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A B S T R A C T   

The application of magnesium alloys is rather limited due to their poor corrosion resistance despite of their 
promising mechanical properties. Alloying is considered one of the most efficient methods to influence the 
corrosion susceptibility of Mg alloys either by altering the bulk microstructures or by changing the surface 
chemistries. In the present study, the effects of Sr addition on the microstructure and corrosion properties of a 
Mg-Zn-Ca alloy were studied. The microstructure characteristics of the alloys were investigated using optical 
microscopy, scanning electron microscopy, X-ray diffraction and X-ray photoelectron spectroscopy, while the 
corrosion properties were evaluated by hydrogen collection method and electrochemical techniques including 
potentiodynamic polarization and electrochemical impedance spectroscopy. The results indicate that Sr addition 
significantly deteriorates the corrosion performance of the Mg-Zn-Ca alloy mainly by forming more micro- 
galvanic couples due to the precipitation of the more populous secondary phase particles. The corrosion prod
uct film accumulated on the sample surface marginally affects the corrosion resistance, as their compactness is 
rather compromised as the immersion time is prolonged.   

1. Introduction 

As the lightest structural metals, magnesium alloys possess a good 
strength-to-weight ratio and excellent damping capacity [1,2]. There
fore, Mg alloys have seen vast applications in areas (e.g. automotive and 
aeronautical industry) where lightweighting is of increasing concern 
[3,4]. Apart from this, Mg alloys have also been demonstrated potential 
for applications as medical implants due to their benign biocompati
bility and biodegradability as compared with those inert implants made 
of stainless steel and titanium alloys [5,6]. However, the usage of Mg 
alloys either as structural materials or as bioimplants lags far behind that 
has been expected, largely due to the widely criticized corrosion issue 
[7,8]. Mg possesses the lowest standard electrode potential (− 2.37 V vs. 
SHE) of all the practical structural metals (e.g. Al, Ti, and Steel), which 
makes it susceptible to corrosion attack when it is externally connected 
with other metals or with the presence of interior microstructural dis
continuities (like impurities, secondary phases, etc.) to form galvanic 
couples [9–12]. Therefore, such corrosion problem has to be addressed 
appropriately, if cannot be completely avoided, before a dramatic in
crease in the application of Mg can be realized. 

Several strategies, including impurity control (Fe, Cu, Ni) [13], 

alloying [14], surface treatments [15,16], and their combinations 
[17,18], have been proposed to increase the corrosion resistance of Mg 
alloys. However, the effectiveness of these methods is far from satis
factory [19]. For example, all the externally applied surface coatings can 
only provide temporary protection to the magnesium substrate, and 
once the coatings have been damaged, the corrosion process is even 
accelerated as compared with those uncoated Mg [20,21]. Selecting the 
appropriate alloying elements to reduce the corrosion susceptibility of 
Mg has been an active research area, and many encouraging results have 
been reported. For example, a simplified binary Mg-Ca alloy exists a 
remarkably low corrosion rate (0.1 mm/y) in 3.5 wt% NaCl solution 
(compared to that of ultra-high-purity Mg, i.e. 0.3 mm/y), which is 
attributed to the protective surface film induced by Ca micro-alloying 
[22]. Inspired by such results, it seems that enhancing the protective
ness of the corrosion film through alloying is an effective way to improve 
the corrosion property [23]. However, the effect of alloying is much 
more complex due to the formation of secondary phase particles when 
the alloying contents exceed their solubility. Such secondary particles 
are normally nobler with respect to the surrounding α-Mg, which readily 
forms micro-galvanic couples that enhance the corrosion rate. On the 
other hand, the continuous network of secondary phases may inhibit 
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corrosion propagation and improve the corrosion resistance of Mg al
loys. Therefore, a more detailed discussion needs to be adopted to 
explain the changes in corrosion resistance of Mg alloys after alloying. 

Mg-Zn-Ca alloy has been developed as a potential biodegradable 
material because of the essentiality of Zn and Ca for physiological 
functioning [24,25]. Considerable efforts have been devoted towards 
lowering the degradation rate and enhancing the biocompatibility of the 
Mg-Zn-Ca alloys. Element Sr can stimulate osteoblast synthesis and 
inhibit bone resorption [26]. Therefore, Sr addition is expected to 
improve the biocompatibility of Mg alloys. However, the effect of Sr 
addition on the corrosion resistance of Mg alloys remains controversial. 
Many publications reported that addition of Sr would reduce the 
corrosion resistance of Mg alloy because of the formation of secondary 
phases [27]. However, Sr addition has also been reported to induce ef
fects (like refined grains, improved network continuity and enhanced 
oxide films protectiveness) that are beneficial from the aspect of 
lowering the corrosion rate [28,29]. Therefore, it is of interest to study 
comprehensively the effect of Sr addition on the microstructure and 
corrosion performance of Mg-Zn-Ca alloy. 

In the present study, appreciable amount of Sr was added to a Mg-Zn- 
Ca alloy, the resulting microstructure characteristics and corrosion 
performance of the alloys with and without Sr addition were compara
tively studied in an attempt to identify the effect of Sr on the corrosion 
performance and microstructure characteristics of the Mg-Zn-Ca alloy. 

2. Experimental procedure 

2.1. Materials preparation 

The raw materials including pure Mg (99.9 wt%), pure Zn granules 
(99.9 wt%), and Mg-30 wt% Ca, Mg-10 wt% Sr master alloys were used 
to prepare magnesium ingots with a nominal composition of Mg-1.0Zn- 
0.3Ca-xSr alloys (x = 0, 0.4 wt%). Pure Mg was melted in a crucible 
preheated at 400–500 ◦C before adding Zn and master alloys in the 
molten Mg. After all the raw materials were melted completely, the melt 
was heated to 720 ◦C, and stirred by purging argon gas into it for 6–10 
min to allow the thorough mixture of all the alloying elements. Then the 
melt was kept stagnant for 25 min to allow settling and/or floatation of 
solid inclusions. Then the refined melt was cast at 680 ◦C into a steel 
mould preheated at 300 ◦C to get an ingot with a dimension of Φ 30 ×
100 mm. During the whole process of melting and casting, the material 
was protected by a mixture gas comprising SF6 (0.8 vol%) and CO2 (99.2 
vol%). 

The actual chemical compositions of the ingots were determined 
using inductive coupled plasma analysis, and the results are tabulated in 
Table 1. The resulting Mg-0.95Zn-0.26Ca (wt%) and Mg-0.96Zn-0.24Ca- 
0.40Sr (wt%) alloys were designated as ZX10 and ZXJ100, respectively 
in the present study. 

2.2. Microstructure characterization 

The microstructure of the as-casted samples before and after the 
corrosion test was observed by the optical microscope (OLYMPUS, 
BX63) and a scanning electron microscope (SEM, TESCAN MIRA3). The 
as-cast samples were ground using SiC abrasive paper for microscopic 
observation. Afterwards, the polished surface was etched by a metallo
graphic etchant comprising 4 vol% nitric acid and 96 vol% ethanol to 
reveal the distribution of the secondary phases. The area fraction of the 
secondary phases was calculated by analyzing at least three SEM images 

using Image-Pro plus software. The composition of the secondary phase 
was detected by an energy dispersive X-Ray spectroscopy (EDS, Oxford 
Instruments X-MAX 50) attachment in the SEM. Electron backscattered 
diffraction (EBSD, Oxford Instruments C-Nano) was conducted to study 
the grain size of the as-cast alloys. 

The phase compositions of the samples were identified using a 
Rigaku Smart-Lab X-ray diffractometer with a Cu Kα radiation (λ =
0.154 nm). The samples were scanned under the Bragg Brentano (θ-2θ) 
geometry in the 2θ range of 20–80◦ with a step size of 0.02◦ and a scan 
rate of 3 deg/min. The obtained diffraction patterns were analyzed using 
MDI JADE software integrated with the ICDD powder diffraction file 
database. 

X-ray photoelectron spectrometer (XPS, ThermoFisher-VG Scientific 
ESCALAB 250Xi) was used to investigate the chemical state of the 
specimens after 24 hours' immersion in the 0.1 M NaCl solution, and the 
XPS spectrum was collected using Al Kα radiation (hv = 1486.6 eV) as 
the excitation source. Apart from the survey spectrum, high-resolution 
spectra for the Mg 1s, Zn 2p, Ca 2p, Sr 3d, C 1s as well as the O 1s or
bitals was also individually collected within their respective binding 
energy ranges. The corresponding XPS spectra were processed using the 
Thermo Avantage software. The binding energy of the spectra was 
calibrated against the binding energy (BE) of the C 1s peak (284.8 eV). 
The Smart background function embedded in the Avantage software was 
selected for the background subtraction. The characteristic binding en
ergy used to resolve the measured XPS spectra is compiled from the NIST 
Database and X-ray photoelectron spectroscopy handbook. 

2.3. Immersion tests 

The corrosion performance of the as-cast samples was evaluated by 
immersing the samples into a NaCl solution (0.1 mol/L) at ambient 
temperature while collecting the released gaseous hydrogen. The 
experimental design was firstly reported in the literature [30] and 
widely adopted afterwards. The samples for hydrogen evolution tests 
were cut into a dimension of 10 mm × 10 mm × 8 mm. All the samples 
were ground using SiC paper to 3500#, cleaned with ethanol, and dried 
in hot air for 2–3 min. The ratio of the sample surface to the solution 
volume was 0.026 cm2/mL. 

To observe the cross-section morphology after immersion, the sam
ples were sealed in an epoxy resin immediately after soaking in a NaCl 
solution (0.1 mol/L) for different periods. The mounted samples were 
polished using refining SiC abrasive papers, rinsed with ethanol and 
finally dried in hot air. The cross-section morphology after corrosion was 
observed by an OM (OLYMPUS, BX63). 

2.4. Electrochemical measurements 

The corrosion process was also characterized by electrochemical 
techniques using an electrochemical test interface (WuHan CorrTest 
Instrument). A conventional three-electrode cell with the sample and a 
platinum plate served as the working and counter electrode, respec
tively, while a saturated Hg2Cl2/Hg electrode was applied to provide a 
potential reference. A solution comprising 0.1 mol/L NaCl was prepared 
as the electrolyte, and the sample was exposed to the corrosive media 
with an area of 1 cm2. To ensure the reliability of the results, each 
experiment was repeated at least three times. Firstly, the samples were 
immersed in the cell and their corresponding open circuit potential 
(OCP) evolutions with immersion time were recorded to provide a direct 
comparison of the corrosion tendency of the ZX10 and ZXJ100 samples. 

Table 1 
Chemical composition of Mg-Zn-Ca and Mg-Zn-Ca-Sr Alloy (wt%).  

Element Mg Zn Ca Sr Fe Co Ni Cu Si 

Mg-Zn-Ca Bal.  0.95  0.26 –  0.0027 <0.0001  <0.0001  0.0004  0.0062 
Mg-Zn-Ca -Sr Bal.  0.96  0.24 0.4  0.0029 –  0.0002  0.0003  0.0038  
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Then the corrosion performance of the two samples was studied using 
the potentiodynamic polarization (PDP) technique. The PDP test was 
conducted after immersing the sample in the cell for 12 h to get the OCP 
value stabilized, i.e., the changes of the OCP value were less than 10 mV 
over a time span of 10 min. In the PDP test, the potential was scanned 
from − 0.4 V to +0.4 V (vs. OCP) at a rate of 1 mV/s. The electrochemical 
impedance spectroscopy (EIS) measurements were conducted every 6 h 
during the immersion process by applying a sinusoidal perturbation 
with an amplitude of 8 mV and a sweep frequency from 105 to 10− 2 Hz. 
The resulting spectra were analyzed using the ZView software package. 

3. Results 

3.1. Microstructure characterization 

The SEM images of the as-cast alloys are shown in Fig. 1 (a) and (b). 
It is clear that the microstructure of the as-cast ZX10 alloy consists of two 
typical characteristics, i.e., α-Mg matrix and secondary phase particles 
that are sparsely distributed either within the α-Mg grains or along the 
grain boundaries (Fig. 1 (a)). The volume fraction of the secondary 
phase is about 0.43% in the ZX10 alloy. With an addition of Sr into the 
ZX10 alloy, more secondary phases precipitated along the grain 
boundaries and in the grain interiors. To be specific, the volume fraction 
of the secondary phase is increased to approximately 1.76%. The EBSD 
results of the studied alloys are depicted in Fig. 1 (c) and (d). It is clear 
that the addition of Sr in the ZX10 alloy results in a refined average grain 
size that is determined to be roughly 248.6 μm and 186.1 μm, respec
tively, for the ZX10 and ZXJ100 alloy. 

To identify the chemistry distribution within the alloys, EDX map
ping analysis was also conducted, and the results are shown in Fig. 2. 
There are two eutectic products in the ZX10 alloy: 1) α-Mg phase + Zn & 
Ca-rich phase + Ca-rich phase, 2) α-Mg phase + Zn & Ca-rich phase, and 
the Zn & Ca-rich phase can either precipitate alone, or wrap around the 
Ca-rich phase (Fig. 2 (a)). As represented in Fig. 2 (b), a new phase (Sr- 
rich phase) precipitates in the ZXJ100 alloy due to the addition of the Sr, 

leading to an enriched phase category, i.e., 3) Sr-rich phase + α-Mg 
phase, 4) Sr-rich phase + (α-Mg phase + Zn & Ca-rich phase), 5) Sr-rich 
phase + (α-Mg phase + Zn & Ca-rich phase + Ca-rich phase). 

To rationalize the presence of those secondary phases, thermody
namic calculation was conducted using the Pandat database, and the 
results are shown in Fig. 3. In the solidification process, α-Mg phase is 
first formed as the temperature decreases from the liquidous region. 
Then when the temperature is reduced to 404 ◦C, eutectic reaction takes 
place, leading to the formation of the ternary phase (Ca2Mg5Zn5-IM1) 
(Fig. 3 (a)). Fig. 3 (b) shows the Scheil solidification curve of the ZXJ100 
alloy, from which it is clear that the solidification of the alloy is 
accompanied by the formation of the Mg17Sr2 phase and IM1, etc. 

The chemical composition of the various secondary phases is studied 
using the EDS technique, and the results are shown in Fig. 4. It is clear 
that Mg2Ca, Ca2Mg6Zn3 secondary phases can be identified in the ZX10 
alloy, while the additional Mg17Sr2 phase is observed in the ZXJ100 
alloy. Moreover, the Mg2Ca phase exhibits preferential precipitation 
closely adjacent to the Ca2Mg6Zn3 phase. For example, Point I, F and D 
(Mg2Ca phase) in Fig. 4 is even encapsulated by the Ca2Mg6Zn3 phase 
(represented by the points E and H). The atomic ratio of Mg: Sr in the 
EDS results is around 10, which is appreciably higher than the stoi
chiometric ratio of 8.5 (in Mg17Sr2 phase). Such difference can be 
rationalized considering that the EDS results are inevitably affected by 
the surrounding α-Mg phase (that presents a very high content of Mg). 
However, the thermodynamic calculation results deviate from the 
experimental data in this work, which may be caused by the different 
atomic diffusion rates between the thermodynamic calculation and 
experimental conditions [31]. 

The XRD results of the as-cast alloys are displayed in Fig. 5. Apart 
from the dominant α-Mg phase, diffraction peak associated with the 
Ca2Mg6Zn3 phase have been observed at 2θ = 42.6◦, while the peaks at 
2θ = 33.8◦, and 35.3◦ are believed to be diffracted from the Mg2Ca 
phase. The Sr-rich phase identified in the ZXJ100 alloy (Fig. 2 (b)) is 
further confirmed to be Mg17Sr2 as demonstrated by the diffraction 
peaks at 2θ = 24◦, 31◦, 56◦, and 60◦ (Fig. 5). 

Fig. 1. The SEM images of the as-cast alloys: (a) ZX10 alloy; (b) ZXJ100 alloy; the EBSD inverse pose figures of the as-cast alloys: (c) ZX10 alloy, (d) ZXJ100 alloy.  
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3.2. Immersion tests 

3.2.1. Hydrogen evolution test 
It has been widely documented that the corrosion of magnesium 

involves the following reaction [32]: 

Mg(s)+ 2H2O(aq) = Mg(OH)2(s)+H2(g) (1) 

Theoretically, the consumption of 1 mol magnesium can release 1 
mol hydrogen. Therefore, the corrosion rate of magnesium can be 
evaluated by measuring the released hydrogen [30]. 

Fig. 6 (a) presents the dependence of the accumulated hydrogen 
amount with immersion time. It is clear that both the curves gradually 
increase with immersion time, while the curve associated with the ZX10 
alloy is well below that of the ZXJ100 alloy. The accumulated hydrogen 

Fig. 2. The SEM images of the secondary phases and the distribution of its elements: (a) ZX10 alloy; (b) ZXJ100 alloy.  

Fig. 3. Thermodynamic calculation of the target alloy: (a) phase diagram of quaternary Mg-1.0Zn-0.3Ca-Sr alloy; (b) the Scheil solidification curve of Mg-1.0Zn- 
0.3Ca-0.4Sr alloys. 

Fig. 4. EDS analysis of the secondary phase particles of the as-cast alloys.  
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amount is around 0.69 ± 0.03 mL⋅cm− 2 (0.22 mm/y) and 5.38 ± 0.37 
mL⋅cm− 2 (1.74 mm/y) for the ZX10 and ZXJ100 alloys, respectively, 
suggesting a higher corrosion rate of the ZXJ100 alloy. The evolution of 
the instantaneous hydrogen evolution rate (HER) during the immersion 
process is also obtained by derivative of the two curves in Fig. 6 (a) with 
respect to the immersion time, and the results are shown in Fig. 6 (b). 
The HER of the ZX10 alloy is significantly lower than that of the ZXJ100 
alloy. Besides, the HER of the ZX10 alloy declines rapidly from 0.0065 
mL⋅cm− 2⋅h− 1 to 0.0040 mL⋅cm− 2⋅h− 1 within the initial immersion stage 

up to 24 h, and then the curve has been flatted even when the immersion 
time extends to 168 h. However, the HER curve of the ZXJ100 alloy does 
not present any downward trend, rather the HER increases continuously 
albeit the slope of the HER curve decreases with immersion time. At the 
end of soaking, the HER curves of the two alloys remain stable, which 
might be attributed to the barrier effect of the accumulated corrosion 
product on the sample surface. 

The different HER may be attributed to the differences in the micro- 
galvanic couples formed in the two alloys. Since the standard electrode 
potential of the Mg17Sr2 phase is nobler than that of the α-Mg phase 
[33], the newly formed Mg17Sr2 phase in the ZXJ100 alloy provides 
more micro-galvanic corrosion sites than that of ZX10 alloy, resulting in 
a higher corrosion rate. 

3.2.2. Corrosion morphology 
The SEM images after 24 hours' immersion in 0.1 M NaCl are shown 

in Fig. 7. It should be mentioned that the characteristics shown in Fig. 7 
are quite common and the image presented was randomly captured from 
the alloys. The micro-corrosion sites (the black areas) initiate either at 
the grain boundaries or near the secondary phase, as indicated by the 
orange arrows in Fig. 7. In addition, the apparent boundary between the 
severely corroded area and the less corroded area (Fig. 7(a)) indicates 
that the corrosion process might be partially suppressed by the 

Fig. 5. X-ray diffraction (XRD) patterns of the as-cast alloys.  

Fig. 6. (a) The evolution of the accumulated hydrogen amount; (b) the instant hydrogen evolution rate.  

Fig. 7. The corrosion morphology soaked in 0.1 M NaCl for 24 h; (a) ZX10; (b) ZXJ100 (the yellow arrows representing the sites of the initial corrosion). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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secondary phase network. Moreover, the larger area of corrosion prod
uct coverage on the ZXJ100 alloy as compared to that of the ZX10 alloy 
indicates a higher corrosion rate. 

The surface chemical compositions after the corrosion test are 
studied using EDS, and the results are listed in Table 2. It is clear that the 
corrosion products are mainly comprised of Mg and O with a minor 
amount of Zn, regardless of the composition of the studied alloy. The 
content ratio of Mg/O is roughly 1/2, suggesting that the main corrosion 
product of the two alloys is Mg(OH)2 following Eq. (1) and that reported 
in previous publications [8,34]. 

3.2.3. Cross-sectional observation after corrosion 
The cross-sectional morphologies of the two samples after different 

immersion times are observed using optical microscopy and the results 
are shown in Fig. 8. A thin corrosion product film is accumulated on the 
sample surface, and its thickness varies with the immersion time. To be 
specific, the change of the corrosion product film thickness is not 
monotonous with increasing immersion time for the ZX10 alloy. The 
average corrosion product thickness on ZX10 alloy firstly decreases 
slightly from 5.9 ± 0.5 μm to 4.9 ± 0.9 μm when the immersion time is 
increased from 12 h to 24 h, and then it significantly increases to 11.3 ±
3.1 μm after 168 hours' immersion. The standard deviation of the 
average thickness also increases along with the immersion time. 
Therefore, it is clear that the non-uniformity of the corrosion product 
film becomes larger as the immersion time increases. 

The corrosion product film thickness on the ZXJ100 alloy increases 
steadily with immersion time, and the resulting corrosion products layer 
is porous and presents significant roughness. An average film thickness 
of 7.7 ± 0.6 μm is measured from the ZXJ100 alloy after 12 hours' im
mersion, such value significantly increases to 12.3 ± 2.4 μm and 25.6 ±
9.0 μm when the immersion time increases to 24 h and 168 h, respec
tively. Apparently, the thickness of the corrosion product covering the 
ZXJ100 alloy is appreciably higher than that of the ZX10 alloy because 
more corrosion products have been formed due to the higher corrosion 
rate of the ZXJ100 alloy (Fig. 6). 

3.2.4. Surface chemical analysis 
After 24 hours' immersion in 0.1 M NaCl, the surface chemical 

analysis of the samples was conducted using XPS technique, and the 
results are shown in Fig. 9. It is clear that the samples mainly comprise 
Mg, Zn, Ca, O and C from the survey scan. The C1s peaks mainly arise 
from environmental contamination while handling the samples. The Sr 
signal is too weak to be detected in the XPS survey scan of the ZXJ100 
alloy. Nevertheless, the Sr 3d spectra are significant in the narrow scan. 
Each narrow scan spectra have been deconvoluted to determine the 
corresponding valent states of the various elements. It is clear that one 
peak at the binding energy (BE) of 1302.7 eV yields sufficient fitting to 
the acquired Mg 1s spectra, suggesting that the observed Mg mainly 
exists as Mg(OH)2 [35]. Doublet peaks with a distance of 23 eV on the 
binding energy scale can be deconvoluted to model the Zn 2p spin-orbit 
splitting peaks, i.e. Zn 2p3/2 (BE = 1021 eV) and Zn 2p1/2 (BE = 1044 
eV). The intensity ratio of the two Zn 2p sub-peaks was constrained to be 
2/1 in the deconvolution analysis. The characteristic binding energy 
(1044 eV) of the Zn 2p3/2 spin-orbit is associated with the metallic Zn. 
Similarly, the Ca 2p peak has been resolved to Ca 2p3/2 (BE = 348.02 eV) 
and Ca 2p1/2 (BE = 351.41 eV) peaks, suggesting that the Ca atoms are 
compounding with the chloride anions to form CaCl2. To determine the 
chemical state of Sr within the superficial surface of the alloy after 
corrosion test, the Sr 3d peak was deconvoluted as well. Two sub-peaks 

associated with the Sr 3d5/2 (BE = 132.6 eV) and Sr 3d3/2 (BE = 134.6 
eV) spin-orbits and their intensity ratio being Sr 3d5/2: Sr 3d3/2 = 0.69 
are added to fitting the acquired Sr 3d spectra. The Sr on the sample 
surface mainly exists as SrO, as confirmed by the Sr 3d5/2 peak at a 
binding energy of 132.6 eV. 

Therefore, it is concluded that in the corrosion process, the metallic 
elements Mg, Ca and Sr have been oxidized. Deconvolution analysis of 
the O 1s peak yields two sub-peaks at BE = 530.9 eV and BE = 531.5 eV, 
inferring the presence of Mg(OH)2 [35] and carbonates [36], respec
tively, on the sample surface. Combining the above analysis, it can be 
concluded that the Mg(OH)2 is the main corrosion product of our studied 
alloys. 

3.3. Electrochemical measurements 

3.3.1. Open circuit potential (OCP) 
As depicted in Fig. 10 (a), the OCP curves of the alloys in the 0.1 M 

NaCl rise continuously, due to the accumulation of corrosion product on 
the sample surface [37]. At the end of the soaking time, the OCP of the 
ZXJ100 alloy is higher than that of the ZX10 alloy. 

3.3.2. Potentiodynamic polarization (PDP) 
The PDP curves of the alloys are shown in Fig. 10 (b), in which the 

ZXJ100 alloy possesses nobler corrosion potential than the ZX10 alloy 
(as consistent with the OCP curves). The presence of the more populous 
secondary phases in the ZXJ100 alloy might be responsible for the shift 
of the OCP value towards the positive direction as compared with that of 
the ZX10 alloy. The cathodic portions of the two PDP curves exhibit 
similar behaviour, indicating similar reactions involved during the 
cathodic polarization. However, the corresponding anodic polarization 
behaviour is slightly different. For example, when the ZX10 alloy is 
slightly polarized in the noble direction from the OCP, the resultant 
current density increases but at a small rate suggesting the passivation of 
the sample surface. When the sample is polarized by >0.15 V above the 
OCP value, the associated current density increases at a much higher 
rate, which is indicative of the breakdown/detachment of the passive 
film. A quite similar scenario is also observed from the positive polari
zation portion of the ZXJ100 alloy, even though the threshold potential 
for the passive film breakdown is much smaller, i.e. 0.06 V, above the 
OCP value. Therefore, it can be inferred that the initial passive film on 
the ZXJ100 alloy is less protective as compared with that formed on the 
ZX10 alloy. Anodic polarization curves of Mg and its alloys might be 
complicated due to the negative different effect (NDE) during the anodic 
oxidation process, which undermines the rationality of the Tafel 
extrapolation method. Therefore, the cathodic Tafel extrapolation was 
applied for analyzing experiment polarization curves according to the 
method illustrated in Ref. [38]. The cathodic Tafel extrapolation results 
are summarized in Table 3 and the current density of ZXJ100 alloy is 
apparently higher than that of ZX10 alloy, indicating a higher corrosion 
rate of ZXJ100 alloy. Nevertheless, by converting the corrosion current 
density to weight loss rate (mm/y), it is clear that the PDP technique 
provides a much lower rate as compared with that of the hydrogen 
evolution test. Such difference might be attributed to the oversimplified 
general corrosion assumption of the Tafel extrapolation method (the 
samples actually undergo localized corrosion). 

3.3.3. Electrochemical impedance spectroscopy (EIS) 
The corrosion process of the two alloys is also studied by collecting 

the electrochemical impedance spectroscopies after various immersion 
times in 0.1 M NaCl, and the corresponding results are displayed in 
Fig. 11. The Nyquist and Phase-Bode plots of the ZX10 alloy are 
respectively shown in Fig. 11 (a) and (b), while that of the ZXJ100 alloy 
are depicted in Fig. 11 (c) and (d). Regardless of the immersion time, two 
depressed capacitive loops can be differentiated in the first quadrant of 
the Nyquist plots of the ZX10 alloy (Fig. 11 (a)) and two maximum peaks 
can be identified from the Phase plots accordingly (Fig. 11 (b)), i.e., one 

Table 2 
The chemical composition of the corroded regions A and B in Fig. 7 (at.%).  

Region O Mg Zn 

A  65.9  33.7  0.4 
B  66.6  33.3  0.1  
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Fig. 8. The corrosion cross-section of investigated alloys with different immersion times.  

Fig. 9. The XPS survey scan of the two samples and the corresponding narrow scan of the ZXJ00 alloy after 24 hours' immersion in 0.1 M NaCl.  
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in the higher frequency range of 104–100 Hz and the other within the 
lower range of 10− 1–10− 2 Hz. Therefore, two separate processes with 
distinct time constants are expected to be involved in the corrosion 
process. In the high-frequency range, the first capacitive loop is 

attributed to the double layer at the electrode/electrolyte interface. The 
lower-frequency loop corresponds to the effect of the corrosion product 
covering the sample surface on the corrosion kinetics [39,40]. Never
theless, the diameters of the corresponding loops increase monotonously 
as the immersion proceeds, indicating that the corrosion resistance of 
the ZX10 alloy has been improved in the corrosion process. This is 
corroborated by the rate of hydrogen evolution with immersion time 
shown in Fig. 6 (b). On the other hand, the phase peak in the higher 
frequency range has been shifted gradually towards the lower frequency 
range, which can be attributed to the accumulation of corrosion prod
ucts [41,42]. 

The evolution of the EIS behaviour of the ZXJ100 alloy with the 

Fig. 10. The plot of (a) open circuit potential (OCP) and (b) potentiodynamic polarization.  

Table 3 
The cathodic Tafel extrapolation results obtained from potentiodynamic polar
ization curves.  

Alloy composition Ecorr (V vs SCE) icorr (μA/cm2) Pi (mm/y) 

ZX10  − 1.62  3.11  0.07 
ZXJ100  − 1.56  10.70  0.24  

Fig. 11. Electrochemical impedance diagrams plotted after different soaking times in 0.1 M NaCl: (a) Nyquist plots of ZX10; (b) Bode Phase Angle of ZX10; (c) 
Nyquist plots of ZXJ100; (d) Bode Phase Angle of ZXJ100. 
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immersion time is different from that of the ZX10 alloy. When the 
ZXJ100 alloy is immersed in the 0.1 M NaCl for 1 h, an additional loop 
with positive imaginary values in the fourth quadrant of the Nyquist plot 
can be identified apart from the two capacitive loops in the first quad
rant. It should be noted that the presence of a positive imaginary part is 
not uncommon in the corrosion process of magnesium alloys, and has 
been considered associated with the formation of monovalent Mg+ as an 
intermediate process before being corroded to the finalized Mg2+ cat
ions [32,43,44]. 

However, when the immersion time increases to 6 h, the character
istics of the Nyquist plots change from two apparent aspects. Firstly, the 
diameters of depressed semi-circles witness a significant increase, sug
gesting an improvement of corrosion resistance. On the other hand, the 
characteristic positive imaginary part never appears, which is associated 
with the change of corrosion mechanisms, i.e., the attribution of the 
inductive effects raised from the adsorption of intermediate Mg+ might 
have been outweighed by the capacitive effects (of the double layer), if 
not had been completely suppressed [43,44]. When the immersion 
process is further prolonged to 12 h, it seems that the corrosion kinetics 
has been reversed during the corrosion process. The positive imaginary 
part of the Nyquist plot persists while only one capacitive loop can be 
identified. Furthermore, the Nyquist plot has shrunk a lot as compared 
with the Nyquist plots derived from the ZXJ100 alloy immersed for 6 h. 
Such feature of one capacitive loop plus one positive imaginary part of 
the Nyquist plots retains as the immersion times increase to 24 h albeit 
the diameter of the corresponding loops decreases continuously with the 
immersion time. 

According to the cross-sectional observation (Fig. 8) and the EIS 
diagram characteristics (Fig. 11), the corresponding equivalent circuits 
(EC) are proposed to quantitatively interpret the acquired EIS diagram, 
as shown in Fig. 11 (a) and (c), respectively. In the equivalent circuit, Rs 
represents the solution resistance, Rct and CPEct are used to represent the 
loop associated with the double layer in the high-frequency range. The 
inductive behaviour shown in Fig. 11 is represented by a series 
connection of RL and L. The accumulation of corrosion product on the 
sample surface induces an additional capacitive behaviour in the me
dium frequency range, and it is reflected by the parallel connection of Rf 
and CPEf in the EC diagram. It is worth mentioning that the capacitive 
behaviour is represented by the constant phase element (CPE) rather 
than the ideal capacitor because of the dispersion effect arising from the 
nonuniformity of the interface. 

Using the proposed equivalent circuit, the experimental EIS diagram 
can be satisfactorily fitted, as shown by the solid lines in Fig. 11. The 
corresponding fitting parameters are shown in Table 4, the goodness-of- 
fit assessed by the χ2 value is also included. It is clear that CPEf-T has the 
same order of magnitude (10− 5) regardless of the exposure time. 

4. Discussion 

4.1. The effect of average grain size on corrosion behaviour 

EBSD results have verified that Sr addition has led to a refined 
average grain size of the Mg-Zn-Ca alloy. It has been widely reported 
that the grain refinement is beneficial in terms of reducing corrosion rate 
of Mg alloys [45]. Nevertheless, the corrosion rate of the ZXJ100 alloy 
with finer grains is observed to be higher than that of the ZX10 alloy in 
the present study. Such observation suggests that the positive effects of 
grain size on the corrosion rate have been overwhelmed by other 
negative effects, like increased secondary phase particles after addition 
of Sr to the Mg-Zn-Ca alloy. 

4.2. The effect of secondary phases on corrosion behaviour 

The secondary phases within magnesium alloys have a significant 
influence on corrosion behaviour [46]. The sparse distribution of the 
eutectic phases within the grains allows the formation of localized 
galvanic couples, enhancing the corrosion rate of the alloys. The stan
dard electrode potential of the different phases in the ZX10 alloy follows 
a decreasing order as Mg2Ca < α-Mg < Ca2Mg6Zn3 [47]. The micro- 
galvanic couples may be formed either (a) between Mg2Ca and 
Ca2Mg6Zn3 or (b) between α-Mg and Ca2Mg6Zn3. (The couple between 
Mg2Ca and α-Mg cannot be formed because the Mg2Ca phase is encap
sulated in the Ca2Mg6Zn3 (Fig. 2), preventing α-Mg from direct con
tacting to Mg2Ca). The potential difference in type (a) couple is larger 
than that in type (b), therefore, the corrosion initiates easier at sites of 
type (a) couple. In this regard, the Mg2Ca should have been dissolved 
ahead of α-Mg during the corrosion process. 

The volume fraction of the secondary phase is much higher in the 
ZXJ100 alloy, suggesting more galvanic couples can be formed in the 
ZXJ100 alloy. In this regard, higher corrosion rate is expected from the 
ZXJ100 alloy. Moreover, the formation and distribution of the addi
tional Mg17Sr2 phase also attribute to the higher corrosion rate by 
forming additional galvanic couples (apart from the two types of couples 
mentioned above) between Mg17Sr2 and α-Mg [33]. 

4.3. The effect of corrosion product film on corrosion behaviour 

The corrosion product film has been reported to affect the corrosion 
performance of the magnesium alloys depending on the porosity, 
thickness and chemistry of the film. Assuming that the thickness and the 
porosity of the corrosion film covering the sample surface are termed as 
d and α, respectively. If the sample surface exposed to the corrosive 
solution is A, then the capacitance, CPEf-T, of the corrosion film is 
directly related to the film characteristics in the following way [48]: 

CPEf − T∝
ε0εA(1 − α)

d
(2)  

where ε0 is vacuum permittivity, ε is the relative dielectric constant of 

Table 4 
The simulation results of investigated alloys with different immersion time.  

Immersion 
Time 

Rs 

/Ω⋅cm2 
Rf 

/Ω⋅cm2 
CPEf-T 
/μΩ− 1cm− 2sn 

n1 Rct 

/Ω⋅cm2 
CPEct-T 
/μΩ− 1cm− 2sn 

n2 L 
/H⋅cm2 

RL 

/Ω⋅cm2 
χ2 

ZX-1 h  23.6  2499  10.9  0.93  2230  1540.1  0.85  45,000  5000  0.0032 
ZX-6 h  21.2  4127  11.0  0.93  3608  999.2  0.73  29,325  1524  0.0010 
ZX-12 h  22.3  5159  11.8  0.94  4267  950.0  0.52  59,954  6019  0.0009 
ZX-18 h  22.8  5972  13.8  0.93  5838  913.6  0.74  64,422  3427  0.0010 
ZX-24 h  23.2  6375  15.2  0.93  6031  897.8  0.77  23,614  1255  0.0012 
ZXJ-1 h  17.8  1596  12.9  0.93  1607  1990.5  0.70  32,363  2402  0.0023 
ZXJ-6 h  18.8  3747  13.5  0.93  3237  1215.5  0.74  20,450  1409  0.0026 
ZXJ-12 h  19.5  266  15.8  0.92  1763  2.3  1.0  28,871  1100  0.0133 
ZXJ-18 h  19.5  89  13.9  0.94  1043  9.6  0.99  7249  643  0.0138 
ZXJ-24 h  20.1  52  13.8  0.95  796  15.7  0.99  6729  865  0.0155  
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the film layer. 
Once the porous corrosion product film is formed in the corrosion 

process, the pores will be filled with the corrosive solution, and the 
collective resistance of those pores can then be computed as: 

Rf = ρ d
Aα (3)  

where ρ is the conductivity of the corrosion solution filling in the pores, 
d is the depth of the pores and is roughly equal to the thickness of the 
corrosion product film, Aα is the overall area of the pores. It can be 
concluded that the Rf and CPEf-T included in the EC is dependent on the 
morphology of the corroded product film. It is clear that the product of 
Rf × CPEf-T is positively proportional to 1− α

α , which means that higher Rf 
× CPEf-T normally reflects smaller film porosity α. In this regard and 
based on the data shown in Table 4, it can be predicted that the porosity 
of the corrosion film on the ZX10 alloy decreases gradually during im
mersion, while that of the ZXJ100 alloy decreases significantly in the 
first 6 hours' immersion before increasing when the sample is immersed 
for >6 h. 

The polarization resistance Rp of the investigated alloys is defined as 
the difference in impedance between the solution resistance (when f 
approaches ∞) and the zero frequency resistance (when f approaches 
zero) [49]. When the frequency trends to zero, capacitive components of 
the circuit approach infinite impedance, and inductive components 
approach zero impedance [49]. The equivalent circuit can be simplified 
to derive the overall corrosion resistance (Rp): 

Rp =
RLRct

(RL + Rct)
+Rf (4) 

According to the data tabulated in Table 4 and Eq. (4), Rp can be 
calculated and its variation with immersion time is plotted in Fig. 12 (a), 
from which the Rp is observed to steadily increase for the ZX10 alloy 
during immersion up to 24 h. As for the ZXJ100 alloy, Rp first increases 
at 0–6 h, then sharply decreases at 6–12 h, afterwards it remains almost 
constant. Both of the Rp curves are corroborated by the rate of hydrogen 
evolution with exposure time. 

To study the contribution of the corrosion product film to the 
corrosion resistance in the immersion period, the evolution of the Rf/Rp 
ratio with time is calculated and the results are shown in Fig. 12 (b). The 
Rf/Rp ratio of the ZX10 alloy only declines marginally and remains 
above 0.5 in the whole immersion process up to 24 h. However, the Rf/ 
Rp ratio of the ZXJ100 alloy keeps decreasing with immersion time. Its 
value slumps from 0.59 to 0.27 when immersion is extended from 6 h to 
12 h, and it is further reduced to around 0.1 when the immersion time is 
increased to 24 h. The results indicate that the corrosion film covering 
the ZX10 surface plays a significant role in inhibiting the corrosion 

propagation, while that covering the ZXJ100 alloy rapidly reduces its 
inhibition effect with the increasing immersion time. It should be 
mentioned that it is the porosity of the corrosion films that affects their 
inhabitation behaviour because the tendency of the Rf/Rp evolution 
coincides well with that of the film porosity. 

The overall effects of Sr addition on the microstructure and corrosion 
process of the Mg-Zn-Ca alloy are schematically summarized in Fig. 13. 
Sr addition mainly leads to two aspects in terms of microstructure 
alteration, i.e. refined grains and enhanced secondary precipitates, that 
induce opposite effects on the corrosion process. Even though the pos
itive effects of the refined grains are not significant, the negative effects 
of the increased secondary phase fraction are profound. In the initial 
immersion stage, the micro-galvanic corrosion occurs preferentially 
near the secondary phases. And the more populous secondary phases in 
the ZXJ100 alloy provide much more corrosion initiation sites, resulting 
in its higher corrosion rate other than that of the ZX10 alloy. With the 
increment of the immersion time, the corrosion may gradually spread 
towards interior of the alloy and the corrosion product gradually accu
mulates on the sample surface to the whole surface. 

The corrosion process leads gradual accumulation of the corrosion 
products on the sample surface that also affects the corrosion process. 
The corrosion product film is porous, and can only partially inhibit the 
corrosion propagation rate, of the ZX10 alloy in particular. Meanwhile, 
the magnesium matrix around the secondary phases may be preferen
tially degraded, resulting in the detachment of the secondary phases 
from the matrix. Therefore, the contribution of the corrosion product on 
inhibiting the corrosion process of the ZX10 alloy is higher than that of 
the ZXJ100 alloys. 

5. Conclusions 

In the present study, Mg-0.95Zn-0.25Ca-xSr (x = 0, 0.4 wt%) alloys 
were prepared through a general casting method. The effect of Sr 
addition on the microstructure characteristics and corrosion properties 
of the Mg-Zn-Ca alloy was systematically studied. Particular attention 
was focused on the influence of the secondary phases and the corrosion 
product films on the corrosion performance of the alloys. The main 
findings are as follows:  

1) The microstructure of the ZX10 alloy comprises of α-Mg, Mg2Ca 
phase, and Ca2Mg6Zn3 phase, and the secondary phase mainly 
precipitated along the grain boundaries and in the grains. The 
addition of Sr led to the formation of an additional Mg17Sr2 phase as 
well as an increased volume fraction of the secondary phases. 

2) The hydrogen evolution study and the EIS investigates results indi
cated that the addition of Sr deteriorated the corrosion resistance of 

Fig. 12. (a) The evolution of the corrosion resistance and (b) Rf/Rp ratio with immersion time.  
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the ZX10 alloy. The corrosion resistance of the ZX10 alloy increased 
monotonously with immersion time, while that of the ZXJ100 alloy 
exhibited a concave downward trend.  

3) The higher corrosion rate of the ZXJ100 alloy was mainly attributed 
to the more populous micro-galvanic couples formed between the 
α-Mg matrix and the secondary phases. 
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