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Abstract:  The immersion test in simulated body fluid (SBF) is the most commonly utilized in vitro test 

to reflect an implant's corrosion behavior. Ironically, the influences of the alloying elements on the 

corrosion behavior were usually concealed by the protective corrosion deposits formed by the specific 

inorganic species in the SBF. In this study, the effects of the alloying elements on the corrosion behavior 

of commercially pure magnesium (CP Mg) and Mg-1.0Ca-0.5Sr alloy were determined using 0.9 wt.% 

NaCl as the corrosion media due to its minor influence on corrosion precipitation and similar osmolality 

to blood plasma. Their corrosion profile was analyzed using surface characterization techniques and 

immersion tests, including; (i) hydrogen evolution test (H2), (ii) pH trend, and (iii) weight loss 

measurement. With the aim of simulating the pH control of the physiological homeostatic process, a 

pH-buffered pseudo physiological solution was achieved via two techniques; (i) a 24-hour corrosion 

media renewal routine and through the use of (ii) TRIS-HCL buffer reagent. It is shown that Mg-1.0Ca-

0.5Sr alloy exhibits a superior corrosion resistance in both pH regulating treatments, while the effects 

of the alloying were evident through the corrosion media renewal routine. 

Keywords: magnesium alloy; corrosion; biodegradable; orthopedic implant. 
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1. Introduction 

Bone fracture is conventionally treated by utilizing permanent implants made from 

metallic biomaterials such as titanium (Ti), 316L stainless steel (316L SS), and cobalt-

chromium-molybdenum (Co-Cr-Mo) based alloys [1-3]. These orthopedic implants have been 

manifested as mechanically efficacious in treating bone fractures. However, employing these 

permanent implants is associated with multiple major clinical drawbacks, including peri-

implant bone loss due to stress shielding, impaired adjacent tissues caused by the release of 

metal ions, and unexpected pain or discomfort [4, 5]. All of these concerning drawbacks are 

often solved with the implant removal procedure [6]. 

However, the implications of the implant removal procedure are continuously debated 

among medical professionals and have always been a controversial issue. Driessen et al. have 
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reported the incidence of spontaneous femoral neck fracture (SFNF) associated with stress 

shielding effects, occurring only within 3 weeks after implant (cephalomedullary nail) removal. 

They have concluded that; the removed implant should be replaced with a shorter 

cephalomedullary nail to support the stress-shielded bone in order to prevent secondary fracture 

[7]. This mitigation proposal shows that the implant removal strategy does not stop bone 

treatment procedures but adds more surgical steps that worsen the patient's morbidity and 

multiply the treatment cost. 

In order to fend off the never-ending bone treatment via orthopedic implant, the risk of 

stress shielding effect should first be averted. In order to achieve this, a new implant material 

should be tailored to match the human bone's modulus. Magnesium (Mg), an existing essential 

element in the human physiological system, exhibits the closest match in modulus value with 

human bone and has high specific strength and excellent biocompatibility [8, 9]. However, its 

rapid degradation rate may result in premature loss of mechanical properties, excessive 

hydrogen gas accumulation, bone resorption, and severe hemolysis [10, 11]. Fortunately, the 

degradation behavior of Mg can be significantly altered via alloying technique [8, 12]. Since 

biocompatibility is the most important requirement for a successful implant, nutrient alloying 

elements are highly favorable in guaranteeing biosafety by promoting excellent 

hemocompatibility and cytocompatibility [13]. In this study, calcium (Ca) and strontium (Sr) 

were selected as the alloying elements. Ca, the major component in bone structure, is 

responsible for bone mineralization [14]. The deployment of Ca as an alloying element can 

reduce the hypercalcemia risk since it regulates similarly to Mg [15, 16]. Meanwhile, Sr is 

responsible for promoting bone construction and preventing bone resorption. Thus, it becomes 

beneficial in treating osteoporosis [17, 18]. 

Generally, the biodegradation profile of all novel metals or their alloys is assessed in a 

variety of corrosion media, ranging from a simple saline solution (0.5-3.5 wt.% NaCl) to more 

complex pseudo physiological solutions, including so-called simulated body fluid (SBF), 

Hank's balanced salt solution (HBSS), Ringer's solution, phosphate buffered solution (PBS) 

and cell culture media [19]. These corrosion media shared the same compositional benchmark 

in which the organic or inorganic ions, protein, and cells are controlled to a value closer to or 

similar to human blood plasma. However, different Mg alloys may portray an indistinguishable 

degradation profile due to the similar corrosion protection layer formed by the synergistic 

reaction between Ca2+, Mg2+, HCO3
-, and HPO4

2- in the SBF [8]. For this reason, 0.9 wt.% 

NaCl was chosen as the corrosion media to compare the alloying effect on the corrosion 

behavior of pure Mg and Mg-1.0Ca-0.5Sr alloy. 

Apart from the critical selection of corrosion media when simulating the in vivo 

response, its pH value largely influences the formation and dissolution of the corrosion by-

product [20-22]. The excessive OH- formation may shift the normal physiological pH (7.35-

7.45) to a fluctuating pH [23]. The abrupt pH changes may upset the peri-implant tissue by 

disrupting the protein and cell structures, thus, deteriorating the normal physiological function 

[24, 25]. Therefore, it is crucial to include a buffering system in corrosion media to avoid 

discrepancies in biocorrosion behavior and by-products. 

4-(2-hydroxylethyl)-1piperazineethanesulfonic acid (HEPES), Tris (hydroxymethyl) 

aminomethane buffer (Tris-HCL), NaHCO3/CO2, and phosphate are frequently used as 

buffering reagents in corrosion media [8, 19, 26, 27]. NaHCO3/CO2 buffer is commonly 

recommended due to its capacity to produce HCO3
- /H2CO3 buffer [24]. Moreover, it mimics 

the buffering mechanism established by respiratory control. Comparable in vivo results are 
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proven in several studies. However, its complex setup has made it less desirable to researchers 

[24]. HEPES and Tris-HCL, on the other hand, offer a simpler experiment preparation and set-

up, which can regulate the pH value from 6.8 to 8.2 and 7.0 to 9.0, respectively [28]. Despite 

their extensive use, HEPES and Tris-HCL do not readily exist in the human body; thus, their 

utilization may give a deviated biodegradation profile to in vivo response. For this reason, a 

simpler approach to regulating the pH can be achieved by the daily renewal of the corrosion 

media (24 h interval replenishment). To date, there is no comparative study of the pH regulating 

techniques on the biodegradation profile of the pure Mg and Mg-1.0Ca-0.5Sr alloy in 0.9 wt.% 

NaCl. 

This work aims to determine the relevant in vitro corrosion media for newly developed 

Mg-based orthopedic implants by elucidating the effect of inorganic ions composition and 

concentration in pH-regulated systems. To mimic dynamic in vivo pH control, 24 h corrosion 

media renewal was performed, and Tris/HCL buffer reagent was added to the corrosion media. 

Degradation kinetics and mechanisms were studied by immersion testing, which includes H2 

evolution test, pH variation assessment, and mass loss measurement. The corrosion 

precipitation types and their order of formation with respect to pH value are predicted via 

Hydra-Medusa simulation and verified by experimental characterization of the corrosion 

surface and its components. 

2. Materials and Methods 

2.1. Sample preparation. 

CP Mg and ternary Mg-Ca-Sr alloy with a nominal composition of 1 wt.% Ca and 0.5 

wt.% Sr was prepared using commercially pure Mg ingot (Ó 99%, Sigma Aldrich, St. Louis, 

MO), Ca granules (99%, Sigma Aldrich, St. Louis, MO), Sr granules (99%, Sigma Aldrich, St. 

Louis, MO). Prior to the casting process, the CP Mg ingot was carefully cleaned to impede 

impurities contamination in the alloy system. The CP Mg ingot was cut into small pieces to fit 

the high-purity graphite crucible. Any oxide layer that readily formed on the Mg ingots' surface 

was removed by using silicon carbide (SiC) emery paper before being ultrasonically cleaned 

in acetone for 10 minutes. Following this procedure, the starting materials were melted together 

in an induction furnace under the protection of a high-purity argon (Ar) atmosphere at 720 °C. 

A refractory clay mixture was placed around the crucible opening to seal the casting system 

from possible oxygen contamination. Each melt was held for approximately 45 minutes; the 

initial 30 minutes were to ensure complete melting of the alloy, and the final 15 minutes were 

held to allow the melt to form a homogeneous solution. Then, the melted alloy was poured into 

a preheated mild steel mold (250 °C). Both melt and mold were allowed to be air-cooled. 10mm 

× 10 mm × 4mm thin plates were sectioned for microstructural analysis, and a disc-shaped 

sample of 15 mm × 2 mm was prepared for immersion test. All the samples were ground with 

SiC emery papers up to 2000 grit, polished, and ultrasonically rinsed in acetone for 10 minutes 

before air drying. The subsequent sample handling was maintained under sterile conditions. 

2.2. Microstructure characterization. 

The polished and cleaned CP Mg and its alloy were chemically etched with a 2 % nitric 

acid solution. The microstructure profile variation between CP Mg and Mg-1.0Ca-0.5Sr alloy 

was examined via an optical microscope (OM) and scanning electron microscope (SEM) 
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equipped with energy dispersive spectrometry (EDS). At the same time, the surface phase 

composition was identified by the X-Ray diffraction (XRD) technique. 

2.3. Immersion test. 

Immersion tests were carried out in 0.9 wt.% NaCl in accordance with ASTM-G31-72 

at starting pH of 7.4. The temperature of 37 ± 0.5 °C was kept constant using a water bath for 

14 days (336 hours). Both solutions were pH controlled via two different routes; (i) 24h 

corrosion media renewal and (ii) addition of Tris/HCl buffer reagent. To facilitate comparison 

of the results, the abbreviations for CP Mg and Mg-1.0Ca-0.5Sr alloy in each condition are 

listed in Table 1.  

Table 1. Designated abbreviations for CP Mg and Mg-1.0Ca-0.5Sr alloy in three different pH regulating 

treatments in 0.9 wt.% NaCl. 

 Abbreviation 

Condition 

 

 

Material  

Uninterrupted  

(non-renewed) 

24h corrosion media 

renewal 
Tris -HCL buffered  

0.9 wt.% NaCl 0.9 wt.% NaCl 0.9 wt.% NaCl 

CP Mg MgNx MgNR MgNT 

Mg-1.0Ca-0.5Sr M2Nx M2NR M2NT 

The concentrations of the corrosion media components compared to the human plasma 

are summarized in Table 2. The corrosion media volume to sample surface area (S/A) ratio was 

set at 1 cm2/40 ml. Due to the rapid pH increase during the early immersion, 1h interval 

observation on pH and hydrogen release was done for the first 24 hours, while 24 h interval 

observation was done for the subsequent immersion days. The pH reading was measured via a 

pH meter (Sartorius, PB-10), while the hydrogen evolution was collected by following the well-

established technique [29]. After the designated immersion time, the samples were removed 

from the corrosion media, carefully rinsed with distilled water, and air-dried. Their surface 

morphology and corrosion product composition were analyzed via XRD, SEM, and EDS. The 

mass loss of the samples was calculated after the removal of the corrosion product via chromic 

acid and silver nitrate solution. Then, the in vitro corrosion rate in terms of mass loss and 

hydrogen evolution was calculated according to the following equation: 

CR = æm / At (1) 

where CR is the corrosion rate, mg/cm2/h, æm is the weight loss, mg (for hydrogen evolution 

test, 1ml evolved H2 gas = 1.083 mg of Mg), A is the sample initial surface area, cm2, and t is 

the immersion time, hour. This corrosion rate was the average value of the triplicated 

immersion test. 

Table 2. Concentrations of the corrosion media components as compared to the human plasma. 

Ionic species 
Ionic concentration (mM) 

Human Plasma 0.9 wt.% NaCl 0.9 wt.% NaCl + Tris/HCl 

Na+ 142 154 154 

K+ 5.0 - - 

Mg2+ 1.5 - - 

Ca2+ 2.5 - - 

Cl- 103 154 154 

HCO3
- 27.0 - - 

HPO4
2- 1.0 - - 

SO4
2- 0.5 - - 

Tris - - 50.5 
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2.4. Corrosion precipitation prediction via Hydra-Medusa. 

The possible formation of corrosion by-products related to pH value was simulated by 

Hydra-Medusa software. All ionic components in respected corrosion media were specified in 

Hydra software. The concentration of these components was then specified in Medusa software 

to predict the possible formation of corrosion deposits at different pH values. However, the 

concentration of Mg2+, Ca2+, and Sr2+ was obtained by adding the final ionic concentrations 

(calculated from the evolved H2) to their initial concentration. The simulated diagram of 

precipitation fraction vs. pH value with respect to Mg2+ and Ca2+ was merged into a single 

diagram to present the final potential precipitations. 

3. Results and Discussion 

3.1. Cp Mg and Mg alloy microstructure and phase constitution characterization. 

The as-cast CP Mg and Mg-1.0Ca-0.5Sr alloy and its constituents were examined via 

OM, SEM, EDS, and XRD techniques to elucidate the influence of alloying elements on the 

Mg's metallographic configuration. Table 3 summarizes the overall chemical composition of 

the as-cast CP Mg and Mg-1.0Ca-0.5Sr alloy, where a tallied value between the nominal 

composition and the detected Mg, Ca, and Sr percentages were observed, thus, implying the 

adequacy of the casting process. A notable difference between CP Mg and Mg-1.0Ca-0.5Sr 

alloy was depicted in Figure 1, where CP Mg displays a single-phase structure with 

significantly large grains (510 ± 22 µm). Due to its large grain size, the obtained XRD spectra 

(Figure 2) were very sharp and perfectly matched the pure Mg peak (JCPDS No. 98-006-221) 

with no additional precipitates or impurities peak. 

Table 3. Elemental comparison between the nominal content and EDS analyzed value. 

Mg system 
Mg (wt.%)  Ca (wt.%) Sr (wt.%) 

Nominal Detected Nominal Detected Nominal Detected 

CP Mg 100.0 99.8 0 0.1 0 0 

Mg-1.0Ca-0.5Sr 98.5 98.3 1.0 1.2 0.5 0.5 

 
Figure 1. Optical microstructure of (a) CP Mg; (b) Mg-1.0Ca-0.5Sr and their corresponding SEM images; (c) 

CP Mg; (d) Mg-1.0Ca-0.5Sr. 
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Figure 2. The XRD spectra of as-cast CP Mg and Mg-1.0Ca-0.5Sr alloy. 

In contrast, Mg-1.0Ca-0.5Sr exhibits irregular ellipsoidal-shaped Ŭ-Mg dendrites with 

saturated intermetallic phases within the lamellar structure in the GBs (Figure 1(b) and (d)). 

The elemental constituents at multiple sites across the micrograph were analyzed via EDS and 

listed in Table 4. The Ŭ-Mg matrix (area A) in Figure 1(d) was found to contain the highest 

amount of Mg, while the lamellar structure in the GBs was saturated with Ca and Sr eutectic 

phases (point B). A random distribution of these intermetallic phases was also traced in the 

dendritic region, where the amount of Sr-rich Mg dominates. It appears as a bright globular 

particle (point C), while the greyish globular phase (point E) contains only Mg and Ca 

elements. According to the thermodynamic phase diagram of the ternary Mg-Ca-Sr system, the 

phases in the area or spot A, B, C, E, are identified as Mg, a mixture of Mg2Ca and Mg17Sr2, 

Mg17Sr2 and Mg2Ca respectively. Figure 2 displays the XRD spectrum of the CP Mg and Mg-

1.0Ca-0.5Sr, confirming the presence of the expected Mg2Ca and Mg17Sr2. These results were 

in accord with the published reports [30,31].  

Table 4. Chemical composition analysis of Mg-1.0Ca-0.5Sr by EDS, wt.%. 

Analysis site 
Detected element (wt. %) 

Mg Ca Sr 

A (Ŭ-Mg interior) 99.5 Ғ0 Ғ0 

B (GB interior) 65.0 15.0 20.0 

C (bright globular particle) 75.3 0 24.7 

D (globular lamellar) 65.8 9.3 24.9 

E (greyish globular phase) 33.7 66.3 0 

Morphologically, it is evident that the grain size of Mg-1.0Ca-0.5Sr was significantly 

refined to 96 ± 10 µm when both Ca and Sr were introduced into the Mg system. This 

refinement effect was due to the enrichment of the solute undercooling (æT), in which its 

pivotal influence on the as-cast grain size and intermediate phase formation was correlatively 

described via the growth restriction factor (GRF), Q [32]. By utilizing a binary Mg-A phase 

diagram (A: alloying element), Qtotal can be calculated by the following formula: 

Qtotal = ×mi.C0,i (ki -1) (2) 

where mi is the gradient of the liquidus line (the curved liquidus line was assumed to be 

straight), ki is the solute's equilibrium partition coefficient, and C0,i is the element i 's initial 

concentration [33]. A greater Q value indicates a higher æT at the growing dendrite front. The 
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value of m, k, and Q (m(ki ï 1)) for Mg-Ca and Mg-Sr are listed in Table 5. Since the solubility 

limit of Ca and Sr in Ŭ-Mg is relatively low (1.34 wt.% and 0.11 wt.% respectively), Sr and Ca 

rapidly enriched in the front of the solid/liquid interface as the act of rejecting the alloying 

elements, thus, inhibiting the grain growth during solidification of the melt. In this study, Qtotal 

for Mg-1.0Ca-0.5Sr was highly contributed by Q1.0Ca, which the Qtotal is the sum of Q1.0Ca 

(11.9098) and Q0.5Sr (1.75441), indicating a dominant grain refinement effect contributed by 

1.0 wt.% Ca. This value is in good agreement with the EDS analysis in Figure 1(d), point B, 

where the ɓ-eutectic phases in the GB contain more Ca than Sr. Similar grain refining effect 

induced by Ca was reported by previous studies [34-37].  

Table 5. GRF, Q value for the Mg-Ca and Mg-Sr binary systems[38-39]. 

Alloying element m k m(k ï 1) System 

Ca -12.67 0.06 11.94 Mg-Ca eutectic 

Sr -3.53 0.006 3.51 Mg-Sr eutectic 

3.2. Post-immersion: Morphology analysis and corrosion precipitation characterization. 

Figure 3 displays the corrosion morphologies of CP Mg and Mg-1.0Ca-0.5Sr in 0.9 

wt.% NaCl. There are three treatment groups in each corrosion media ; (i) without corrosion 

media renewal (controlled system), (ii) with 24h corrosion media renewal, and (iii) with Tris-

HCL buffer reagent addition. The effects of CP Mg and Mg-1.0Ca-0.5Sr alloy under these pH 

regulation techniques on the corrosion profile were qualitatively and quantitatively compared. 

During the 14 days immersion period in 0.9 wt.% NaCl, all CP Mg in the three treatment 

variants (Figure 3(a-c)) were covered with a white cauliflower-like precipitate. However, each 

of them has experienced a different degree of degradation, where the MgNx shows a uniform 

corrosion deposit across the surface. Meanwhile, a small cavity (70.085 µm) and deepened 

grooves were observed on MgNR. 

In Tris-HCL buffered 0.9 wt.% NaCl, MgNT displays much-severed corrosion 

protection breakdown where a larger void (271.784 µm) has been formed, exposing the CP Mg 

substrate. The appearance of the greyish-flat surface indicates the least affected region, known 

as the cathodic region. Its level distribution over the surface area indicates a uniform spread of 

precipitation coverage throughout the immersion period. EDS analysis in Table 6 has shown 

that the elements of the corrosion deposit are Mg, O, Cl, and C, indicating the presence of 

Mg(OH)2 and a trace of MgCl2.  

Table 6. Elemental composition of CP Mg and Mg-1.0Ca-0.5Sr alloy corrosion product via EDS analysis. Spots 

and area analysis (A-L) are indicated in Figure 3. 

Material  
Treatment 

condition 

Analysis 

site 

Elements (at.%)   

Mg O C Cl Ca Sr 

CP Mg 

Non-renewed 
A 4.3 79.4 15.5 0.8 - - 

B 70.4 23.4 6.0 0.2 - - 

24h renewal 
C 3.2 72.9 22.3 1.6 - - 

D 24.65 60.45 3.5 11.4 - - 

Tris-HCL 

buffered 

E 2.8 76.5 19.5 1.2 - - 

F 45.8 43.7 10.2 0.3 - - 

Mg-1.0Ca-

05Sr 

Non-renewed 
G 5.4 75.8 18.3 - 0.1 0.4 

H 78.1 17.8 3.1 - 0.6 0.4 

24h renewal 
I 80.8 12.2 6.7 - 0.3 - 

J 27.5 59.4 11.2 1.2 0.3 0.4 

Tris-HCL 

buffered 

K 89.7 7.8 1.7 - 0.8 - 

L 25.1 66.9 6.5 1.5 0 - 
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It is noticeable that the Cl content is higher for  MgNR, indicating a higher level of 

corrosion rate induced by the 0.9 wt.% NaCl renewal routine. However, MgCl2 remains 

undetected in XRD analysis, which may be due to its leaching during the sample cleaning 

procedure [40, 41]. 

 
Figure 3. SEM image of the degraded surface of CP Mg and Mg-1.0Ca-0.5Sr alloy in 0.9 wt.% NaCl corrosion 

media post 14 days immersion: (a) MgNx; CP Mg in uninterrupted saline solution (without corrosion media 

renewal); (b) MgNR; CP Mg in interrupted saline solution (with corrosion media renewal); (c) MgNT; CP Mg 

in Tris-HCL buffered saline solution; (d) M2Nx; Mg-1.0Ca-0.5Sr alloy in uninterrupted saline solution (without 

corrosion media renewal); (e) M2NR; Mg-1.0Ca-0.5Sr alloy in interrupted saline solution (with corrosion media 

renewal); (f) M2NT; Mg-1.0Ca-0.5Sr alloy in Tris-HCL buffered saline solution. (EDS compositional spot and 

area analysis obtained from different labeled points is summarized in Table 6). 

However, the degree of degradation was much lower in Mg-1.0Ca-0.5Sr alloy due to 

forming a more compact corrosion precipitate than porous cauliflower-like deposits, providing 

greater protection against corrosive media infiltration into its substrate (Figure 3 (d-f)) in the 

uninterrupted 0.9 wt.% NaCl, a coarse and flaky corrosion scale was formed with a formation 

of a shallow crater on its surface. However, a grainy corrosion deposit with a much deeper 

localized pit was seen when the renewal routine of 0.9 wt.% NaCl was employed. Evidence of 

A

Greyish flat surface

A

B

(a)

Greyish flat surface

C

D

(b)

Greyish flat surface

E

F

(c)

Shallow groove

G

H

(d)

Corrosion product 

redeposition

Corrosion pit

I

J

(e)

K

L

The collapse 

of dome-like 

deposit

Void
(f)
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continuous dissolution-precipitation kinetics to establish an equilibrium state can be seen in the 

0.9 wt.% NaCl replenishment routine through the redeposition of Mg(OH)2 on top of the pit 

surface (Figure 3(e)). In addition, there are some regions that are still flat and uncovered by the 

corrosion product, as in point I, indicating a preferential corrosion phenomenon due to micro-

galvanic difference. This is verified by EDS analysis where the Mg content is very high (80.8 

at.%), indicating an area of delayed degradation or could play a cathodic role.  

Understanding the corrosion resistance of a newly designed Mg alloy requires a basic 

knowledge of the dissolution reaction of pure Mg as a foundation [42, 43]. Mg is generally 

known for its accelerated degradation in aqueous media that generates H2 gas and precipitates 

magnesium hydroxide (Equation 3-6) [44,45].  

Mg Ÿ Mg2+ + 2e- (anodic partial reaction) (3) 

2H2O + 2e- Ÿ H2 + 2OH- (cathodic partial reaction) (4) 

Mg+ + 2H2O Ÿ Mg2+ + 2OH- + H2 (overall reaction) (5) 

Mg2+ + 2OH- Ÿ Mg(OH)2 (corrosion product) (6) 

This simultaneous dissolution-precipitation kinetics in Equations (3) and (6) are 

demonstrated in the Mg alloy in Figure 3(e-f), where a distinct anodic and cathodic region and 

corrosion deposit were observed due to the formation of secondary phases. As mentioned, the 

secondary phases formed in the Mg-1.0Ca-0.5Sr alloy have been verified as Mg2Ca and 

Mg17Sr2. Although most studies suggest that Mg2Ca acts as an anode, there have been several 

conflicting views on the potential nature of Mg2Ca in galvanic corrosion. Jung et al. have 

reported that Mg2Ca exhibits a cathodic property relative to the Ŭ-Mg matrix. Whereas Kim et 

al. have declared a negligible potential difference between the Ŭ-Mg matrix and Mg2Ca. 

However, in this study, the anodic nature of Mg2Ca is displayed where the Mg2Ca in GBs 

preferentially corrodes, while the neighboring Ŭ-Mg became cathodic protected via the 

formation of a thin white hydroxide layer next to the anodic GBs. During our experimental 

immersion test, simultaneous H2 evolution and the preferential accumulation of OH- bubbles at 

the cathodic sites on the Mg-1.0Ca-0.5Sr alloy surface were clearly evident in Figure 4. 

 
Figure 4. Photograph of Mg-1.0Ca-0.5Sr alloy immersed in 0.9 wt.% NaCl corrosion media, showing the 

effects of micro-galvanic corrosion where a simultaneous accumulation of OH- bubbles over the higher potential 

area (cathode) and the rapid H2 evolution due to the dissolving anode. 

Accumulation of OH- bubbles

H2 release

Degrading 

anode
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Mg17Sr2, on the other hand, exists in GBs as well as in the Ŭ-Mg matrix. There is also 

debate on the electro-potential nature of Mg17Sr2. For instance, Thekkepat et al. calculated the 

electrochemical potential of Mg, Mg17Sr2 based on the Born-Haber cycle and reported that 

Mg17Sr 2 serves as an anode due to its lower electrochemical potential (EMg = -2.37 V and 

EMg17Sr2 = -2.387 V) [46]. This finding was experimentally supported by Liu et al., where 

Mg17Sr2 has preferentially corroded, releasing Sr2+ ions into the corrosion media. However, a 

nobler nature of Mg17Sr2 over Mg was exhibited by multiple research [46, 47] in which the 

adjacent Ŭ-Mg matrix rapidly dissolved, leaving Mg17Sr2 at the GBs. However, this study 

agreed with the latter. Since Mg2Ca is the most anodic phase compared to Ŭ-Mg matrix and 

Mg17Sr2, it was preferentially corroded, leaving Mg17Sr2 as the matrix skeleton. The higher 

potential of Mg17Sr2 converts the previous cathodic Ŭ-Mg matrix into an anodic mode in which 

the corrosion propagates from the Ŭ-Mg matrix area adjacent to Mg17Sr2 to its center. However, 

the Ŭ-Mg matrix surrounded by Mg17Sr2-deficient GBs may detach from the alloy as the Mg2Ca 

corrodes intergranular, resulting in shallow craters [48, 49], as shown in Figure 3 (d). However, 

the region with a high-volume fraction of Mg17Sr2 can protect the Mg matrix from further 

degradation, where the continuous Mg17Sr2 network acts as a corrosion barrier [47, 50]. 

Meanwhile, Figure 3 (f) demonstrates a completely different corrosion morphology 

when the Mg alloy was immersed in Tris-HCL buffered saline. Uneven corrosion precipitation 

coverage was observed where a thick corrosion agglomeration with multiple cracks (Area L) 

and the volcano-like crater was present in one area, while the other area was not visibly 

protected (Area K), indicating an unstable surface activity during the immersion period. In 

addition, partial dissolution of the corrosion protection layer is evident by the collapse of the 

thin, rounded dome-like corrosion deposits. As mentioned, the increase of pH value in 

corrosion media was due to the generation of OH- from Mg dissolution. Meanwhile, Tris-HCL 

regulates the corrosion media's pH value by consuming the generated OH- ions from equation 

(4) by its bonded H+, hence suppressing the formation of Mg(OH)2 precipitates that require 

OH-
 ions (Equation 6) [22, 51]. This reaction, therefore, suggests that the addition of Tris-HCL 

in saline solution has severely degraded both CP Mg and Mg-1.0Ca-0.5Sr due to continuous 

surface activation via OH- consumption. Ironically, in MgNT, there was no evidence of bare 

surface, which might contradict the OH- consumption tendency imposed by the Tris-HCL 

buffer reagent observed in M2NT. There are three contributing factors that explain this surface 

profile, which is (i) due to the significantly fast dissolution of CP Mg, excess OH- ions are 

accumulated; therefore, despite its consumption by Tris-HCL buffer reagent, this ion is 

sufficient for Mg(OH)2 precipitation, (ii) the Tris-HCL buffer reagent was completely depleted 

towards the end of the immersion time, whereas the OH- ions were continuously produced, 

allowing Mg(OH)2 to precipitate, and (iii) Tris-HCL buffer reagent regulate pH in the bulk 

corrosion media, rather than the local pH at CP Mg interface [51].  

Although different substrate materials were studied, the XRD analysis in Figure 8 

depicts that Mg(OH)2 is the only deposit formed in both CP Mg and Mg-1.0Ca-0.5Sr alloy, 

thus, revealing that the alloying technique does not contribute to a novel corrosion shield in 0.9 

wt.% NaCl corrosion media. It is important to note that Mg(OH)2 only provides semi-protection 

property due to its higher solubility at lower pH and high susceptibility to the Cl-
 attack [52, 

53]. However, this insufficient protection by Mg(OH)2 reflects more insight into the substrate 

itself [19]. 

However, the degree of corrosion to which metals are exposed should not be determined 

solely by assessing the amount of precipitation coverage. For instance, a scarcity of passivation 
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layer coverage may signify poorer corrosion protection as well as indicate delayed degradation 

or enhanced corrosion resistance. Therefore, the post-immersion surface evaluation must be 

supported by the H2 evolution test and mass loss measurement. 

3.3 Influence of pH regulation approaches in 0.9 wt.% NaCl. 

Figure 5 (a) shows the plotted evolved H2 volume against immersion time for CP Mg 

and Mg-1.0Ca-0.5Sr alloy in saline media under three treatment conditions. The H2 evolution 

test is an excellent yet simple technique for evaluating the in vitro corrosion rate of metals in 

aqueous media. Since the dissolution of Mg is accompanied by pH variation, the H2 evolution 

test is complemented by the pH trend test (Figure 5 (b)) to reflect each metal's corrosion rate 

and behavior in different ph regulation treatments. It is generally accepted that the dissolution 

of Mg generates OH- ions that shift the system's pH to a higher basic level [54-55]. Meanwhile, 

Figure 5(c) displays the calculated degradation rate in terms of released H2 volume and mass 

loss.  

  
Figure 5. Immersion test results of CP Mg and Mg-1.0Ca-0.5Sr alloy in 0.9 wt.% NaCl corrosion media. (a) H2 

release volume per surface area in different pH regulating treatments, (b) time dependant pH variation, and (c) 

corrosion rate in terms of mass loss and evolved H2. The legends in (a) and (b) indicate the respective materials 

in corresponding treatment conditions, as summarized in Table 1. 

From Figure 5 (a), both CP Mg and Mg-1.0Ca-0.5Sr alloy follow the same evolution 

trend under all treatment conditions, where abrupt H2 release was observed in the early 

immersion phase, suggesting rapid dissolution of the anode that is striving for a dynamic 

equilibrium state [56]. Then, the H2 release slowed down before reaching a stabilized evolution 

rate. This profile may be attributed to the gradual growth of protective precipitation coverage 

across the surface.  
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In the immersion test with 24h saline renewal, the H2 evolution rate for both CP Mg 

and Mg-1.0Ca-0.5Sr alloy experienced an increased rate after the first corrosion media 

replacement (at 24h to 48h). It was found that CP Mg experienced a steeper H2 evolution curve 

under all treatment conditions but leveled off earlier than the Mg-1.0Ca-0.5Sr alloy under all 

treatment conditions. However, continuous dissolution was observed in both CP Mg and Mg-

1.0Ca-0.5Sr alloy in the renewed and buffered saline solution, in which CP Mg and  Mg-1.0Ca-

0.5Sr alloy demonstrated an up-steady-up-steady-up H2 evolution tendency and a continuously 

climb until the end of immersion time. The fluctuating and continuous H2 evolution of the Mg-

1.0Ca-0.5Sr alloy in buffered saline indicates a difficulty in reaching a maintained equilibrium 

state, while the continuous H2 evolution in MgNR may be attributed to the lowest potential of 

CP Mg and the increased Cl- ions exposure resulting from the 0.9 wt.% NaCl renewal routine.  

Among the three treatment conditions, it is apparent that adding Tris-HCL buffering 

reagents into the saline solution has escalated both CP Mg and Mg-1.0Ca-0.5Sr alloy 

dissolution rate than in the immersion with or without corrosion media renewal. On the 

contrary, the immersion test without corrosion media renewal has demonstrated the lowest H2 

evolution, signifying the lowest degradation degree experienced by both CP Mg and Mg-

1.0Ca-0.5Sr alloy, as depicted in Figure 5 (c). 

A widely agreed hypothesis on the relationship between pH value and H2 release states 

that the high pH value of the corrosion media always denotes better corrosion resistance in 

saline solution (low H2 release). This is due to the improved protective capacity provided by 

the compact Mg(OH)2 that forms at higher pH compared to the porous Mg(OH)2 precipitate 

that is produced at a lower pH level. Therefore, the lowest pH variation demonstrated by CP 

Mg and its alloy in Tris-HCL buffered saline explains their highest evolution rate in the H2 

evolution test. This hypothesis is also confirmed by the Mg-1.0Ca-0.5Sr alloy in all treatment 

conditions, where the final pH value of this alloy is higher than the corresponding pH value 

shown by CP Mg. For instance, the final M2NR's pH is higher than that of MgNR, as is the pH 

value of M2Nx and M2NT to the MgNx and MgNT, respectively.  

As mentioned, the increase of pH value in corrosion media was due to the generation 

of OH- from Mg dissolution. Meanwhile, Tris-HCL regulates the corrosion media's pH value 

by consuming the generated OH- ions (Equation (4)) by its bonded H+, hence suppressing the 

formation of precipitates that requires OH-
 ions. This reaction, thus, explains their deleterious 

corrosive attack at lower pH [22, 51, 57]. In addition, Tris is known as a strong chelating agent 

which forms weak complexes with the dissolved cations within the corrosion media, deviating 

the cations away from the Mg surface, delaying or inhibiting the precipitation of the protective 

layer [8, 58].  

However, MgNR and M2NR exhibit a lower fluctuating pH value before exceeding the 

pH value of MgNx and MgNR with pH interception at hours 312 and 240, respectively. These 

pH trends are inconsistent with the mentioned hypothesis, in which their higher pH value does 

not indicate a lower dissolution rate as compared to MgNx and M2Nx. This hypothesis 

rejection is due to; (i) the continuous supply of aggressive Cl- ion within the bulk corrosion 

media, generating more pH-raising ions (Equation (8)) and (ii) the bulk detachment of 

Mg(OH)2 due to the abrupt pH dive soon after the corrosion media renewal, exposing the 

underlying Mg. Figures 3 (b) and (e) clearly show a higher degree of corrosion attack suffered 

by CP Mg and Mg-1.0Ca-0.5Sr alloy when the 0.9 wt.% NaCl was replaced daily. As 

mentioned, Mg(OH)2 is the only corrosion precipitation produced in saline solution. From 

Figure 5 (b), the sudden drop of pH observed at hour 48 was accompanied by a drastic increase 
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in H2 evolution within the same immersion time. This trend has indicated a correlation between 

corrosion rate or H2 evolution with the pH variation where the intermittent deterioration of 

protection coverage happens after each renewal routine. According to equation (7), the 

solubility equilibrium of Mg(OH)2 was influenced by the pH value [59, 60]; 

Log [Mg2+] = 16.95 ï 2pH  (7) 

For instance, the pH of M2NR dropped from 9.223 to 7.4 during the first corrosion 

media renewal, which increased the Mg2+ solubility to thousands of fold degrees (0.0319 to 

144.2538), indicating a significant increase in Mg(OH)2 solubility that leads to the passivation 

breakdown which exposed back the Mg substrate to the mass corrosion attack. In addition, the 

daily renewal of 0.9 wt.% NaCl has cause an increase Cl- attack on Mg(OH)2, transforming the 

hydroxide layer into a highly soluble MgCl2 as in the following equation [40]:  

Mg(OH)2 + 2Cl- Ÿ MgCl2 + 2OH- (8) 

However, the pH started to increase despite of corrosion media renewal routine at hour 

72 onwards. This is due to the excessive OH- accumulation from the water reduction reaction 

as well as the pH-raising reaction from Mg(OH)2 to MgCl2 conversion (Equation 8). The 

dissolution of MgCl2 into the corrosion media has exposed the underlying Mg substrates to the 

corrosive species back again. At this rate, the secondary hydroxide precipitation increased to 

double the volume of the initial hydroxide, which has caused the intermittent constant pH 

despite the corrosion media renewal routine [59]. Consequently, the increase in Mg(OH)2 

thickness led to its dehydration at the Mg(OH)2/Mg interface due to restricted corrosion media 

absorption, thereby converting the formed Mg(OH)2 to MgO [59, 61, 62]; 

Mg(OH)2 ᵶ MgO ± H2O (9) 

This formation of MgO underneath the Mg(OH)2 layer has further blocked the 

infiltration of corrosive media to the Mg substrate, causing the pH trend to reach a quasi-

constant state at a longer immersion time [61]. However, MgNR displays a continuous pH 

climb until the end of immersion, indicating the combined effect of accelerated corrosion rate 

by CP Mg and the excessive attack of Cl- on Mg(OH)2. This is proven by the large black cavity 

observed, which indicates a mass Mg shedding due to the renewal routine [62, 63]. In addition, 

the grain refining effect provided by the Ca and Sr has led to a more compact Mg(OH)2 

precipitation, improving the corrosion resistance of the protective barrier [31, 56]. 

Despite the higher dissolution rate caused by the corrosion renewal routine compared 

to the uninterrupted treatment, the maintained Cl- concentration in saline solution mimics the 

physiological homeostasis response in which all ionic concentrations are always kept constant. 

In Figure 6, MgNR has shown less white corrosion sediment at the bottom of the test tube. In 

contrast, immersion tests without corrosion media renewal and with Tris-HCl addition have 

shown a higher amount of unregulated corrosion sediment that settled at the bottom of the test 

tube. This phenomenon does not reflect the physiological response to extraneous precipitation, 

in which the corrosion products are regulated by both macrophage uptake and urinary excretion 

[64]. Moreover, MgCl2, the product from Equation 8, was reported to be more corrosive than 

NaCl itself [65]. 
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Figure 6. Photograph of 0.9 wt.% NaCl corrosion media with varying opacity and amount of corrosion sediment 

settled at the bottom of the test tube after 14 days of immersion for respective treatments; (a) without renewal of 

the corrosion media, MgNx, (b) with corrosion media renewal, MgNR, and (c) with Tris-HCl buffer reagent 

addition, MgNT. 

As can be seen in Figure 5 (c), the trend of the corrosion rate in terms of mass loss is 

coherent with the corrosion rate calculated from the released H2 volume, despite their 

noticeable value difference. Two contributing factors to these discrepancies are: (i) the 

overestimated corrosion rate in terms of mass loss is due to severe dislodge of the corrosion 

layer along with the metal substrate during chromic acid cleaning, which has resulted in 

excessive mass reduction [56], and (ii) the water displacement resulting from the released H2 

may be underestimated due to the challenging H2 gas collecting procedure due to the trapped 

H2 gas within the dome-like structure. The corrosion rate of CP Mg and Mg-1.0Ca-0.5Sr in 0.9 

wt.% NaCl ranked in the following decreasing order: MgNT > MgNR > MgNx > M2NT > 

M2NR > M2Nx.  

3.4. Influence of 0.9 wt.% NaCl and pH regulation technique on the formation of corrosion 

protective layer. 

Any metal's magnitude of corrosion resistance lies on the nature or types of corrosion 

precipitation on its surface. The prediction of the corrosion precipitation variants and their 

order of formation during the immersion test was simulated via Hydra-Medusa software. The 

Hydra software selected all relevant ions within the corresponding corrosion media. 

Subsequently, the ionic concentrations of the respective corrosion media were set as the 

equilibrium concentration in the Medusa software, except for the Mg2+, Ca2+, and Sr2+ 

concentrations. However, the Mg2+, Ca2+, and Sr2+ concentration was calculated based on the 

final volume of the evolved H2 before being added to their initial concentrations. 

Figure 7 illustrates the Hydra-Medusa plot for CP Mg and Mg-1.0Ca-0.5Sr in 0.9 wt.% 

NaCl where the fraction of Mg2+, Ca2+ and Sr2+ were plot against pH value. It is evident that 

the only precipitate formed in 0.9 wt.% NaCl is Mg(OH)2, which was confirmed by the XRD 

analysis in Figure 8. Since H2 evolution and OH- accumulation occur simultaneously, the lower 

cumulative H2 volume released during the immersion test means that the OH- accumulation is 

also lower, indicating insufficient OH- ions and hence insufficient pH level to precipitate 

(a) (b) (c)
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Mg(OH)2. Therefore, the lower H2 release has to cause the pH to initiate the precipitation of 

Mg(OH)2 to become higher and vice versa. For example, Mg(OH)2 precipitation in M2Nx 

(cumulative H2 released = 8.74 ml/cm2)  starts at pH 9.58, while brucite precipitation in MgNx 

(cumulative H2 released = 38.18 ml/cm2) starts at pH 9.23. This, in principle, yields the 

hypothesis that the immersed materials with high pH values signify better corrosion resistance. 

In addition, the simulated results agreed well with the experimental value in Figure 5 (b), where 

the prompt pH increase of M2Nx and MgNx starts to decrease at pH 9.55 and 9.22, 

respectively, indicating that the initiation of protective layer formation has been reached. These 

results justify that the rapid H2 during the early immersion aims to reach the pH for the 

precipitation of the Mg(OH)2 layer.  

A negligible pH difference was observed to initiate the formation of Mg(OH)2 in M2Nx 

and M2NR (at hour 24), indicating better degradation control attributed to the alloying 

technique. Meanwhile, due to the fast and unstable dissolution nature of CP MG, a noticeable 

difference was seen between MgNx and MgNR in the same time frame. 

 
Figure 7. Simulated Hydra-Medusa diagram of either Mg2+, Ca2+, or Sr2+ fraction against pH value based on 

thermodynamic constant. (a,c, and e) display the simulated diagram with the predicted precipitate of CP Mg in 

saline solution under three treatment conditions. (b, d, and f) illustrate the possible precipitate resulting from 

Mg-1.0Ca-0.5Sr alloy immersion. The labeled pH values indicate the minimum pH value to initiate the 

formation of Mg(OH)2. 
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Figure 8. XRD peaks of Cp Mg and Mg-1.0Ca-0.5Sr alloy after 14 days immersion in 0.9 wt.% NaCl corrosion 

media under different pH control conditions. 

However, the Mg(OH)2 precipitation in MgNT and M2NT starts at pH 9.05 and 9.35, 

which were not reached during the experiment. These results explain that the Tris-HCL 

buffered systems have difficulty forming the protective layer, increasing the corrosion rate for 

both CP Mg and Mg-1.0Ca-0.5Sr alloy. 

It also can be seen that the dissolution of Ca2+ and Sr2+ from Mg-1.0Ca-0.5Sr alloy into 

the 0.9 wt.% NaCl corrosion media does not combine with OH- ions to form any precipitates, 

which suggests that the improved corrosion resistance provided by the alloying elements was 

attributed to the grain refinement effect and the formation of an intermetallic phase that acts as 

the sacrificial anode to Ŭ-Mg matrix. 

3.5. Corrosion mechanism of CP Mg and Mg-1.0Ca-0.5Sr alloy in 0.9 wt.% NaCl. 

The immersion test in 0.9 wt.% NaCl showed a significant effect on alloying elements. 

Therefore, a schematic representation was illustrated for each material. In Figure 9 (a-b), the 

thin layer of MgO film formed in the atmosphere soon after polishing and immediately 

transformed into a thin layer of Mg(OH)2 film upon contact with water. This thin primary layer 

of Mg(OH)2 provides insufficient protection to CP Mg substrate due to its porous and thin 

properties. Thus, an active accumulation of OH- and H2 released occurs simultaneously with 

the dissolution of the Mg substrate, increasing the local pH value, thereby allowing the 

formation of a thicker Mg(OH)2 protection layer (Figure 9 (c)). However, the aggressive Cl- 

ions can still infi ltrate this porous layer and degrade the underlying Mg substrate. The degree 

of corrosion became severe during the renewal of the corrosion media, where the solubility of 

Mg(OH)2 in water became higher at a sudden pH drop (Figure 9 (d)). In addition, the reaction 

of the Mg(OH)2 layer and Cl- ions produces the water-soluble MgCl2, which further breaks the 

corrosion protection layer. 

Interestingly, the rate of Mg(OH)2 precipitation doubled during the second exposure of 

Mg to NaCl solution (Figure 9 (e)). This phenomenon has increased the corrosion layer 

thickness and made it difficult for NaCl or water to access the underlying Mg substrate, leading 

to dehydration of Mg(OH)2 at the Mg(OH)2/Mg interface. This dehydration transforms this 
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inner layer back to MgO, which serves as the second layer protection barrier. The formation of 

MgO spreads laterally and eventually covers the whole Mg(OH)2/Mg interface (Figure 9 (f)), 

inhibiting the further dissolution of Mg substrate, thus the H2 release and OH- accumulation. 

This is where a plateau stage in H2 evolution or pH variation is normally observed. However, 

the MgO barrier will transform back to Mg(OH)2 and be destroyed during the excessive partial 

dissolution of the front Mg(OH)2, especially when involving corrosion media renewal.  

 
Figure 9. Schematic illustration of CP Mg corrosion mechanism in 0.9 wt.% NaCl corrosion media. 

Meanwhile, Mg-1.0Ca-0.5Sr alloy exhibits a different corrosion mechanism due to its 

altered morphology through the alloying technique. The GBs in Figure 10 (a) showed two color 

gradients where the yellow area indicates the anodic Mg17Sr2 phase while the black area 

signifies the anodic Mg2Ca phase. At the initial immersion time, Mg2Ca  preferentially corrodes 

due to its lower potential value compared to the adjacent Ŭ-Mg matrix. It gives off electrons to 

corrosion media and dissolves into Mg2+ cations. The accumulation of OH- occurs at the 

cathodic Ŭ-Mg site, increasing the local pH and, thus, activating the formation of Mg(OH)2 

over its surface by the combination of the adsorbed Mg+ and OH- ions. However, due to the 

anodic nature of Mg17Sr2 to the Ŭ-Mg, there is no dissolution of the corresponding GBs, but it 

micro-galvanically accelerates the corrosion of the adjacent Ŭ-Mg. In Figure 10 (b), the 

formation of Mg(OH)2 is detrimentally attacked by the Cl- ions in the NaCl solution, which 

leads to a mass dissolution of Ŭ-Mg. Although the renewal routine further induces a severe 

corrosion reaction, the dissolution of Ŭ-Mg was stopped by the continuous network of Mg17Sr2, 

which is cathodically protected (Figure 10 (c-d)). A similar corrosion-inhibiting MgO 

transformation occurs after the accelerated and thickened Mg(OH)2 precipitation. 
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(d) (e) (f)
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Figure 10. Corrosion mechanism of Mg-1.0Ca-0.5Sr alloy in 0.9 wt.% NaCl. The GBs was illustrated in two 

colors to imitate the lamellar structure in their GBs, with the yellow color indicating the Mg17Sr2 phase, while 

the black color suggests the distribution of Mg2Ca within the GBs. 

4. Conclusions 

The effects of pH regulating techniques on CP Mg and Mg-1.0Ca-0.5Sr alloy were 

investigated, and the following results were concluded: 

The incorporation of Sr and Ca into the Mg-1.0Ca-0.5Sr alloy has shown a remarkable 

increase in corrosion resistance due to the compact and homogenous precipitation layer. 

Mg2Ca acts as a sacrificial anode, protecting or retarding the dissolution of the Ŭ-Mg, 

while the Mg17Sr2 cathode accelerates the Ŭ-Mg dissolution in the early immersion stage, but 

inhibits intergranular corrosion propagation by forming a continuous barrier network in the 

GBs. 

The Mg(OH)2 layer is the only corrosion deposit formed on the Mg-1.0Ca-0.5Sr alloy, 

suggesting that the dissolution of Mg2Ca into Ca2+ ions near the surface does not bind with the 

accumulated OH- ions. Therefore the alloying technique does not contribute to the increased 

corrosion resistance through the precipitation of novel anti-corrosion layers but through its 

grain-refining effect. 

Despite the lack of inorganic and organic species with 0.9 wt.% NaCl solution, the 

utilization of the matched osmolality 0.9 wt.% NaCl is required when evaluating the intrinsic 

properties of the materials, such as the effects of alloying elements, surface treatments, and 

heat treatment, since the corrosion performance is not overestimated by the higher corrosion 

capacity of corrosion deposits precipitated by ionic species of the much complex corrosion 
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