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Abstract 
 

This work aims to synthesize Mg-0.5Ca-4Zn alloy foams using a CaCO3 foaming agent and a powder 
metallurgy (PM) process. Mg-0.5Ca-4Zn-xCaCO3 (x=8, 10 wt.%) alloy precursors were prepared by 
mixing Mg, Ca, and Zn metal powders with CaCO3 granules, compacting, and then sintering at various 
temperatures (i.e., 650, 675, and 700 °C) for 5 hours in an argon atmosphere. The pore morphology was 
observed by scanning electron microscopy (SEM), and the phase formation was analyzed using X-ray 
diffractometry (XRD). The density and porosity were evaluated using an Archimedes test (ASTM B311-93). 
The compressive strength was examined using a universal testing machine (UTM) with a constant crosshead 
speed of 1.3 mm/min (ASTM D695-02). SEM observation reveals the formation of pores with a closed-cell 
type structure in all alloy compositions. Increasing either the CaCO3 content or sintering temperature 
results in an increase in porosity and pore sizes but a decrease in compressive strength. The maximum 
porosity of 43.208% was obtained in the alloy foam with 10 wt.% CaCO3 sintered at 700 °C; the foam 
exhibits a compressive strength of 52.9 MPa, close to cancellous bone.  
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1. Introduction 

Magnesium is a potential candidate as a material 
for biodegradable orthopedic implants since its 
mechanical properties are very similar to those of human 
bone, and Mg itself is one of the essential elements in the 
human body (Salleh et al., 2016; Lietaert et al., 2013). 
The density (ρ) and elastic modulus (E) of Mg are 1.738 
g/cm3 and 45 GPa, respectively, which are closely 
comparable to those of human bone (i.e., ρbone = 1.8–2.1 
g/cm3 and Ebone = 40-57 GPa) (Peron et al., 2017). 
However, magnesium has poor forming ability, limited 
ductility at room temperature, and low corrosion 
resistance. Therefore, appropriate alloying elements are 
critical to improve the properties (Doležal et al., 2016; 
Sahinoja, 2013; Ding et al., 2014). Zn is one of the most 
potential alloying elements for improving the mechanical 
properties and corrosion resistance of Mg alloys. 
However, the Zn content as the alloying element should 
not exceed 5 wt.%; otherwise, the corrosion properties 
deteriorate (Cai et al., 2012). Similarly, Ca is a crucial 

element in human bones and contributes to improving the 
corrosion resistance and mechanical properties of Mg 
alloys (Lu, 2014). Ca may enhance oxidation resistance 
by forming protective oxide layers and increase hardness 
and creep resistance by forming a Mg2Ca intermetallic 
compound (Hussein & Northwood, 2014; Harandi et al., 
2013). With this regard, Mg-Ca-Zn alloys have been 
thoroughly investigated as one of the materials potential 
for biomedical applications (Hofstetter et al., 2014; Lu, 
2014; Doležal et al., 2016; Tu et al., 2019; Dargusch et 
al., 2022). 

A metal or alloy foam is attractive for implant 
applications because its porous structure resembles human 
bone, and the foaming process is controllable to produce a 
porous material with excellent biocompatibility (Osorio-
Hernández et al., 2014). Porous implants are classified into 
two types: closed pores and open pores. On the outside of 
the bone are closed pores like dense bone (cortical bone). 
The open pores resemble the inner bone (cancellous bone) 
whose pores are connected (Osorio-Hernández et al., 
2014). The foaming process can be performed by utilizing 
the decomposition reaction of a foaming agent in molten 
metal or alloy. TiH2 has been used widely as a foaming 
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agent to synthesize Al alloy foams (Gonzales et al., 2013; 
Lestari et al., 2020). However, the TiH2 releases H2 gas, 
which is hazardous and flammable, during the 
decomposition; hence, it is unsuitable for foam Mg alloys 
with high activity at high temperatures. On the other hand, 
CaCO3 is an attractive foaming agent because it is 
inexpensive and less hazardous. At high temperatures, 
CaCO3 decomposes by releasing CO gas, which can 
generate pores in Mg alloys (Kennedy, 2012; Erryani et al., 
2015). 

A foaming process can be performed by mixing 
and stirring foaming agents directly in a metal/alloy melt. 
This method, however, is costly since it requires quite a 
high temperature (i.e., above the melting point of the 
metal/alloy) and relatively complex equipment to 
accommodate the foaming process. In addition, the 
homogeneity and alloy composition are also challenging 
to control. A more simple and budget-friendly powder 
metallurgy (PM) process can be used as an alternative to 
synthesizing Mg alloy foams. In the PM process, the 
foaming agent (CaCO3) is distributed properly within a 
Mg alloy precursor and then heated to release gas during 
the decomposition at an elevated temperature. 

Works on the Mg-Ca-Zn alloy foams are still 
limitedly reported. Previous works investigated Mg-Ca-
Zn porous alloys with different alloy compositions and/or 
foaming agents (Erryani et al., 2015; Lestari et al., 2020). 
However, the alloy composition and process are still 
necessary to optimize. Ca content needs to be suppressed 
since it is difficult to handle and easily oxidized, 
especially in the form of fine particles. Zn should also be 
limited because an excessive Zn content degrades the 
corrosion properties. 

This work, therefore, aims to synthesize Mg-Ca-
Zn alloy foams with closed-pore structure by employing 
a simple PM technique. A newly developed Mg-0.5Ca-
4Zn alloy and inexpensive CaCO3 as the foaming agent 

are used for this purpose. The effects of CaCO3 content 
and sintering temperature on the pore characteristics and 
mechanical properties are investigated and discussed. 

 
2. Materials and Method 

Materials used in this work were the commercial 
powders of Mg (Merck, 98.5 % purity, particle size (D) = 
0,06-0,3 m), Ca granules (Merck, 98 % purity), Zn 
(Merck, 99 % purity, D < 45 m), and with CaCO3 fine 
granules (Merck, 98.96% purity, D < 30 m) as the 
foaming agent. Those materials were mixed to compose 
alloys with a nominal composition of Mg-0.5Ca-4Zn-
xCaCO3 (x=8, 10 wt.%). 

The Mg, Ca, Zn, and CaCO3 powders were 
initially blended using a shaker mill at room temperature 
for 30 min. Cylindrical green compacts (10 mm in 
diameter and 10 mm in thickness) were then prepared by 
uniaxially compacting the powder mixtures at room 
temperature. The pressure was applied in two steps: 100 
MPa for 2 minutes and 200 MPa for 3 minutes. The green 
compacts (precursors) were subsequentially sintered in a 
tubular furnace with an argon atmosphere at 650, 675, and 
700 ºC for 5 hours (Erryani et al., 2015; Lestari et al., 
2020). The sintering temperatures (Tsinter) were 
determined based on the differential 
thermal/thermogravimetric analyses (DTA/TGA) 
performed for the CaCO3 powder and Mg-Ca-Zn-CaCO3 
(hereon, it is denoted as MgAlloy-CaCO3) powder 
mixture using LINSEIS STA (simultaneous thermal 
analyzer) Platinum Series. 

The microstructure and pore morphology of the 
sintered samples were observed by a JEOL JSM-6390A 
scanning electron microscope (SEM) equipped with an 
energy dispersive spectrometer (EDS). An X-ray 
diffractometer (XRD) with Cu-K radiation was used to 
analyze the phase formation in the samples. 

  
(a) (b) 

Figure 1. DTA/TGA curves of the (a) CaCO3 powder and (b) MgAlloy-CaCO3 precursor. 
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An Archimedes test evaluated the sample’s 
density and porosity according to ASTM B311-93. The 
sample density was calculated using Equation (1). 

�� =
��

�����
× ���� (1) 

 
where ρb = the theoretical density (gr/cm3), m1 = sample 
dry weight (gram), m2 = sample weight in water (gram), 
m3 = wet sample weight (gram), and ρwater = water density 
(gr/cm3). 
The porosity was then calculated using Equation (2). 

� = 1
��

��
× 100% (2) 

where µ = porosity, ρb = wet density (gr / cm3), ρt = dry 
density (gr / cm3). 

The compressive test was carried out at room 
temperature by using a universal testing machine (UTM) 
Shimadzu AGS-10 KN with a constant crosshead speed 
of 1.3 mm/min. (ASTM D695-02). 

 
3. Results and Discussion 
3.1 Thermal Analysis 

Fig. 1(a) and (b) show DTA/TGA curves of 
CaCO3 powder and MgAlloy-CaCO3 powder mixture, 
respectively. An exothermic reaction accompanied by a 
weight change is seen clearly, starting and ending at 
approximately 680 ºC and 800 ºC, respectively, for the 
CaCO3 powder (Fig. 1(a)). This reaction corresponds to 
the decomposition of CaCO3 into CO2 and CaO (Fedunik-
Hofman et al., 2019). 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. SEM micrographs of Mg-0.5Ca-4Zn-xCaCO3 of various sintering temperatures (Tsinter, °C) and CaCO3 
contents (x, wt.%): (a) T=650/x=8, (b) T=650/x=10, (c) T=675/x=8, (d) T=675/x=10, (e) T=700/x=8, and (f) 
T=700/x=10.  
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In the MgAlloy-CaCO3 powder mixture, 
decomposition occurs at a lower temperature range than 
in the CaCO3 (Fig. 1(b)). The decomposition of MgAlloy-
CaCO3 starts at 540 ºC and ends at 710 ºC. 

The foaming process of MgAlloy-CaCO3 follows 
the reaction 3 (Lu et al., 2013). 

 
Mg(s)+CaCO3(s)→ MgO(s) + CaO(s) + CO↑  (3) 

 
Based on the DTA/TGA analysis, the sintering for 

MgAlloy-CaCO3 compacted samples was carried out at 
650, 675, and 700 ºC, which are within the decomposition 
temperature range. 
3.2 Pore Structure and Morphology 

Figure 2 shows SEM micrographs of the sintered 
Mg-0.5Zn-4Ca-xCaCO3 alloys. The sample 
microstructure consists of a primary α-Mg matrix with a 
secondary phase distributed along the grain boundary. 
The samples sintered at 650 ºC exhibit pores at the grain 
boundary, particularly in the sample with 10 wt.% CaCO3 
(Figure 2(b)); however, the pores are hardly observed in 
the sample with 8 wt.% foaming agent (Fig. 2(a)). The 

pore characteristic indicates a typical closed-pore 
structure with nearly equiaxed morphology, particularly 
in the x=10 sample. Sintering at higher temperatures (i.e., 
675 ºC and 700 ºC), however, increases pore size and 
changes in pore morphology. Moreover, the pore 
morphology becomes irregular and distorted from an 
equiaxed shape. At Tsinter = 700 ºC, elongated pore cells 
and some buckled cell walls are observed in the x=8 
sample (Figure 2(e)). Broken cell walls and non-equiaxed 
cells are even revealed in the x=10 one (Figure 2(f)), 
indicating that some pore-cells expanded and merged 
with their neighbors.  

Pores are formed by the decomposition of foaming 
agents during the sintering process. Varying sintering 
temperatures and the content of foaming agents results in 
different types of pore morphology. (Yusop et al., 2012). 
In this regard, increasing the CaCO3 content or sintering 
temperature causes the intensification of CaCO3 
decomposition and, hence, results in pore expansion and 
coalescence, as shown the Figures 2(e) and (f). The pore 
structure formed in the present alloy foams is a closed-
pore type since a complete interconnection among the 
pores is hardly observed. The results indicate that the 
powder metallurgy process (i.e., powder mixing, 
compacting, and sintering) is possible for the pore 
formation in the alloy samples. 
3.3 Structure and Phase Identification 

Table 1 shows the relative composition among the 
elements of the sintered Mg-0.5Ca-4Zn-xCaCO3 alloys 
analyzed by EDS. It is seen that Mg, Ca, and Zn are 
dominant, while the C and O contents are relatively low 
in the alloys sintered at 650 ºC compared to those of 
higher temperatures (675 ºC and 700 ºC). This indicates 
that the decomposition of CaCO3 has not or only partially 

occurred at Tsinter =650 ºC. 

Table 1. Relative element-composition identified by EDS 
in the Mg-0.5Ca-4Zn-xCaCO3 (x=8, 10 wt.%) alloys 
sintered at various temperatures 

Ele
ment 

Tsinter=650 ºC Tsinter=675 ºC Tsinter=700 ºC 
x=8 x=10 x=8 x=10 x=8 x=10 

Mg 71.93 49.99 10.18 5.35 41.56 10.65 
Ca 5.88 6.08 5.36 1.38 4.02 0.65 
Zn 8.99 18.34 5.54 2.83 5.70 0.75 
C 3.18 10.75 39.73 46.54 26.64 46.14 
O 10.01 14.84 39.19 43.90 22.08 41.81 

 

 

  
(a) (b) 

Figure 3. XRD patterns of Mg-0.5Ca-4Zn-xCaCO3 alloy foams produced from various sintering temperatures for (a) 
x=8 and (b) x=10 (wt.%). 
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The dominant content of Mg, Ca, and Zn in these 
alloys also suggests the formation of the Mg-Ca and/or 
Mg-Zn intermetallic phase(s). In fact, some Mg-Ca and 
Mg-Zn intermetallic compounds were reported to form in 
the grain boundary of Mg-Zn-Ca alloys with high Zn 
content (Annur et al., 2016). On the other hand, C and O 
contents are much higher than the other elements in the 
alloys sintered at 675 ºC and 700 ºC, indicating the 
intensification of CaCO3 decomposition. This result 
agrees well with the pore structure evolution detected by 
SEM, shown in Figure 2. 

The XRD patterns of the alloys after the sintering 
show the formation of MgO and Mg2Ca phases in 
addition to the primary Mg as the dominant component 
(Figure 3). MgO phase formed due to the decomposition 
of MgAlloy-CaCO3, as shown in the reaction (3). 
Meanwhile, the formation of Mg2Ca phase occurred 
because the Ca addition reached the critical amount for 
this phase formation in a Mg-Ca-Zn alloy. The Mg2Ca 
phase formed in the Mg-Ca alloys with Ca > 0.5 wt.% 
(Rad et al., 2012; Zeng et al., 2015). The formation of 
Mg2Ca phase takes place mainly at the grain boundary 
(Schaublin et al., 2022). However, there was no Mg2Ca 
phase at 675 ºC. This is because CaCO3 was not 
completely dissolved during the sintering process. Thus, 
the Mg2Ca phase does not develop. 
3.4 Mechanical Properties 

Table 2 and Figure 4 show the density, porosity, 
and compressive strength of Mg-0.5Ca-4Zn-xCaCO3 

alloy foams synthesized at various sintering temperatures. 
The sample density decreases with the increase of CaCO3 
content or Tsinter. This is certainly because of the increase 
in porosity in the alloy foams with a higher CaCO3 
content or fabricated from a higher sintering temperature 
due to the intensification of CaCO3 decomposition.  

The pore formation during a sintering process 
depends on the amount of foaming agent and sintering 
temperature. The greater amount of foaming agents, the 
higher possibility of pore formation. The higher the 

sintering temperature, the more pores may develop 
(Seyedraoufi & Mirdamadi, 2013). Furthermore, the 
higher sintering temperature, the greater the 
decomposition rate of CO gas within Mg-Ca-Zn alloys. 
Thus, increases the pore’s size and numbers and leads to 
more homogenous pore distribution (Yang et al., 2017). 

From the DTA/TGA result, the decomposition 
temperature of CaCO3 in Mg alloy is 540–710 ºC, in 
which the CO gas is released from the reaction of Mg 
alloy with CaCO3 (Figure 1 and Equation 3). The 
formation of CO gas leads to the production of pores. The 
pores start to develop in the sample with 10 wt.% CaCO3 
sintered at 650 ºC. They expand and begin to coalesce as 
the content of the CaCO3 foaming agent and sintering 
temperature increase. In the present alloys, however, the 
pore evolution did not lead to a full interconnection 
among the pores, even for the highest amount of foaming 
agent (x=10) and sintering temperature (700 ºC). As a 
result, alloy foams with a closed-cell structure were 
produced. The maximum porosity of 43.208 % is 
obtained in the alloy with 10 wt.% CaCO3 sintered at 700 
ºC. 

The compressive strength is strongly affected by 
the sample’s porosity. As seen in Table 2 and Figure 4, 
the increase in porosity leads to decreased compressive 
strength. The strength decreases from 111.2 MPa (in x=8, 
Tsinter=650 ºC) to 52.9 MPa (in x=10, Tsinter=700 ºC) 
inversely to the porosity, which increases from 21.097 to 
43.208 %. The compressive strength of 52.9 MPa 
exhibited by the present alloy foam is close to that of 
cancellous bone, which is between 1.5 – 45 MPa (Carter 
& Hayes, 1977; Ginebra, 2019). The result suggests that 
the alloy foams are potentially applied as orthopedic 
implant materials. However, the optimization of 
fabrication parameters to produce more homogenous and 

Table 2. Density, porosity, and compressive strength of 
Mg-0.5Ca-4Zn-xCaCO3 (x=8, 10 wt.%) alloy foams. 

x (wt.%) - 
Tsinter (°C) 

Density 
(gr/cc) 

Porosity 
(%) 

Compressive 
Strength 
(MPa) 

8 - 650 1.493 21.097 111.2 

10 - 650 1.489 23.729 105.8 

8 - 675 1.458 25.313 88.0 

10 - 675 1.437 27.484 86.7 

8 - 700 1.301 33.336 58.2 

10 - 700 1.142 43.208 52.9 

 
Figure 4. Mechanical properties of Mg-0.5Ca-4Zn-x 
CaCO3 (x=8, 10 wt.%) alloy foams produced from 
various sintering temperatures. 
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controllable pores, as well as the examination of 
biocompatibility aspects, is critical. 
4. Conclusion 

Magnesium alloy foams have been successfully 
fabricated in the Mg-0.5Ca-4Zn-xCaCO3 (x=8, 10 wt.%) 
alloys by a PM process. The foaming process is enabled 
by the decomposition of CaCO3 foaming agent during 
alloy sintering in which CO gas is released. The pore 
morphology showed a closed-pore type structure as 
observed by SEM. Close pore is identical to cortical bone 
where the pores are not connected to each other. The 
CaCO3 content and Tsinter strongly affect the evolution of 
the pore structure and, hence, the alloy foams' density, 
porosity, and mechanical properties. The sample with x=8 
wt.%/Tsinter=650 °C exhibits porosity and compressive 
strength of 21.097 % and 111.2 MPa, respectively. The 
properties dramatically change to 43.208 % (porosity) 
and 52.9 MPa (compressive strength) for the sample with 
x=10 wt.%/Tsinter=700 °C. The latter exhibits a 
compressive strength that is close to that of cortical bone 
(1.5–45 MPa). Mg-0.5Ca-4Zn-xCaCO3 with Tsinter=700 
ºC has a compressive strength closest to the cortical bone 
with 59.2 MPa. The results show the possibility of 
utilizing the PM method and CaCO3 foaming agent to 
produce Mg-Ca-Zn alloy foams prospective for implant 
materials. However, further investigations concerning the 
optimization of fabrication parameters and the 
biocompatibility examination are necessary. 
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