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Abstract 

In this study, the effect of heat treatment on the corrosion properties of Mg-Zn-RE-xCa alloy (x = 0, 2.5) was 

investigated. These alloys were produced using an argon atmosphere casting process and then subjected to 

vacuum conditions at 400 C for 6 hours under solid solution treatment and quenching in water. The microstructure 

and fuzzy analysis of heat treatment alloys using optical microscope (OM), X-ray diffraction (XRD), scanning 

electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) were investigated. Immersion, 

polarization, impedance, and pH changes test were performed to study alloy corrosion behavior. The results 

showed that in heat treated samples, the values of secondary phases IM1 (Ca3MgxZn15-x) (4.6 ≤ x ≤ 12) and 

Mg2Ca increased with increasing calcium content. However, the amount of these phases is reduced by dissolution 

and quenching in water. The corrosion density of alloy is reduced by adding 2.5% calcium from 488.4 to 315 μA / 

cm
2
, which decreases to 126.5 μA / cm

2 
after 6 hours of heat treatment, indicating improved corrosion resistance 

of the alloy after heat treatment. 

Keywords: Magnesium - Solution Thermal Operations - Biodegradability - Polarization

1. Introduction 

Substances of natural and artificial origin that are 

used to improve, treat, heal or replace tissue in 

living organisms are called biomaterials. 

Biomaterials are divided into four types: metal, 

polymer, ceramic and composite, among which 

metallic biomaterials have been used more due to 

their high strength, toughness, flexibility and 

availability. Metallic biomaterials must be non-

degradable and biodegradable in this context 

include stainless steels, titanium and its alloys, 

cobalt-chromium alloys, magnesium alloys, etc. 

Biomaterials must have appropriate physical, 

corrosion, mechanical and biological properties. 

On the other hand, the formability and being cost-

effective and availability are very important 

factors for selecting biomaterials [1]. In this 

regard, the first biodegradable and absorbable 

implants were polymers, including polyglycolic 

acid, polylactic acid, and polydioxanone [2-4]. 

However, the use of polymeric materials for load-

bearing applications is severely limited due to 

their low strength [5]. Recently, magnesium and 

its alloys have received much attention due to 

their similar mechanical properties to bone, 

including the density of 31.74 g / cm
3
 and the 45 

gigapascal Yang modulus, which causes a sharp 

reduction in the stress shielding phenomenon [6, 

7]. Magnesium density is 1.6 and 4.5 times lower 

than that of aluminum and steel, respectively. 

Magnesium and its alloys, as biodegradable 
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implants, do not require secondary surgery to be 

removed from the body compared to traditional 

implants such as stainless steel, titanium alloys, 

etc. [6, 8, 9]. Moreover, according to the 

literature, an adult consumes between 300 and 400 

mg of magnesium daily, so too much magnesium 

is not harmful to the body and is excreted from the 

urine [11, 12]. However, poor corrosion resistance 

of magnesium, which leads to rapid loss of 

mechanical strength in the physiological 

environment of the body, has limited its use. The 

two main reasons for its corrosion are as follows. 

On the one hand, magnesium alloys are very 

active metals and their thin surface oxide layer 

cannot protect from the substrate well, and on the 

other hand, having suitable composition and 

uniform structures has great effect on the 

occurrence of galvanic corrosion of magnesium. 

Therefore, the microstructure of magnesium alloy 

plays an important role in its corrosion 

mechanism. So, the effects of microstructure and 

composite in the corrosion behavior of 

magnesium alloys have been extensively 

investigated [1]. 

Alloying and heat treatment are among the 

solutions to increase the corrosion resistance of 

magnesium alloys [13]. Heat treatment can alter 

the microstructure and distribution of metal 

elements, which has a significant effect on the 

corrosion behavior of the alloy. One of the most 

important magnesium alloys used in biomaterials 

are Mg-Zn and Mg-Ca systems. 

In this connection, Zinc is one of the essential 

elements of the body and can strengthen the 

mechanical strength and rapid formation of Mg-

Zn sediments through precipitation hardening, 

which increases the strength and corrosion 

resistance of magnesium-based alloys. 

In this view, Calcium is also a major component 

of bone, and adding a small amount of calcium to 

the Mg-Zn alloy improves mechanical properties, 

and the release of calcium particles can improve 

bonding and bone formation. In addition, to some 

extent, due to the formation of stable intermetallic 

compounds, it causes the grain to become fine and 

strengthens the grain boundary [13, 14]. 

It is worth noting that, other common elements 

used for alloying and adding to magnesium base 

alloys include aluminum, manganese, copper, 

yttrium, zirconium, and rare earth elements that 

improve the physical and mechanical properties of 

magnesium alloys. Alloying elements must be 

carefully selected to maintain the biocompatibility 

of magnesium and not cause toxicity [15]. 

Among the magnesium based alloys, magnesium-

zinc-calcium alloy has also attracted special 

attention in research and industry. In recent years, 

this alloy has been considered as a new candidate 

for biodegradable implants for biomedical 

applications. These interests in magnesium-zinc-

calcium alloys are due to the beneficial role of 

zinc and calcium in improving mechanical 

properties as well as their lower cost compared to 

other alloying elements in magnesium-based 

systems [16]. Studies on Mg – 0.5Ca – xZn alloys 

(x = 0–9 wt%) have shown that the atomic ratio of 

calcium/zinc determines that Mg2Ca or 

Ca2Mg6Zn3 or both are formed in the 

microstructure. Mg2Ca and Ca2Mg6Zn3 are two 

important intermetallic compounds that are 

formed in three-component alloys of Mg-Zn-Ca, 

and depending on the chemical composition of the 

alloy, one or both of them can be formed during 

the freezing process. The presence of these two 

intermetallic phases makes alloy hardening [17]. 

It has been well established that the addition rare 

elements (RE) such as cerium is an effective way 

to improve the mechanical properties of 

magnesium alloys in high temperature. Growing 

of the stable phase of Mg12Ce has been observed 

at the grain boundary during creep and this phase 

seems to reduce the amount of deformation 

caused by the grain boundary slip. In addition, 

rare earth elements generally have a positive 

effect on corrosion resistance of magnesium 
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alloys. Rare earth (RE) metals are elements of the 

seventeenth group with similar properties, but 

when they are added to the magnesium, there is a 

significant difference between them. Highly 

popular Misch metals that are added to 

magnesium include a combination of cerium with 

lanthanum, neodymium. In Mg-Ce alloys rich 

magnesium, two phases were consistent with the 

formulas Mg12Ce and Mg17Ce. Alloying elements 

of RE used to solve magnesium problems are 

mainly rare elements with high solubility in 

magnesium. The designed alloys are close to a 

single-phase solid solution. Recent results have 

shown that the addition of rare earth elements is a 

very promising way to improve the ductility and 

corrosion of magnesium alloys. In addition, the 

addition of rare earth elements in magnesium 

alloys increases the stability of the passive film on 

the surface, which will be useful for improving 

corrosion resistance. Improving corrosion 

resistance for Mg-RE alloys may be related to the 

following: Firstly, adding rare earth elements can 

purify the magnesium matrix during casting and 

remove some harmful elements such as iron. 

Secondly, the stability of the passive film can be 

improved by adding rare earth elements. Thirdly, 

solid single-phase solution without impurity will 

be very useful for reducing galvanic corrosion 

[18, 19]. 

Thus, the aim of this study was to investigate the 

simultaneous effect of RE elements with Zn and 

Ca alloying elements (variable) as well as the 

effect of solution heat treatment and alloy element 

on the mechanical, corrosion and biological 

properties of magnesium based alloy. 

2. Materials and Method 

Granules and ingots of Mg-32Ca and Mg-2.2Zn-

3.7RE were used to prepare the alloy studied in 

this study, respectively. RE elements in this alloy 

ingot included wt 70% cerium, wt 25% lanthanum 

and wt 5% neodymium. 

To obtain magnesium alloys with different 

amounts of calcium (0 and 2.5 wt%), 

measurements were made according to Equations 

2-1 and 2-2. 

 

(1-2) 

 (2-2) 

The weighted materials were melted in a high-

frequency induction furnace using a steel mold 

under argon shielding gas to reduce the reaction of 

magnesium with air. The melting temperature was 

maintained for 30 minutes at 760ºC to ensure 

complete and uniform melting of the alloys. After 

the melting and alloying processes, the molten 

metal was combined with various amounts of 

calcium (0 and 2.5%) in a preheated mold at 

400ºC to produce ingots. 

Subsequently, Heat treatment was performed at 

400ºC for 6 hours in an ATRA vacuum furnace. 

In order to observe the microstructure of the 

samples and compare them in terms of the amount 

or distribution of the eutectic phase, the samples 

were first polished with 800-4000 sandpapers and 

being snitched free surface. They were then 

polished by POLISEC-C25 polishing machine 

manufactured by PRESI at a speed of 450 rpm for 

1 min with Al2O3 solution. 

The microstructural characteristics were 

determined by Optical Microscope (OM), X-ray 

diffraction (XRD), Fourier Transform-Infrared 

Spectroscopy (FTIR), Scanning Electron 

Microscope (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS). 

Electrochemical, pH variations, and immersion 

test in simulated body fluid (SBF) were performed 

to investigate the corrosion behavior of the 

sample. 
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A standard three-electrode cell was used to test 

the potentiodynamic polarization. The saturated 

calomel electrode (SCE) and graphite electrodes 

were used as reference electrodes and auxiliary 

electrodes, respectively. The test was performed 

on Ringer's solution at 37ºC. The PARSTAT2273 

device was used to perform the test. The samples 

were placed in a special cell containing 50 ml of 

Ringer's solution. The impedance spectrum was 

measured at a frequency of 1 Hz to 100 kHz, and 

the samples were analyzed using Zview software. 

In order to ensure the accuracy of the results, 3 

measurements were performed for each sample 

and polarization and impedance curves were 

obtained. 

The immersion and pH variations tests were 

performed according to NACE TM0169/G31-12a 

standard at 37ºC. The samples were immersed in a 

Ringer solution with the pH=7.4 and placed in an 

incubator. Due to the high corrosion rate of 

magnesium alloys, a 24-hour time interval was 

selected to measure the pH, and the pH was 

measured every 24 hours. The immersed samples 

were washed with distilled water and dried at 

room temperature. X-ray diffraction (XRD and 

Fourier Transform-Infrared Spectroscopy (FTIR) 

were used to analyze corrosion products. 

Scanning electron microscope was also used to 

assess the surface properties of the samples eaten. 

3. Results and Discussion 

3.1.  Microstructural characterization 

Figure (1) shows the microstructure of Mg-Zn-

RE-xCa alloys (x = 0, 2.5%) before and after heat 

treatment. The microstructure of all alloys 

includes α–Mg matrix and eutectic phases. 

Figure (A-B -1) shows the microstructure of the 

alloys before heat treatment. As can be seen, by 

adding 2.5% calcium to the alloy, dark phases 

appear in the microstructure. The microstructure 

of the alloy containing 2.5% calcium indicates a 

smaller grain size, which indicates the effect of 

calcium on retinning the grain size. This 

phenomenon can be attributed to the formation of 

secondary phase and eutectic compounds. Witte & 

et al. [20] reported that calcium acts as a factor in 

reducing grain size and is known as the borderline 

reinforcing phase. 

Figure (C-D -1) shows the microstructure of heat 

treatment alloys at a temperature of 400ºC and a 

time interval of 6 hours. As can be seen, similar to 

the microstructure of alloys before heat treatment, 

it remains almost unchanged and includes α-mg 

matrix and eutectic phases, which the dark spots 

on the microstructure also increase by adding 

2.5% calcium. After 6 hours of heat treatment, 

very little tendency to dissolve eutectic 

compounds and grain growth is observed, which 

can be justified according to the fuzzy diagram 

(Figure 2) [21]. According to the diagram, after 

dissolving at 400ºC for Mg-Zn-RE alloy, the 

presence of magnesium HCP structure and 

Mg12RE, IM1
1
 and CeMgZn2 phases is confirmed. 

As calcium levels increase, in addition to the 

presence of magnesium HCP structure and 

Mg12RE and IM1 phases, Mg2Ca phase is also 

observed. However, as shown in Figure (D-1), 

some of the eutectic phases are dissolved and a 

more uniform structure is observed than before 

the heat treatment. Zhang et al. [22] also reported 

that the microstructure of Mg-Zn-Ca alloys 

containing rare earth elements remains almost 

unchanged after heat treatment of the solution, 

and the dissolution of eutectic compounds is very 

limited. On the other hand, the presence of cerium 

and lanthanum elements in Mg-Zn-Ca alloy due to 

the presence of Mg12RE phase leads to improved 

thermal stability of the alloy [23]. 

The microstructure and distribution of the 

secondary phase of Mg-Zn-RE-xCa (x = 0, 2.5) 

alloys can be clearly seen before the heat 

treatment with SEM images (Figure 3). 

                                                 
1
 (Ca3MgxZn15-x) (4.6 ≤ x ≤ 12)  
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Figure 1: Mg-Zn-RE-xCa (x = 0, 2.5) alloy microstructure 

before heat treatment; (A) 0% calcium, (b) 2.5% calcium, 

after heat treatment; (C) 0% calcium, (d) 2.5% calcium 

 
Figure 2: phase diagram of Mg-Zn-RE-xCa quaternary 

system [21] 

 

 

 
Figure 3: Mg-Zn-RE-xCa (x = 0, 2.5) alloy SEM images 

before heat treatment; (A) 0% calcium, (c) 2.5% calcium, 

EDS; (B) Zone 1, (d) Zone 2, (e) Zone 3 and (f) Zone 4 
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Figure (3-a) includes two dark and light areas, the 

bright areas are related to Mg12RE phase and the 

dark areas are related to α-Mg phase. In addition, 

there is some CeMgZn2 phase in the α-Mg matrix, 

which can be verified by fuzzy diagram (Figure 1) 

and EDS analysis (Figure 3, area 1-2). Adding 

calcium to the alloy leads to the formation of 

intermetallic phases. The IM1 and Mg12RE phases 

are stable compounds that are present alongside 

magnesium. When 2.5% calcium is added to the 

alloy, a layered structure is observed. Figure (3b) 

shows the presence of Mg2Ca, Mg12RE and α-Mg 

layered phases, and EDS analysis (Figure 3, area 

4-5) also confirms the presence of these phases. 

Research by Levy et al. [24] shows that the Mg-

1.6Ca-3.2Zn microstructure consists of a separate 

α-Mg matrix which is separated by the Mg2Ca and 

Ca2Mg6Zn3 eutectic phases. 

Figure (4) shows the microstructure and 

distribution of the secondary phase of Mg-Zn-RE-

xCa (x = 0, 2.5) alloys after heat treatment. 

According to the results of optical microscope 

images, SEM images also show that eutectic 

phases have not been completely dissolved, but 

the coherence and uniformity of these phases were 

not absent. In Figure (4-a), similar to cast alloy, 

the microstructure of heat-treated alloys also 

includes two dark and light areas, the dark area is 

related to α-Mg phase and the light area is related 

to Mg12RE phase. Moreover, the CeMgZn2 phase, 

which was present in the cast alloy, was dissolved 

in large quantities in the magnesium matrix of the 

heat-treated alloy. The intermetallic phases of 

Mg2Ca and IM1 formed by the addition of 

calcium to the alloy have been greatly reduced 

after the heat treatment of the solution compared 

to the cast alloys, and the resulting layered 

structures have been reduced. As shown in Figure 

(4-b), the dissolution of eutectic phases and their 

uniformity reduction in alloys containing 2.5% 

calcium is more than in alloys without calcium. It 

was also obvious that some parts of the eutectic 

phases have also disappeared. 

 

 
Figure 4: Mg-Zn-RE-xCa (x = 0, 2.5) alloy SEM images 

after heat treatment; (A) 0% calcium, (c) 2.5% calcium 

3.2.  Phase analysis 

Figure (5) shows the X-ray diffraction analysis of 

Mg-Zn-RE-xCa alloy (x = 0, 2.5) before and after 

heat treatment. Figure (a) shows the XRD pattern 

of the Mg-Zn-RE alloy before heat treatment, in 

which there is an intensity of peaks of the α-Mg 

and Mg12RE phases. According to the XRD 

patterns, the Mg-Zn-RE-xCa alloy has the highest 

peak intensity available for all samples in the α-

Mg and Mg12RE phases, and is eliminated by 

adding calcium to the CeMgZn2 phase alloy. By 

adding 2.5% calcium to the alloy before heat 

treatment, the peaks of the Mg2Ca phase appear 

(Figure 3-4 b). In addition to the α-Mg, Mg2Ca 

and Mg12RE peaks, there are other additional 

peaks for this alloy, some of which are related to 

the IM1 interphase phase. IM1 consists of 

(Ca3MgxZn15-x) (4.6 ≤ x ≤ 12) at 335ºC with 

hexagonal structure. John et al. [25] reported that 
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the Mg2Ca phase can be easily observed in 

calcium-containing alloys. 

Figure (5 c-d) is the analysis of XRD after heat 

treatment, which is very little different from the 

casting sample. According to the results of XRD 

alloys before heat treatment, the intensity of peaks 

of diffusion of phase’s α-Mega and Mg12RE is 

quite evident for the sample without calcium 

(Figure 5-c). For samples containing 2.5% 

calcium after heat treatment (Figure 5-d), a 

decrease in peak intensity of Mg2Ca and IM1 

peaks and sometimes an increase in peak intensity 

of α-mg and Mg12RE phases is observed. 

According to previous results, heat treatment has 

not completely eliminated the Mg2Ca and IM1 

phases, but has reduced their intensity peak. 

 
Figure 5: X-ray diffraction analysis of Mg-Zn-RE-xCa (x = 

0, 2.5) alloy before heat treatment; (a) 0% calcium, (b) 2.5% 

calcium, after heat treatment; (c) 0% calcium, (d) 2.5% 

calcium 

3.3. Corrosion behavior of Mg-Zn-RE-xCa  

Electrochemical corrosion tests were performed 

using polarization and impedance tests in Ringer's 

solution to evaluate and compare the 

biodegradability behavior of Mg-Zn-RE-xCa (x = 

0, 2.5 wt%) alloy before and after heat treatment. 

The results show that the corrosion potential 

(Ecorr) of Mg-Zn-RE alloy is about -1841 mVSCE, 

which has the highest negative value compared to 

alloys containing calcium. This phenomenon 

shows that the cathode reaction in quaternary 

alloys is more difficult than in ternary alloys. By 

adding 2.5% calcium, the corrosion potential 

changes to -1775 mVSCE, which is more positive 

than the Mg-Zn-RE alloy. 

As can be seen, heat treatment has a significant 

effect on the polarization curve and increases the 

corrosion potential, which indicates the 

improvement of corrosion properties of alloys 

after heat treatment. The results show that after 

heat treatment, the highest negative value of 

corrosion potential is related to the Mg-Zn-RE 

ternary alloy (-1573 mVSCE) and confirms that 

the cathodic reaction in quaternary alloys is more 

difficult than in ternary alloys. The results after 

the heat treatment are in accordance with the 

results of the alloys before the heat treatment and 

the best corrosion potential is related to the 

calcium-containing sample after the heat 

treatment. Table 3-1 shows the corrosion potential 

(Ecorr) and the corrosion current density (icorr) of 

the samples before and after the heat treatment. 

As can be seen, the highest corrosion potential 

belongs to the sample containing 2.5% calcium 

after heat treatment. 

 
Figure 6: The polarization curve of the Mg-Zn-RE-xCa (x = 

0, 2.5) alloy before and after heat treatment 

Figure (7) shows the surface morphology and 

EDS analysis of Mg-Zn-RE-xCa (x = 0, 2.5) alloy 

before heat treatment after 168 hours of 

immersion in the Ringer solution. Figure (7-a) 

shows large cracks and cavities in the inner layer 

and precipitate in the outer part. When 2.5% 
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calcium is added to the ternary alloy, the original 

geometric shape is preserved and fewer cracks are 

present on the surface (Figure 7-b). Parts of the 

surface were also covered with white particles of 

brucite Mg(OH)2 solution, which were identified 

by EDS analysis. These corrosion products act as 

a protective layer to protect the surface against 

corrosive solutions and increase corrosion 

resistance [26]. 

Table 1: Electrochemical parameters of Mg-Zn-RE-xCa (x = 

0, 2.5) alloy before and after heat treatment 

 
 

sample 

Corrosion 

potential 

Ecorr(mV) 

Corrosion 

current 

density 

icorr(μA/cm
2
) 

Corrosion 

rate 

(mmpy) 

Before 

heat 

treatment 

Mg-

Zn-RE 
-1841 488.4 8.17 

Mg-

Zn-

RE-

2.5Ca 

-1755 316 5.28 

After  

heat 

treatment 

Mg-

Zn-RE 
-1573 194.8 3.25 

Mg-

Zn-

RE-

2.5Ca 

-1532,6 127 2.12 

The white particles are in the form of needle 

shape apatite similar to the human bone collagen 

matrix (Figure 7-c). Surface needle-shaped 

morphology, which has had more contact with 

SBF solution, causes more apatite to form on the 

surface for bone repair [27]. EDS analysis of 

needle morphology also indicates the formation of 

HA with the presence of magnesium, phosphorus, 

oxygen and carbon. Due to the richness of the 

surface of RE, it was difficult to detect calcium 

(Figure 7-d). The presence of oxygen in the 

protective layer is due to hydrocarbons and 

Mg(OH)2. The presence of carbon can also be 

attributed to the hydrocarbons obtained from the 

environment [28]. 

 

 

 

 

 
Figure 7: The SEM images of Mg-Zn-RE-xCa (x = 0, 2.5) 

alloy before heat treatment and after 168 hours of 

immersion; (a) 0% calcium, (b) 2.5% calcium, (c) area X, 

EDX 
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EDS analysis (Figure 7-c) of the corrosion layer 

showed that the corrosion product was composed 

of magnesium, oxygen, rare earth elements 

(cerium, lanthanum, neodymium), as well as some 

phosphorus, zinc, and calcium. The atomic ratio 

of oxygen to magnesium (O/Mg) is 2.22, which 

indicates the formation of Mg(OH)2. However, the 

outer layer is composed of carbon, oxygen, 

magnesium, calcium, and phosphorus, indicating 

the presence of hydroxyapatite (Fig 7-e). 

Figure (8) shows the surface morphology and 

EDS analysis of Mg-Zn-RE-xCa (x = 0, 2.5) alloy 

after heat treatment after 168 hours of immersion 

in the SBF. As can be seen, after the heat 

treatment of the solution, the amount and size of 

cracks and cavities decreased. According to the 

results of the polarization test (Figure 8), the 

highest corrosion is related to the Mg-Zn-RE 

ternary alloy. By adding 2.5% calcium, the 

corrosion resistance increases, and comparison of 

it with the sample that did not has thermal 

operations shows that after the heat treatment, the 

corrosion resistance has increased significantly. 

On the other hand, the amount corrosion product 

containing HA formed on the surface of heat-

treated alloys is higher than the alloys before heat 

treatment. 

Figure (9) shows the XRD pattern of Mg-Zn-RE-

xCa (x = 0, 2.5 wt%) alloy corrosion products 

before and after heat treatment, after 168 hours of 

immersion in Ringer solution. The XRD pattern 

represents the presence of Mg(OH)2 along with 

Mg and HA. As you can see, adding calcium to 

the alloy also increases the intensity of the 

Mg(OH)2 peak. 

As can be seen after the heat treatment, the 

corrosion products are similar to the samples 

before the heat treatment, but the difference is in 

the amounts of these products. Heat treatment has 

led to a reduction in the intensity of Mg(OH)2 

peaks, resulting in improved corrosion resistance. 

Peaks related to HA have not changed 

significantly, and as a result, heat treatment has 

not significantly improved the biological 

properties. 

 

 
Figure 8: The SEM images of Mg-Zn-RE-xCa (x = 0, 2.5 

wt%) alloy after heat treatment and 168 hours of immersion; 

(a) 0% calcium, (b) 2.5% calcium 

The specific peak in the range of 2θ in the range 

of 20-80 degrees indicates the formation of 

hydroxyapatite [28]. It was also observed that the 

addition of calcium leads to further formation of 

HA phases, which indicates the formation of more 

corrosion products on the surface of the sample. 

Mg(OH)2 porosity, which is formed in the early 

stages of the corrosion process, acts as a 

protective layer for the deposition of calcium and 

phosphorus. However, the presence of Cl-ions in 

Ringer solution contributes to the degradation of 

Mg(OH)2, resulting in more cavities on the 

surface [29].  

FTIR spectra of Mg-Zn-RE-xCa (x = 0, 2.5) alloy 

products before and after heat treatment, after 168 

hours of immersion in SBF solution are shown in 
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Figure 10. Obviously, the corrosion products 

formed on the surface of the alloys before and 

after the heat treatment are similar, but their 

values are different. The strong and sharp peak at 

3704 cm
-1

, is related to O-H traction which 

confirms that the formation of Mg(OH)2 has a 

corrosion product layer [30]. 

 
Figure 9: XRD analysis of Mg-Zn-RE-xCa (x = 0, 2.5) alloy 

after 168 hours of immersion; before heat treatment; (A) 0% 

calcium, (b) 2.5% calcium, after heat treatment; (C) 0% 

calcium, (d) 2.5% calcium 

The large adsorption band from 3664 to 3215 cm
-1

 

and also the adsorption in 3448 cm
-1

 are attributed 

to the vibration of water molecules. The 

phosphate group (PO4
-3

) was determined as about 

1047 to 1170 cm
-1

 for V3 mode and 560 cm
-1

 for 

V2 mode. This type of phosphate is more similar 

to biological apatite and can be a good alternative 

to bone [31]. Weak bands in 2934 cm
-1

 can also 

be attributed to phosphate groups. 

A band in 889 cm
-1

 is dedicated to the V2 

vibration mode of carbonate groups that are 

compatible with the spectrum of apatite 

compounds. The results of FTIR and XRD after 

immersion indicate the formation of large 

amounts of corrosion products consisting of 

magnesium hydroxide and hydroxyapatite on the 

alloy surface. 

 Heat treatment reduces the peak intensity of 

Mg(OH)2, which is consistent with the results of 

XRD. It can also be observed that the absorption 

of Mg(OH)2 spectra in the Mg-Zn-RE-2.5Ca heat-

treated alloy is lower, which leads to less cracks 

than other alloys (Figure 8). Decrease in Mg(OH)2 

peak indicates an improvement in corrosion 

resistance that is consistent with other results. 

 
Figure 10: The FTIR of Mg-Zn-RE-xCa (x = 0, 2.5) alloy 

after 168 hours of immersion; before heat treatment; (A) 0% 

calcium, (b) 2.5% calcium, after heat treatment; (C) 0% 

calcium, (d) 2.5% calcium 

Figure 11 shows the difference in pH values of 

Mg-Zn-RE-xCa (x = 0, 2.5) alloy before and after 

heat treatment after 168 hours of immersion in 

Ringer solution. Zhang and Young (2009) stated 

that increasing the pH leads to hemolysis by about 

66%, which is not suitable for cell growth and 

proliferation. Therefore, the pH values of the 

solutions should be controlled during the 

immersion test. 

The results show that the pH of the solution for all 

samples in the first stage of immersion increased 

significantly with increasing duration. The initial 

increase in pH is due to the accumulation of OH-

ions in the form of Mg(OH)2 at the surface of the 

samples [17]. High pH levels and the presence of 

HCO
3-

, HPO4
2-

, Mg
2+

 and Ca
2+

 can lead to 

increased HA deposition on the surface of Mg-Zn-

RE-xCa alloys [32]. 

However, as the immersion time increases, the pH 

values stabilize. The highest pH is for calcium-

free alloys. By adding 2.5% calcium, the pH of 
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the Mg-Zn-RE alloy decreases. The high 

corrosion rate of Mg-Zn-RE alloy, which is 

related to its high pH, is also confirmed by the 

polarization curve (Figure 6). High pH accelerates 

the deposition of magnesium phosphate and 

carbonate and also stabilizes magnesium 

hydroxide [33]. 

 The heat treatment of the alloy reduced the pH of 

the samples during immersion. Similar to heat 

treated alloys, the rate of increase in pH in the 

first stage of immersion is high and decreases with 

increasing time. The results of electrochemical 

and immersion tests showed that Mg-Zn-RE-

2.5Ca alloy has the highest corrosion resistance 

after heat treatment of the solution, which is also 

consistent with the pH test results. 

 

 
Figure 11: Mg-Zn-RE-xCa alloy pH change chart (x = 0, 

2.5) after 168 hours of immersion; Before heat treatment; 

(A) 0% calcium, (b) 2.5% calcium, after heat treatment; (C) 

0% calcium, (d) 2.5% calcium 

4. Conclusion 

The aim of this study was to improve the 

corrosion and degradability properties of Mg-Zn-

RE-xCa (x = 0, 2.5) alloy by heat treatment. 

Based on the results of the experiments, it can be 

concluded that: 

1- By adding calcium to Mg-Zn-RE alloy, due to 

the formation of secondary phases, grain size and 

α-mg field are reduced, which heat treatment 

leads to increase in grain size. 

2- The microstructure of Mg-Zn-RE-xCa (x = 0, 

2.5) alloy before heat treatment includes α-Mg, 

Mg12RE eutectic and Mg29Zn25RE phase 

formation, which by adding 2.5% calcium to the 

Mg-Zn-RE alloy, a structure is composed of IM1 

(Ca3MgxZn15-x) phases (4.6≤x≤12) and Mg2Ca. 

Moreover, the microstructure of the alloys after 

heat treatment includes α-Mg and Mg12RE 

phases in low amount and the formation of 

Mg29Zn25RE disappeared in the structure after 

calcium addition. 

3- The formation of secondary phases has a 

significant effect on the corrosion rate of Mg-Zn-

RE-xCa (x = 0, 2.5) alloy. Adding 2.5% calcium 

increased corrosion resistance. Heat treatment led 

to a slight decrease in the secondary phases, 

followed by an increase in the corrosion resistance 

of the alloy. 
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