice
parameters [55, 56]. MgCaSi phase possesses a primitive orthorhombic crystal structure (Fig.
2¢) [52]. All these SAED patterns confirmed prior research performed for these phases [54, 57-
62]. TEM EDS spot analyses (Fig. 2d) on Mg2Ca part (x1) and Ca2MgeZns part (x2) in CE-
IMP, and MgCasSi (x3) are consistent with the validated SEM EDS results (Fig. 1d). Cu signal
is detected from the TEM sample holder.

According to the solidification simulation by Pandat™2017 (database PanMagnesium 2017)
[48] using a Scheil model [49] (Fig. 3), a-Mg starts to form at 647.26 °C followed by the
precipitation of MgCasSi at 634.89 °C. This suggests that MgCasSi phase solidifies at an early
stage between the dendrite arms while a-Mg grains are forming. The precipitation of
CazMgeZnsz begins at 393.88 °C and the last drop of liquid exhausts at 393.82 °C. With further
cooling at 393.80 °C, Mg2Ca starts to precipitate. Due to the similar solidification temperatures
of Ca2MgesZns and Mg.Ca phases (less than 0.1 °C difference), it can be inferred that they
solidify almost simultaneously and Ca2MgeZns acts as a nucleation site when Mg2Ca starts to
precipitate. This is in accordance with the present distribution in as-cast state that Ca2MgesZn3
embraces Mg»Ca in CE-IMP (Fig. 1c).

After solution annealing at 450 °C for 16 h, the microstructure becomes more homogeneous,
the average grain size slightly increases to 164 + 3 um and no segregation of Zn can be detected
(Fig. 4a, b). The solution annealing parameters are chosen based on the thermodynamic
calculated phase diagrams of Mg0.5Zn-Ca (Fig. S2) and Mg0.5Zn0.2Ca-Si systems (Fig. S3)
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and some previous works [63-67]. Considering the inclusion of Si, it is predicted by Pandat
[48] that the MgCaSi phase cannot be dissolved under the selected annealing condition. In
addition, based on the EDS results (Table 2), the Ca2MgeZn3 phase and the Mg2Ca phase from
CE-IMP cannot be recognized after the solution annealing, which is consistent with previous
findings [33] and thermodynamic calculation. Zn from the Ca2MgsZns phase dissolves into
the Mg matrix and Ca from the Ca2MgeZns or the Mg2Ca phase either dissolves into the matrix
or is attracted to the surrounding MgCaSi phase. MgCaSi possesses a low diffusion efficiency
in the Mg matrix [52] and therefore prevails as the dominant secondary phase in the solution-
annealed Mg-0.5Zn-0.2Ca alloy with an area fraction of 0.15 £ 0.02% (Fig. 4c, d).

3.2 Electrochemical measurements

PDP and EIS were employed to characterize and compare the general corrosion performance
of the as-cast and solution-annealed alloy. According to the PDP curves, the corrosion potential
moves towards the positive direction after solution annealing (Fig. 5). The pitting potential of
the polarization curve shows the likelihood of localized corrosion, and a more positive value
implies a less likely localized corrosion [29, 68]. It is visible from the polarization curves that
the pitting potential of the solution annealed sample is more positive than that of the as-cast

sample, revealing a more compact or protective layer on the surface after solution annealing.

EIS was measured for 72 h over a frequency range from 30000 Hz to 0.1 Hz, considering that
lower frequencies (such as ~0.01 Hz) would induce a pseudo-inductive loop [69, 70]. In order
to see the curves more clearly and also not to sacrifice the overall trend, only the results after
5min, 1 h,6h, 12 h, 24 h and 72 h immersion are presented here. For as-cast Mg-0.5Zn-0.2Ca
alloy, two time constants are observed during the first 6 h immersion, as indicated by the
Nyquist plot (Fig. 6a). The first time constant within high-to-medium frequency region (around
100 Hz) is related to the resistance of the oxide film on the surface. The second time constant
at low frequency (1 Hz to 0.1 Hz) is associated with the charge transfer process at double layer
[71]. After 12 h and 24 h, only one capacitive loop is observed with some scattered points in
the low frequency range, indicating active mass transport that happens on the sample surface.
With further immersion, two time constants can be seen again. In contrast, two time constants

are present during the entire immersion period for the solution annealed state (Fig. 6b).

The increase in the depressed semicircle diameter is related to a better corrosion resistance.

The total resistance (R:) at 0.1 Hz is the sum of oxide layer resistance and charge transfer



resistance, and the Rt values of the as-cast and solution-annealed samples during immersion
are shown in Fig. 6¢c. For as-cast Mg-0.5Zn-0.2Ca, the R: value at 0.1 Hz increases steadily
from 670 Q-cm? to 1320 Q-cm? upon immersion until 6 h, demonstrating the densification and
thickening of the semi-protective corrosion product layer. After that, the Rt value drops sharply
at 12 h, implying that the alloy suffers from localized corrosion attack. It is well known that
Cl ion presence is detrimental to the alloy’s corrosion performance considering its penetration
and pitting promoting effect [72]. With prolonged exposure until 72 h, an increase in the Rt
value can be observed again, which is possibly due to the precipitation of corrosion products
dominates over the dissolution of the alloy. During this comparatively longer time interval (1
measurement per day), the samples are covered with thicker and more protective corrosion
product layers. For solution-annealed sample, the Rt value increases steadily until 12-24 h and
suffers a little loss afterwards. The dramatic loss of Rt value occurs in the as-cast state is not
observed in the solution annealed counterpart. Although there is a slight decline after 24 h
possibly due to localized corrosion, the respective time of occurrence is also delayed. By
comparing the Rt values of the two states, the solution-annealed one exhibits a better corrosion
resistance during the whole immersion process, which might be due to the following reasons:
The lower amount of IMPs after solution annealing leading to a less pronounced galvanic
corrosion between the matrix and the IMPs. Furthermore, with the dissolution of Zn
segregations at the grain boundaries and Zn-containing precipitates, the homogeneous

microstructure of solution-annealed state results in a more uniform corrosion behaviour.

The consistent results from PDP and EIS give evidences that the corrosion resistance of the

solution-annealed sample is higher.

3.3 Quasi-in situ corrosion observation

The quasi-in situ immersion test is a useful method to investigate the initiation of corrosion on
amicroscopic scale [69, 73]. To explain the general corrosion performance described in section
3.2 and to elucidate the corrosion mechanisms of Mg-0.5Zn-0.2Ca alloy, this approach was

adopted.

Reviewing literature, chromic acid was used by most of the researchers to remove the corrosion
products, and they claimed that only negligible effect was caused to the alloys [43, 74].
However, it cannot be applied to the Mg-Zn-Ca system. It appeared that the IMPs and the
matrix in the as-cast sample are heavily etched when exposed to fresh chromic acid (180 g/L)



for 5 min (Fig. 7a, b). In addition, the Mg2Ca phase in CE-IMP is found to interact with even
100 times diluted chromic acid (~ 1.5 g/L) while Ca2MgsZn3z and MgCaSi phases remain (Fig.
7c, d). To exclude the effect of chromic acid on the corrosion morphology, a new methodology
needs to be developed.

Inspired by Novoselov and Geim [75], scotch tape was applied to peel off the corrosion
products to elucidate the corrosion process. After only 30 s exposure to 0.9% NaCl solution,
there are already discernible thin corrosion products forming on both the matrix and the IMPs
(Fig. 8a, d, g). With prolonged exposure for 10 min and 30 min, the corrosion products become
thicker but the inherent contrast in CE-IMP can still be observed (Fig. 8b, e, h), which
demonstrates that the IMPs are at least not fully corroded. CE-IMPs are entirely covered with
the corrosion products that blur the phase contrast subsequent to 1 h immersion (Fig. 8c, f).
After being peeled off by scotch tape, it is discovered that the greyish part which used to be the
Mg2Ca phase is no longer present, whereas the brighter part which used to be Ca2MgesZns
phase still remains (Fig. 8i and Fig. S4). According to the EDS spot analysis (Fig. 8j), trace
amount of Ca can be detected in Point 1, which hints that the Mg»Ca phase is dissolved. The
slight Zn and Ca signals are possibly from the Ca2MgsZn3z in the vicinity or from the Mg.Ca
phase residuals underneath. In contrast, evident Zn and Ca signals are captured in Point 2. The
post-processing of the immersion test are water and acid free. This result can be a direct
evidence that the corrosion is inclined to happen first in the CE-IMP area, and out of which,
the Mg2Ca phase is preferentially dissolved within 1 h immersion leaving Ca2MgsZn3 phase

uncorroded.

The similar corrosion morphology observed after diluted chromic acid cleaning and tape-
peeling are shown in Fig. S5. Considering the facts that Ca2MgeZnsz and MgCaSi phases are
not affected by diluted chromic acid cleaning and Mg»Ca is already dissolved after 1 h, the
corrosion products are thoroughly removed with it afterwards. CE-IMPs are completely
covered and MgCaSi are partially covered with the corrosion products subject to 1 h immersion
(Fig. 9f), implying that the corrosion kinetics of Mg/CE-IMP interface is stronger than that of
the Mg/MgCaSi interface. After cleaning, the corrosion products and Mg.Ca phase are
removed whereas Ca2MgeZn3 and MgCaSi phases remain (Fig. 9k). Various galvanic couples
exist in the as-cast sample. Within CE-IMP, Mg2Ca dissolves preferentially following Eq. 1
and Ca2MgeZn3 phase acts as the cathode following Eq. 2 [76]:
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Mg, Ca) — 2Mg?* + Ca’* + 6¢” (1)
H,O + 2e" — H, + 20H" (2)
In addition, CE-IMP acts as the cathode in overall following Eq. 2, and its surrounding Mg
matrix functions as the anode according to Eq. 3 [76]:
Mg — Mg®* + 2e” (3)

This is in good agreement with the claims of Du et al. [29] on the order of the Volta potential:
0 > Ca2MgeZns > Mg > Mg2Ca. The phase in negative direction of the Volta potential series
is more inclined to be corroded which functions as the anode in the galvanic couple. Moreover,
the MgCaSi phase with a positive Volta potential difference relative to the Mg matrix also
serves as effective site for localized corrosion initiation [26, 45]. The cathodic Ca2MgeZnz and
MgCasSi phases remain after 1 h immersion and cleaning process, revealing that the galvanic
corrosion derive from Ca2MgeZn3/Mg and MgCaSi/Mg couples will continue. After 3 h, the
Mg matrix near CE-IMP starts to be undermined while the matrix in the vicinity of the isolated
CaxMgsZnz or MgCasSi shows comparatively less corrosion (Fig. 9g, ). This might be due to
the larger Volta potential difference of Mg.Ca/Ca:MgeZns and Mg/CE-IMP than
Mg/Ca2MgeZns and Mg/MgCasSi, which drive more intense oxidation-reduction reactions at
the respective interface. The undermined Mg matrix area is even larger after 6 h. Galvanic
corrosion would terminate only if the Ca2MgeZn3 phase in position Il were detached (Fig. 9c,
h, m). With 12 h and 24 h exposure, cracks are found in the much thicker corrosion layers due
to the dehydrating process. Although the pit depth and surface roughness increase, the majority
of Ca2MgsZn3z and MgCasSi phases are still present on the surface (Fig. 9n, o), indicating the

continuous galvanic corrosion at the specific interface.

The same procedure was also applied to the solution-annealed sample with only Mg/MgCaSi
galvanic couple present in the system. With 1 h exposure, only moderate corrosion attack
occurs at the interface (Fig. 10k). The Mg matrix surrounding MgCaSi phase corrodes
according to Eq. 3. After 3 h, MgCasSi is fully covered with the corrosion products (Fig. 10I)
and some places start to be undermined subject to 6 h immersion (Fig. 10m). After 12 h and
longer exposure durations, the corrosion products become thicker (Fig. 10i, j). Cracks are
formed along the IMPs possibly due to the active interaction at the interface. The degradation

of matrix is more severe with increasing the immersion time (Fig. 10n, o).
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Comparing the corrosion morphology of the two states on a larger scale, it seems that the
corrosion near the grain boundary in the as-cast sample (Fig. 11a) is more pronounced than
that in the solution-annealed sample (Fig. 11b). Due to the segregation of Zn, the Volta
potential at the grain boundary area is more positive than that of the inner grain area, thus
causing galvanic corrosion at the grain boundary interface. In contrast, Zn is uniformly
distributed in the solution-annealed sample and corrosion develops homogeneously. Moreover,
selective corrosion occurs at the edge of the as-cast sample after 6 h possibly due to the
crystallographic orientation [77] (Fig. 11c), and it propagates towards the interior of the sample
extensively afterwards. However, the selective corrosion is not observed during the entire

immersion process for solution-annealed sample due to its more homogeneous microstructure.

3.4 Links between micro and macro scale corrosion

For as-cast sample (Fig. 12a), the intense galvanic corrosion between Ca2MgeZnz and Mg.Ca
in CE-IMP weakens due to the consumption of the Mg>Ca phase after 1 h immersion (Fig. 9a,
f, k). Although the continuously presenting of Mg/Ca:MgeZns and Mg/MgCaSi galvanic
couples during immersion, the corrosion layer is built up upon immersion within the first 6 h
as indicated by the quasi-in situ observation (Fig. 9 f, g, h). These correspond with the steady
increase of Rt value at 0.1 Hz (Fig. 6¢) and the increasing semicircle at the middle frequency
(Fig. 6a) from the EIS results. After 12 h, the galvanic corrosion of Mg/Ca>MgsZns and
Mg/MgCaSi proceed and the matrix selective corrosion develops into a larger scale, which
destroy the integrity of the corrosion film. CI" ions can penetrate through the loose corrosion
layers and react with the Mg matrix underneath. This is in accordance with the dramatic
decrease of Rt value in the EIS measurement at 12 h. For solution annealed sample (Fig. 12b),
less amount of galvanic couple (only Mg/MgCaSi) contributes to less pronounced corrosion.
In addition, the homogeneous microstructure formed during solution annealing contributes to
uniform corrosion. All these lead to a higher Rt value for solution-annealed sample at each

time.

3.5 Summary and outlook

Although some previous research also used NaCl solution to characterize the corrosion
behaviour of biodegradable Mg alloys [71, 78-80], various simulated physiological fluids were
used to mimic the corrosive atmosphere in biological body, such as Kokubo’s SBF [81], revised
SBF [82], Hank’s solution [83], cell culture medium (like DMEM) [84], phosphate buffer
solution (PBS) [85] and 0.9% NaCl solution. The corrosion performance of Mg alloys differ

greatly in these media. Considering the ultimate target for biomedical applications, the usage
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of media with compositions closer to the body fluids seems to make more sense than the simple
NaCl solution. Nevertheless, the authors choose 0.9% NaCl solution due to the following
considerations:

1. NaCl solution is the only medium that is used by researchers for both structural and
biomedical applications. The present study is dedicated to provide information to the existing
database that is in association with the studies of corrosion scientists, degradation scientists
and metallurgists.

2. It was suggested that the synergistic effect of Ca?*, Mg?*, HPO4% and HCO3™ in solution
promoted the formation of a protective layer on Mg alloy surface [73]. The corrosion progress
might be suppressed due to the precipitation of inorganic products on the IMPs. In contrast,
NaCl solution is much simpler and the formed corrosion products (MgO/Mg(OH)2) in NaCl
are not protective, so that more information from the material side could be obtained, especially
during the early stage of immersion. Through the published work, like Ref. [73], it could be
found that the co-precipitation Ca-P-C corrosion products are preferentially formed around iron
impurities which are the starting points of galvanic corrosion. Thus, with the results obtained
in NaCl solution, the corrosion initiation and corrosion sequence of the intermetallics as well
as the corrosion products formation process in SBF-like media are possible to be cautiously
predicted.

3. As this is an ongoing research, the interaction of Mg-Zn-Ca alloy and more sophisticated
media will also be studied so that the results can be compared.

In order to avoid the effect of chromic acid, a repeated peeling process was introduced to
remove the corrosion products after immersion. It is a good way to reveal the corrosion
sequence of IMPs in the alloys without the interference of water and/or acid, especially for the
Mg-Zn-Ca system. However, this non-destructive exfoliation technique is not efficient in
removing the corrosion layers. When it comes to the sample that immersed in SBFs or cell
culture medium, the efficiency of this peeling method might be even lower considering the
thicker/more protective/more firmly-adherent layer on top. The feasibility of which on Mg

alloys immersed in these media remains an open question.

Zhang et al. [86] used scanning transmission electron microscopy (STEM) equipped with EDS
and Matsubara et al. [87] used electron probe microanalysis (EPMA) to quasi-in situ observe
the corrosion development of Mg alloys. Repeated interrupted immersion of the same sample

was adopted to reflect its corrosion progress. However, during this process, the corrosion
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products might change due to the reaction between Mg(OH). and CO: in the atmosphere [88,
89], which might be divergent from the case in continuous immersion. This influence was
avoided in our study by using different samples with continuous immersion duration. In
addition, the effect of electron exposure during microscopy on the sample surface condition is
reduced by further polishing before the immersion test, so that the fresh sample surface is

exposed.

Precisely speaking, the results here are only applicable to the materials with the same
composition, preparation methods, processing routes and experimental conditions. But
potentially, they are also transferrable to the Mg-Zn-Ca system with different composition due
to the formation of similar IMPs. In a broader sense, some part of the conclusions may be
appropriate for other Mg alloys. For example, chromic acid was found to etch Mg.Ca phase in
this study, which may be also applicable to other anodic IMPs such as the secondary phase in
cast EW?75 alloy [90] due to the acceleration reaction in acidic atmosphere. The diluted chromic
acid cleaning together with repeated tape-peeling might be an option for the corrosion products
removal of alloys containing anodic IMPs. Si was found to form MgCaSi phase in this study
which might be applicable to the formation of other Si containing precipitates in other Mg
alloys. In addition, small FeSi-containing impurity particles were found in pure Mg which
affect the corrosion performance heavily [91, 92]. The Si concentration should be thoroughly
measured and carefully controlled for all Mg alloys. For future research, special attention has
to be paid to the impurities in traditional sense, e.g. Fe, Cu, Ni, as well as other elements that
can form stable IMPs in the system, e.g. Si. Although the as-wrought alloys possess better
corrosion and mechanical properties compared to the as-cast counterpart [15, 93], it is easy to
anticipate that the tracking of the small IMPs in as-wrought state is even harder. However, the
corrosion sequence information indicated in this study might be pertinent to the one in as-

wrought state due to the unchanged nature of the IMPs.

4. Conclusions

In this study, microstructure and the corrosion performance of as-cast and solution-annealed
Mg-0.5Zn-0.2Ca were investigated and compared. Three IMPs were recognized in the as-cast
state using SEM and TEM: Ca;MgsZns and Mg.Ca in CE-IMP and isolated MgCaSi. The
general corrosion performance was characterized by electrochemical methods. The corrosion
sequence of the IMPs and the corrosion mechanism were unveiled via quasi-in situ corrosion

observation. The conclusions are drawn as follows:
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(1) Corrosion occurs once the alloy is immersed in the medium. Mg.Ca in CE-IMP is
experimentally shown to be the most anodic phase respective to other IMPs and the matrix.
It will corrode preferentially within the first hour of immersion in 0.9% NaCl solution,
whereas Ca2MgeZnz and MgCasSi are effective cathodes which remain even after 24 h
immersion. The nature of IMPs and their corresponding corrosion time are not only
beneficial for understanding the corrosion mechanism, but also helpful for the design and
development of new lifetime-scalable implant material.

(2) It is observed that 150 ppm Si already causes formation of MgCaSi in Mg-Zn-Ca alloy.
The amount of MgCaSi are as many as the number of particles produced by the main
alloying elements (CE-IMP), suggesting that the tolerance limit of Si in Mg-Zn-Ca alloy
should be far less than 150 ppm. The MgCasSi phase is relatively stable, which will remain
after solution annealing and continuously function as a cathode.

(3) Chromic acid should be utilized cautiously to remove the corrosion products of Mg alloys.
It is found that fresh chromic acid etches the as-cast Mg-Zn-Ca alloy and the diluted one
still dissolves Mg.Ca phase. In this work, diluted chromic acid cleaning combined with a
mechanical exfoliation process were used for surface cleaning after corrosion testing.
However, new methods are still demanded, which should be harm-free and efficient.

(4) After the solution annealing, the corrosion resistance increases due to the reduced galvanic
couples. Selective corrosion is not observed due to the more homogeneous microstructure.
It is possible to tailor the corrosion behaviour by adjusting the microstructure via heat
treatment. The microscopic corrosion observation matches well with the macroscopic

corrosion performance.
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Table 1. Chemical composition of Mg-0.5Zn-0.2Ca alloy determined by ICP-OES

Composition (wt. %)

Zn Ca Mn Si Al

0.52 +0.02 0.20 + 0.02 0.0193 + 0.0005 | 0.0145 + 0.0004 | 0.0043 + 0.0005
Fe Cu Ni Be Mg
0.0021 + 0.0006 <0.0003 <0.0003 < 0.0003 Bal.

Table 2. SEM EDS results of the IMPs in the as-cast and the solution-annealed Mg-0.5Zn-

0.2Ca alloy
as-cast solution-annealed
. Mg-Ca-Si- Mg-Zn-Ca- Mg-Ca- Mg-Ca-Si-
particles L - = .
containing containing containing containing

O at.% 1.87 £0.97 1.75+0.52 3.17+4.59 1.28 +£1.10
Mg at.% 86.27 £ 6.64 81.33+5.42 82.70 £ 5.36 87.34£4.70
Si at.% 6.44 + 351 0.16 + 0.07 0.14 +0.12 6.09 +1.98
Caat.% 5.06 + 2.64 6.61 +2.22 10.88 + 4.87 4,79 +1.68
Zn at.% 0.36 £0.15 10.15 + 3.39 2.94 +£0.98 0.48 +0.25
Zn/Ca - 1.59 +£0.41 - -

Ca/Si 0.81+£0.09 - - 0.79+£0.13
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Fig. 1. Microstructure of the as-cast Mg-0.5Zn-0.2Ca alloy indicated by (a) OM image and (b)
SEM image in BSE mode; intermetallic phases indicated by (c) SEM images in BSE and SE
mode: isolated Mg/Zn/Ca-containing phase, Mg/Ca/Si-containing phase and co-existing
intermetallic particle (CE-IMP); (d) SEM EDS spectra conducted on point 1-4
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Fig. 2. TEM SAED patterns of (a) Mg2Ca, (b) Ca2MgsZnz in CE-IMP and (c) MgCaSi phase
in the as-cast Mg-0.5Zn-0.2Ca alloy; (d) TEM EDS spectra of spot x1, x2, x3 in (a-C)
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Fig. 4. Microstructure of the solution-annealed Mg-0.5Zn-0.2Ca alloy indicated by (a) OM
image and (b) SEM image in BSE mode; intermetallic phase indicated by (c) SEM images in
BSE and SE mode: Mg/Ca/Si-containing phase; (d) SEM EDS spectrum conducted on point 1
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before immersion after chromic acid cleaning

Fig. 7. SEM images in BSE mode of as-cast Mg-0.5Zn-0.2Ca alloy (a) before and (b) after
fresh chromic acid cleaning; (c) before and (d) after diluted chromic acid cleaning
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Fig. 8. SEM images in BSE mode of the as-cast Mg-0.5Zn-0.2Ca alloy (a-c) before immersion,
(d-f) after immersion for 0.5 min, 10 min and 60 min, respectively; (g-i) after tape-peeling

process to remove the corrosion products; (j) SEM EDS spectra of point 1 and 2
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Fig. 11. SEM images in BSE mode of (a) as-cast and (b) solution-annealed Mg-0.5Zn-0.2Ca
alloy after immersion for 24 h; (c) selective corrosion morphology of as-cast Mg-0.5Zn-0.2Ca
alloy after immersion for 6 h
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Fig. S1 EDS element mapping of the as-cast Mg-0.5Zn-0.2Ca alloy
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