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ABSTRACT

Magnesium-Carbonate Apatite (Mg-xCA) is one of the potential magnesium composites to be developed as an 
alternative biodegradable implant material. Several attempts were made to optimize its characteristics. In this study, 
Mg-xCA (x = 0, 5, 10, and 15% wt) was prepared by powder metallurgy through warm compaction (WC) and further 
densified by 2 sintering process methods, namely conventional sintering (CS) and spark plasma sintering (SPS). The 
characterization included density test, XRD test, microstructure test (OM and SEM-EDS-Mapping), microhardness 
test, and electrochemical test. The SPS process improves the characteristics of Mg-xCA better than the CS process. The 
SPS process can increase the relative density by about 0.7-2.4%, increase the hardness by about 2-13%, and reduce the 
corrosion rate by about 32-49% compared to the initial condition before sintering (WC). The SPS structure has a lower 
oxygen elemental content than the CS structure. The sintered process with SPS is considered effective for the fabrication 
of Mg-xCA powder-based composites compared to the CS process.
Keywords: Characterization; conventional sintering; magnesium-carbonate apatite; spark plasma sintering 

ABSTRAK

Magnesium-Karbonat Apatit (Mg-xCA) adalah salah satu komposit magnesium yang berpotensi untuk dikembangkan 
sebagai bahan implan biodegradasi alternatif. Beberapa usaha dilakukan untuk mengoptimumkan ciri-cirinya. 
Dalam kajian ini, Mg-xCA (x = 0, 5, 10, dan 15% wt) disiapkan oleh metalurgi serbuk melalui pemadatan suam (WC) 
dan selanjutnya diperkecilkan dengan 2 kaedah proses pensinteran, iaitu pensinteran konvensional (CS) dan percikan 
plasma pensinteran (SPS). Pencirian tersebut merangkumi ujian kepadatan, ujian XRD, ujian struktur mikro (OM dan 
SEM-EDS-Pemetaan), ujian kekerasan mikro dan ujian elektrokimia. Proses SPS meningkatkan ciri Mg-xCA lebih baik 
daripada proses CS. Proses SPS dapat meningkatkan ketumpatan relatif sekitar 0.7-2.4%, meningkatkan kekerasan 
sekitar 2-13% dan mengurangkan kadar kakisan sekitar 32-49% dibandingkan dengan keadaan awal sebelum 
pensinteran (WC). Struktur SPS mempunyai kandungan unsur oksigen yang lebih rendah daripada struktur CS. Proses 
pensinteran dengan SPS dianggap berkesan untuk pembuatan komposit berasaskan serbuk Mg-xCA berbanding dengan 
proses CS.
Kata kunci: Magnesium-karbonat apatit; pencirian; pensinteran konvensional; pensinteran plasma percikan
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INTRODUCTION

Magnesium is one of the most widely used elements 
as the basis for developing biodegradable bone 
implant material. Its superior nature: lightweight, 
biocompatible, has a bone-like elastic modulus, and has 
a high toxicity limit in the body (Godavitarne et al. 2017; 
Gu & Zheng 2010; Haghshenas 2017; Kuśnierczyk et al. 
2017; Siska Wiwanto et al. 2018; Supriadi et al. 2018) 
make it as a first choice. However, to be applied it needs 
improvement efforts particularly related to mechanical 
properties and degradation rates. One of the efforts being 
developed to increase the capability of magnesium is 
by forming a new structure, namely the magnesium 
composite (Zheng et al. 2014). 

Potential reinforcement types used include 
bioceramics based on calcium phosphate, such as 
hydroxyapatite (HA) which has been previously studied 
in Mg-HA composite fabrication. Several previous studies 
on the Mg-HA sintering process reported that the lowest 
corrosion rate (CR) was 2.09 mm/y or corrosion current 
density (Icorr) 1.0E-04 Acm-2 in SBF  at Mg-10HA as a 
result of the combination of powder metallurgy (PM) and 
microwave sintering (MS) (Xiong et al. 2016), CR of 5.44 
mm/y in 3.5% NaCl solution at lamellar Mg-10HA as a 
result of PM and SPS (Sunil et al. 2014).  Meanwhile, in 
the study of the sintering process (CS and SPS) of Mg-
10HA, it was reported that there was a decrease in the 
release of Mg ions by the SPS process compared to CS. 
The release of Mg ions was 85% (CS) and 45% (SPS) 
after 28 days of immersion in Simulated Body Fluid 
(SBF) (Mohammad et al. 2020). Another studies with 
the fabrication process through a combination of PM 
and extrusion were also reported that the lowest CR or 
Icorr was 1.27 mm/y or 6.002E-05 Acm-2 in SBF at Mg-
10HA (Gu et al. 2010), 1.25 mm/y in artificial sea water 
at AZ91D-20HA (Witte et al. 2007) and about 15 mm/y 
after immersion for 96 h in Phosphate Buffered Saline 
(PBS) solution at Mg-5CA (Campo et al. 2014). 

Carbonate Apatite (CO3Ap; Ca10-a(PO4)6-b(CO3)
c(OH)2-d) is a bioceramic type based on calcium 
phosphate, such as hydroxyapatite (HA). CA has the 
same properties as HA: biocompatibility, bioactivity, and 
bioresorption (Ahmad Jabir et al. 2019; Godavitarne et 
al. 2017; Kuśnierczyk et al. 2017; Radha & Sreekanth 
2017; Youness et al. 2017), however, CA is considered 
to have more potential for bone healing, particularly CA 
(type B), because it is more easily absorbed than HA 
(Ayukawa et al. 2015; Ishikawa 2019) and promotes bone 
formation (osteoconductivity). Previous researcher’s 
studies show the absorption of CA and the formation 

of new bone tissue without the fibrotic tissue formation 
as in HA  (Ayukawa et al. 2015; Hirokazu et al. 2015; 
Masayuki et al. 2017). 

In CA (type B) some of the PO4
-3 clusters in HA are 

replaced by carbonates (CO3
-2) (Ahmad Jabir et al. 2019; 

Atmaja Surbakti et al. 2017; Kuśnierczyk et al. 2017; 
Landi et al. 2003; Linhart et al. 2000; Madupalli et al. 
2017). However, according to Doi et al. (1995), starting 
at 50 °C, CO3

-2 decomposes into CO2 gas and tends to 
increase at 450-650 °C. 

Further densification process of the Mg-based 
composi te  becomes an  impor tant  par t  of  the 
development stage. Densification can be done through 
a sintering process (Annur 2017; Iwan Setyadi et al. 
2020; Xiong et al. 2016) or with a plastic deformation 
mechanism (Del Campo et al. 2017, 2014; Supriadi et 
al. 2018; Witte et al. 2007). The sintering process can be 
carried out by 2 methods, namely conventional sintering 
(CS) processes, such as sintering with vacuum tube 
furnace (Annur et al. 2017; Iwan Setyadi et al. 2020) 
and unconventional sintered processes such as spark 
plasma sintering (SPS) (Khodaei et al. 2020; Liu et al. 
2019) and microwave sintering (Xiong et al. 2016). The 
SPS process has more potential for the Mg composite 
densification process than MS. The SPS process has 
advantages. The SPS process utilizes a concentrated 
and uniform microplasma discharge between particles 
(plasma heating), the diffusion process (Joule heating) 
takes place in a short time (5-20 minutes), atmospheric 
conditions (vacuum) are regulated by the system so that 
the process is very clean, and at the same time a plastic 
deformation process takes place under uniaxial pressure 
(NN n.d.).

The results of previous studies show significant 
improvements in compressive strength and corrosion 
resistance on Mg-10% wt. HA composites resulting 
from SPS compared to CS results (Khodaei et al. 2020). 
A short SPS time reduces interactions and reactions that 
occur in HA and Mg particles so that the characteristics 
are significantly improved compared to CS.

However, the Mg densification process with 
sintering is conducted at high temperatures (450-550 °C) 
(Jaiswal et al. 2018; Khodaei et al. 2020; Xiong et al. 
2016). This is a concern during the Mg-xCA densification 
process. Besides that, magnesium is a reactive element. 
Mg is flammable and its flashpoint temperature is 473 °C.
This research is part of a research series on the 
development of  Mg-xCA composites for biodegradable 
implant materials. In the early stages, the initial 
compaction of  Mg-xCA with warm compacting was 
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developed and the initial development of the  Mg-xCA 
miniplate (Iwan Setyadi et al. 2020a, 2020b). The 
next development stage is an effort to optimize the 
characteristics of  Mg-xCA through further densification, 
one of which is the sintering process.

This study aims to improve the characteristics of 
Magnesium-Carbonate Apatite (Mg-xCA) for orthopedic 
implant  material  applicat ions through further 
densification by sintering. Meanwhile, the objective of the 
study was to observe and determine the characteristics 
of  Mg-xCA sintered by the CS process (using a vacuum 
tube furnace) and the SPS process. The objectives of 
the study were also to observe the effect of adding and 
increasing the CA content of sintered Mg-xCA. The 
observations included density, XRD, microstructure 
(OM, SEM-EDS-Mapping), microhardness (Hv), and 
biocorrosion test results.

MATERIALS AND METHODS

MATERIALS

The raw materials were commercial Mg powder (Merck 
KGaA, size 60-300 μm, purity: ≥99.9%) and local CA 
powder (size of ±74 μm). Mg & CA powders were 
mixed with a planetary ball mill (PM400-Retsch) 
for 5 hours at 200 RPM.  Mg-xCA was made with 4 
compositions, each x = 0, 5, 10 and 15% wt CA. CA 
composition referred to the composition of previous 
studies of Mg-xHA (Del Campo et al. 2014) and Mg-
xCA (Ahmad Jabir et al. 2021; Iwan Setyadi et al. 2020) 
where generally the optimal results obtained were in 
the composition range of 0-15% wt. Optimal results 
refer to the lowest degradation rate, namely at Mg-5HA. 
Corrosion testing was carried out by immersing the 
sample in Phosphate Buffered Saline (BPS) solution (Del 
Campo et al. 2014).

CONVENTIONAL SINTERED PROCESSES

In the initial stage, the densification of  Mg-xCA 
composite powder was conducted by a warm compaction 
(WC) process. The powder was put into a mold cavity (10 
mm diameter) then heated in a muffle furnace to 330 °C 
(heating rate 10 °C/min) and pressed at 350 MPa with a 
punch (Iwan Setyadi et al. 2020). 

Further densification with the CS process was 
conducted in a vacuum tube furnace (OTF 1200X, MTI 
Corporation) under vacuum (P = -0.1 MPa) and an O2 
content ≤ 150 ppm. O2 content was controlled by oxygen 
analysis (type EQ-W1000-LD, MTI Corporation). Heating 
was carried out to 200 °C (held for 10 minutes), then 

heated again to 450 °C (held for 1 hour). The heating 
rate was 5 °C/min. 

SPARK PLASMA SINTERING (SPS) PROCESS

Mg-xCA powder was inserted into the graphite mold 
cavity (diameter 20 mm, height 11 mm). The mold was 
put into the SPS (DR. Sinter) heating chamber. Initial 
chamber vacuum pressure of -4.4Pa. The heating was 
done up to 350 °C (heating rate 50 °C/min) then raised 
again to 400 °C (sintered temperature) and held for 15 
min. Punch pressure 12.5 kN. 

DENSITY TESTING

Density testing was done with a density meter (DH-
300X). The test used Archimedes law and was carried 
out at 27 °C. The reported result was relative density 
(experimental density divided by theoretical density). 
The relative density calculation refers to the density of 
pure Mg and CA, where the respective values are 1.73 g/
cm3 for pure Mg [10] and 3.24 g/cm3 for CA (Center for 
Material Technology (BPPT) 2017).

MICROSTRUCTURE OBSERVATIONS

Microstructure observations were conducted using an 
optical microscope (Meiji Techno). Observations were 
made on the cross-section of the rod. Sample preparation 
began with a grinding process using a grid of # 400 - 
# 2000 sandpaper. 1 µm alumina paste was used for 
polishing. The etching material used was 1.5 g of the 
picric acid solution, 25 mL of ethanol, 5 mL of acetic acid 
and 10 mL of distilled water (Del Campo et al. 2014). 

To check the structure in more detail and analysis 
of its elements, scanning electron microscopy (SEM) 
testing, energy dispersive X-ray spectroscopy (EDS), and 
mapping were conducted using Phenom (magnification 
160 - 350,000x) and Inspect F50 (magnification 14 – 
1,000,000x).

XRD analysis (Rigaku-MiniFlex 600) diffractometer 
with CuKα radiation and a scan rate of 10 degrees/
min was used for phase identification. XRD analysis used 
High Score Plus software. 

MICROHARDNESS TESTING

Hardness testing was carried out on Mg-xCA samples 
for each fabrication process using the microindentation 
hardness method (ASTM E384-17 standard) ((ASTM 
E384-17) 2017). The microhardness test was conducted 
using the Hv microhardness test (Struers-DuraScan) at 
5 measurement points in each sample.  For Mg-based 
metal, the load used is 9.807 N (HV1).
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BIOCORROSION OR DEGRADATION TESTING

The degradation (corrosion) tests were carried out using 
the potentiodynamics polarization method based on 
ASTM-G5-94 ((G5-94) 2014)  and calculations referring 
to ASTM-G102-89 ((G102-89) 2015; Kingston Technical 
Software, n.d.). Corrosion rate testing was conducted by 
using an electrochemical station (Zahner Zennium X). 
There were 3 electrode cells which included a saturated 
calomel electrode as a reference electrode, platinum as 
a counter electrode, and sample as a working electrode. 
The testing process was conducted at 37 °C, pH 7.4 in 
SBF solution (Kokubo et al. 1990). The SBF composition 

(capacity of 1 L) was NaCl (7.996 g), NaHCO3 (0.350 
g), KCl (0.224 g), K2HPO4.3H2O (0.228 g), MgCl2.6H2O 
(0.305 g), 1M-HCl (40 mL), then about 90% of the 
total amount of HCl was added CaCl2 (0.278 g), Na2SO4 
(0.071g) and (CH2OH) 3CNH2 (6,057 g).

RESULTS AND DISCUSSION

RELATIVE DENSITY

The results of the Mg-xCA density test after being 
sintered respectively by CS and SPS are shown in Table 1. 

TABLE 1.  Relative density (ρexp/ρtheo (%)) Mg-xCA after being sintered with CS and SPS respectively. Mg-xCA before 
sintering (WC) is used as a comparison

Materials
WC CS SPS

ρexp (g/cm3) ρexp /ρtheo (%) ρexp (g/cm3) ρexp /ρtheo (%) ρexp (g/cm3) ρexp /ρtheo (%)

Mg-0CA 1.71 98.51 1.72 98.96 1.72 99.24

Mg-5CA 1.73 97.64 1.74 97.70 1.76 99.00

Mg-10CA 1.74 95.60 1.74 95.70 1.77 97.70

Mg-15CA 1.75 94.16 1.74 93.89 1.79 96.43

In Table 1 it can be seen that the relative density 
(ρexp/ρtheo) of Mg-xCA sintered with SPS has increased 
0.7 - 2.4% compared to the conditions before sintering 
(WC). The highest relative density value is at Mg-0CA 
(SPS) 99.24% and the lowest is at Mg-15CA (SPS) 
96.3%. Meanwhile, not all CS results increased and some 
decreased, ranging from -0.3 – 0.5%. The lowest relative 
density of Mg-xCA (CS) is 93.89% at Mg-15CA.

The addition of CA in the Mg composite tends to 
reduce relative density. The more CA content, there is 
an indication of the formation of agglomeration and 
tends to decrease the relative density. This happens in 
both the CS process and the SPS process. However, the 
decrease in the relative density of the SPS process is less 
than the relative density of the CS process, particularly 
in the larger CA content (15% wt. CA). The phenomenon 
of a decrease in relative density due to the addition of 
reinforcement was also reported in the fabrication of 
Mg-HA with a content of 0, 5, 10 and 15% using the 
microwave sintering process  of 99.4%, 98.1%, 96.5% 
and 93.4%, respectively (Xiong et al. 2016), as well as 
with other processes such as extrusion  were 96.4%, 96.0 
and 94%, respectively (Del Campo et al. 2014).

The relative density of the Mg-xCA SPS result is 
better than that of CS, due to the advantages of SPS 
technology. The temperature of the sinter is lower, which 
is 400 °C. Heating utilizes a micro-electric charge (can 
reach thousands of degrees C) which is focused and 
evenly distributed on the surface between the particles, 
so the temperature rises very rapidly and increases the 
diffusion between the particles. The heating process is 
short-lived (sinter time of 15 minutes) thus minimizing 
the decomposition of CA into CO2 gas (Doi et al. 
1995). The uniaxial pressure occurs simultaneously so 
that the density increases (NN n.d.). In addition, the 
chamber condition (oxidation and vacuum levels) is 
also maintained and controlled automatically by the 
system. The temperature also drops rapidly thereby 
minimizing heat propagation and grain growth. 

Meanwhile, the conventional sintering process 
(CS) is carried out at a higher temperature (450 °C) and 
a long time (sintering 60 minutes) in a vacuum tube 
furnace. This high temperature and long time causes a 
decrease in the level of vacuum and the cleanliness of 
the tube space, thus opening the possibility of forming 
MgO and decarbonization of CO3

-2 in CA into CO2 gas 
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as reported by Doi et al. (1995); Ishikawa (2019); Iwan 
Setyadi et al. (2020), particularly at temperatures of 450-
650 °C. CO2 gas can be trapped between Mg particles to 
form microporosity. This is the cause of a greater decrease 
in relative density at higher CA content, particularly 
Mg-15CA.

XRD RESULTS

The results of the Mg-xCA (CS and SPS) XRD test are 
shown in Figure 1. The MgO peak from the burned Mg 
is displayed as a comparison. 

FIGURE 1. The XRD test results of Mg-xCA after being sintered with CS and 
SPS. The MgO peak from the burned Mg is displayed as a comparison

Referring to the XRD results (Figure 1), there are no 
other phases such as Mg-O in Mg-xCA (CS) or Mg-xCA 
(CS). No peak coincides with the example of the peak of 
burned Mg-xCA (CS) sample, particularly at 2ϴ = 36.9, 
42.84, 62.14, and 74.58°. Peak Mg looks dominant, 
particularly at 2ϴ = 32.1; 34.3; 36.5; 47.7; 57.3; 63; 68.5; 
69.9; 72; 77.7 and 81.5°. The sintering type only changes 
the Mg peak intensity particularly at 2ϴ = 32.1; 34.3; 
36.5°, while the appearance of peak CA is very small.

Further observations are conducted to determine 
the presence of elements or phases such as Mg, MgO, 
and CO2 by high score plus software. The greater the CA 
content tends to increase the presence of these phases. 
The type of sintering process (CS and SPS) also influences 
the presence of these phases. In the SPS process, the 
appearance of CO2 and MgO can be minimized, but not 
so in the CS process. The superiority of the SPS process 

has also been reported on Mg-HA fabrication by previous 
researchers (Khodaei et al. 2020).

At XRD peak list of Mg-15CA (CS) (Figure 2) can be 
seen that CO2 peaks (96-900-7890) are high, particularly 
at 2ϴ = 32.3; 63.3; 63.4, 72.6, 77.9° (indicated by the 
dashed line). These peaks also coincide with Mg peak (96-
901-2435). In addition, on XRD result of Mg-15CA (CS) 
also is found the presence of MgO peaks (96-901-3243). 

MICROSTRUCTURE OBSERVATIONS
OPTICAL MICROSCOPE/OM OBSERVATION

Figure 3 (Optical Microscope/OM observation) shows 
the shape and grain size of the Mg-xCA sample from CS 
and SPS results as well as before CS (as WC) almost the 
same. Its grain size is in the range 60-300 µm such as the 
initial size of Mg powder. 
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The greater the CA content, the higher the oxygen 
element content. The oxygen content on the overall area 
of the Mg-xCA (CS) ranges from 9.1-20.1% wt (Figures 
4 & 5). While the oxygen element content of Mg-xCA 
(SPS) ranges from 3.5-4.8% wt. The lowest value is Mg-
15CA (SPS) at 3.5% wt. oxygen. 

The oxygen content of Mg-xCA (CS) is much higher 
than that of Mg-xCA (SPS). Its difference ranges from 
1.3-4.7 times, respectively, in the composition x = 0, 5, 
10 and 15% wt CA. The increasing content of the oxygen 
element in Mg-xCA CS results compared to the SPS results 
is supporting evidence that there has been decarbonization 

FIGURE 2. Mg-15CA (CS) XRD spectrum and its peak list relating to the elements 
or phases of Mg, MgO, and CO2

 

 

CA is spread over grain boundaries. The addition 
of CA and the increase in its content cause the grain 
boundaries of Mg-xCA to be wider than the grain 

FIGURE 3. The  microstructure (OM) of Mg-xCA after being sintered with CS and SPS. Mg-
xCA  (before CS or as warm compaction results) microstructure is used as a comparison

boundaries of pure Mg rods. The dark region indicates 
the presence of CA. There is indicated CA agglomeration 
with an increase in CA content, especially in Mg-15CA.

SEM-EDS-MAPPING OBSERVATION

Figure 4 (SEM-EDS-Mapping results) shows a clear 
difference in oxygen element content on the overall 
grain boundry of Mg-xCA (CS and SPS results). Oxygen 
content is indicated by color, which is blue (for CS) and 
green (for SPS). On Mg-xCA (CS), oxygen concentrations 
are found in grain boundaries with a contrasting dark 
blue color and are also scattered in the Mg matrix 
(light blue). While on Mg-xCA (SPS), dominant oxygen 
is concentrated in grain boundaries with much less 
content compared to Mg-xCA(CS) (the green color does 
not contrast).
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of CO3
-2 in CA to CO2 and the formation of MgO. The 

appearance of CO2 and MgO further reduces the relative 
density of Mg-xCA composites. It even reduces the 
hardness value, especially in Mg-15CA (CS).

MICROHARDNESS (HV)

Hardness of Mg-xCA after being sintered with CS and 
SPS can be seen in Figure 6. The value of hardness before 
sintering (WC) is used as a comparison. 

FIGURE 4. Images of SEM-EDS-Mapping on the overall area of the Mg-xCA  (CS and 
SPS results), particularly oxygen (O) content 

Oxygen content is indicated by dark blue and light blue color for CS and green color for SPS

FIGURE 5. Graph of changes in oxygen content on overall area Mg-xCA (CS and 
SPS results)

 

 

FIGURE 5.  Graph of changes in oxygen content on overall area Mg-xCA (CS and SPS results) 
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The sintering process tends to increase the hardness 
of Mg-xCA, especially SPS (Figure 6). Increased 
hardness of 2-13% (SPS) compared to the condition before 
sintering (WC) with the same composition. However, 
some CS results have decreased hardness, where the range 
is -4-14%, especially Mg-15CA.  

Besides, the addition and increase of CA content 
tends to increase the hardness. The presence of CA 
reinforcing particles at the grain boundaries inhibits the 
movement of dislocations between Mg particles so that 
their hardness increases. The trend of increasing hardness 
is in line with other previous studies on the fabrication 
of Mg-HA (variations 0, 5, 10, and 5% by weight of HA) 
through a combination of powder metallurgy (PM) with 
microwave sintering, each around 44±1, 58±2, 64±2 and 
74±2 Hv (Xiong et al. 2016), as well as the combination 
of PM with extrusion, each around 49±1, 53±1, 58±1, 
61±1 Hv (Del Campo et al. 2014). 

The difference in the achievement of the hardness 
value is suspected to be a factor influencing the initial 
condition of the raw material. The sizes of the Mg and 
HA powders were smaller than the sizes of the Mg and 
CA powders in this study. In the study of fabrication 
using microwave sintering, the powder sizes were Mg 
(40 µm) and HA (20 µm) (Xiong et al. 2016), while in 
extrusion fabrication were Mg (<45 µm) and HA (150 
µm) (Del Campo et al. 2014). Meanwhile, in this study, 
the powder sizes were Mg (60-300 μm) and CA (70 m).

In contrast to Mg-xCA (SPS), there is an anomaly of 
decreasing hardness with increasing CA content in Mg-
xCA (CS), especially in Mg-15CA. In the SPS process, the 
hardness is at least 33.5 Hv at Mg-0CA and continues to 
rise to 40.0 Hv at Mg-15CA.  Whereas in the CS process 
the increase in hardness only occurs up to the Mg-10CA 
composition, then the hardness drops again at Mg-15CA 
from 41.1 Hv to 37.6 Hv. This can happen because 

FIGURE 6. Bar chart of Mg-xCA hardness after sintering with CS and SPS

 

 

 

 

FIGURE 7. Mg-xCA potentiodynamic polarization curves after being 
sintered with: (a) CS and (b) SPS

 

(a)                                                      (b) 
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carbonate (CO3
-2) in CA breaks down into CO2 and a small 

portion of Mg into MgO. From the results of SEM-EDS 
and mapping, it is seen that there is a significant increase 
in oxygen elements. This condition can weaken the CA 
strengthening and powder bond strength.

TABLE 2. Current density (Icorr) and Corrosion Rate (CR) of Mg-xCA after being sintered with CS and SPS. Mg-xCA before 
sintering (WC) is used as a comparison

Materials
Current density (Acm-2) Corrosion rate (mm/y)

WC CS SPS WC CS SPS

Mg-0CA 6.585E-04 6.559E-04 3.929E-04 15.1 15.0 9.0

Mg-5CA 3.087E-04 2.164E-04 2.020E-04 6.9 4.8 4.5

Mg-10CA 4.177E-04 7.803E-04 2.826E-04 9.1 17.1 6.2

Mg-15CA 5.812E-04 1.146E-03 2.978E-04 12.4 24.4 6.4

Figure 7 and Table 2 show that there are significant 
differences in the degradation characteristics of Mg-
xCA from the results of SPS and CS sintering compared 
to before sintering (WC). The current density and 
corrosion rate (CR) of Mg-xCA (SPS) are lower than 
Mg-xCA (CS). There is a significant decrease in current 
density and corrosion rate of Mg-xCA (SPS), ranging 
from 32-49% (Table 2). Mg-5CA(SPS) has the lowest 
values, respectively, 2.02E-04 Acm-2 (current density) 
or 4.5 mm/y (CR), while Mg-5CA(CS) is 2.164E-04 
Acm-2 (current density) or 4.8 mm/y (CR). However, 
some Mg-xCA (CS) actually increased its corrosion rate, 
particularly in Mg-15CA by 97% from 12.4 to 24.4 mm/y. 
This phenomenon is in line with CS and SPS studies on 
Mg-10HA, where there was a decrease in Mg ion release 
from 85% (CS) to 45% (SPS) after 28 days of immersion 
in SBF (Khodaei et al. 2020).

The addition of CA tends to decrease its CR 
compared to CR of Mg-0CA, but CR returns to increase 
along with the increase of CA content in Mg composites. 
The same phenomenon also occurs in current density. 
In the SPS process, the highest CR is at Mg-15CA (6.4 
mm/y), up 42.2% compared to CR of Mg-5CA. While 
in the CS process, the highest CR is at Mg-15CA (24.4 
mm/y) or rise to 4 times the CR of Mg-5CA. When 
compared with Mg-15CA (SPS), its increase is around 
2.8 times. 

The phenomenon of decreasing CR due to the 
addition of reinforcement in Mg composites was 

BIOCORROSION

Potentiodynamic polarization curves of Mg-xCA after 
sintering with CS and SPS respectively can be seen in 
Figure 7.

reported by several previous studies, such as the Mg-xHA 
microwave sintering study (Xiong et al. 2016), where 
the lowest CR in SBF solution was 2.09 mm/yr or 1E-04 
Acm-2 (for current density) at Mg-10HA, but at Mg-15CA 
the CR increased again to 3.52 mm/y or 1.77E-04 Acm-2 
(for current density). Meanwhile, it was reported that 
the results of the double sintered Mg-3Zn-xHA study 
(x=0, 2, 5, 10%) had the lowest CR of 1.17 mm/y in Mg-
3Zn-5CA (Jaiswal et al. 2018). In the study of lamellar 
Mg-xHA SPS (x = 0, 8, 10 and 15%) it was reported that 
the lowest CR in 3.5% NaCl solution was 5.44 mm/y at 
Mg-10HA (Sunil et al. 2014). The greater the HA content, 
the greater the possibility for agglomeration to occur, so 
that it can function as a second phase which accelerates 
the rate of degradation.

In the CS process, CO2 gas resulting from carbonate 
decomposition can be trapped between Mg-xCA grains 
and forming microporosity, thereby reducing density. 
Evidently, there is a significant reduction in relative 
density, particularly in Mg-15CA (CS). This density 
decrease causes the corrosion rate (CR) to increase again 
through the mechanism of intergranular corrosion or 
in combination with pitting corrosion. Besides that, 
the presence of CO2 tends to increase the acidity of 
the solution and trigger sweet corrosion through the 
mechanism of pitting corrosion (Mahmoud Abbas et al. 
2012; Yunita & Siska Titik 2015). In the SPS process, 
the CO2 and MgO formed can be minimized and the 
resulting relative density is better, so that the current 
density and CR are lower.
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CONCLUSION

In this research, the sintering process has been conducted 
on Mg-xCA with conventional sintered (CS) and spark 
plasma sintering (SPS). The SPS process is considered 
appropriate and effective for the further compaction 
of Mg-xCA with sinter than the CS process. The SPS 
process can minimize the formation of other elements or 
phases, particularly to prevent decomposition (CO3

-2) on 
CA into CO2 gas. Overall, the relative density is better, 
the hardness increases, and the corrosion rate decreases. 
The process is short with heating focused on the Mg-
xCA particle interface, clean with a controlled chamber 
condition, and the compaction process simultaneously 
takes place so that SPS becomes the best choice in the 
Mg-xCA sintered process compared to the CS process. 
Besides, the addition and increase of CA content decreases 
the relative density and increases the hardness. The 
addition of CA to Mg-xCA also inhibits the corrosion 
rate, particularly in Mg-5CA, but the higher CA content 
(10 and 15% wt) again increases the corrosion rate.
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