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Abstract—Developing biodegradable bone implants using magnesium-based materials has garnered significant attention in research.
Magnesium offers favorable properties, such as low density, biocompatibility, elastic modulus like bone, and high toxicity limits.
However, improvements are needed in mechanical properties and degradation rate. This study focuses on enhancing these properties
by developing a novel composite of magnesium with carbonate apatite (CA) reinforcement, Mg/SCA. Compared to hydroxyapatite
(HA), CA offers better absorption and avoids fibrotic tissue formation. However, CA undergoes carbonate decomposition during
sintering, leading to composite degradation. To address this, an extrusion process is employed to prevent carbonate decomposition. The
advanced sintering and extrusion compaction processes are compared for the Mg/SCA composite, examining density, microstructure,
hardness, compressive strength, and biocorrosion. Results demonstrate that extrusion increases relative density while CA slightly
reduces it. Microstructural analysis reveals finer and elongated grains, tighter bonding between CA and Mg particles, and reduced
microporosity in the extruded composite. Mechanical properties, including hardness distribution and compressive strength, are
improved in the extruded composite, and the degradation rate decreases compared to sintering. Overall, the extrusion process
effectively enhances Mg/SCA composite properties, positioning it as a promising manufacturing technique for biodegradable implant
materials. This research contributes to the development of advanced biodegradable implants, which can have significant applications
in the field of medical science. Further investigations in this area can contribute to the ongoing advancements in biodegradable implant
technology.
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extrusion process.
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be able to use it, Mg's mechanical properties and degradation
I. INTRODUCTION rate must be improved [2].

One way to do this is to create a new structure in the form
of a composite [2], [5]-[8]. Magnesium composite with
bioceramic reinforcements, e.g., calcium phosphate-based
such as Hydroxyapatite (HA), is chosen due to its
biocompatibility, bioactivity, and approximate chemical
composition to bone [1], [3]. Ghazizadeh developed an
Mg/HA composition with HA content of 2.5 and 5%wt. [9]

The development of magnesium-based material as
supporting material for biodegradable bone implants is one of
the current exciting research topics. Since no surgery is
required after the implantation, it attracts various researchers
[1], [2]. Magnesium has a low density, modulusity close to
bone, is biocompatible, and has a high toxic limit, making it
attractive for biomaterial implants [1], [3]-[5]. However, to
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while Campo has 5, 10, and 15% wt HA content. [10], [11].
They reported that the optimal characteristics were achieved
in the composition of 5%wt. However, HA is difficult to
absorb and tends to form a new fibrotic tissue that does not
favor bone healing [12]-[15]

In this study, a powder-based magnesium composite with
carbonate apatite reinforcement (COzAp; (Caio-a(POs)s.
b(CO3) ((OH),.q) was developed. Carbonate Apatite (CA) has
properties like those of HA. Unlike HA, CA is more easily
absorbed and does not form fibrotic tissue, so it is deemed to
have more potential to help heal the bone [16]-[21].

However, the carbonate (COs?) present in CA starts to
decompose into CO, gas at 50°C. There is a tendency to
increase at 450-650°C, causing the product to decompose and
weakening the mechanical properties [14], [16], [19], [22].
Therefore, the extrusion process is introduced to prevent
carbonate decomposition [10], [11], [23], [24].

This research continues efforts to develop biodegradable
Mg-xCA composites for implant materials. The initial stage
has successfully made the initial solids through a warm
solidification process [18], [25], [26]. Therefore, this research
investigates the density, microstructure, hardness distribution,
compressive strength, and biocorrosion of Mg/5CA as a result
of advanced compaction using the sintering and the extrusion
processes, respectively.

II. MATERIALS AND METHODS

A. Materials

Commercial magnesium powder (purity: >99.9%, size: 60—
300um, Merck KGaA) and carbonate apatite (CA) powder
with a size of + 74 pm were used as initial raw materials. CA
is a local product developed by the Research Center of
Advanced Materials - BRIN.

B. Mg/5CA Composite Preparation Process

The Mg/xCA composites made with the composition x =
5% wt referred to the optimal composition of development in
magnesium/hydroxyapatite (Mg/HA) by Campo [10], and the
initial compaction process refers to previous research on the
warm compacting of Mg-CA [26]. A planetary ball mill
(PM400-Retsch) was used to mix Mg powder and CA powder
at 200 rpm for 5 hours. The Mg-CA powder was then inserted
into a mold with a 12 mm diameter. Then it was heated in a
muffle furnace up to 350°C (10°C/minute heating rate) and
pressed with a pressure of 350 MPa at 330°C (warm
compaction or WC). As a reference, pure magnesium was
compacted with the same process. The Mg/xCA composites
mixing process and the initial compaction stages are shown in

Figure 1.
@

N
Fig. 1 Mg/ 5CA powder mixing process and the initial compaction process
with warm compaction (WC): (a,b) mixing process with a planetary ball mill,

(c) heating process in the muffle furnace, (d) initial powder compaction
process, (e) dies and punches

C. Advance Compaction Process of Mg/5CA

The densification process after compacting was conducted
with two different processes, sintering and extrusion, as
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shown in Figure 2. The sintering process (Sint) was conducted
in a tube furnace at 450°C and held for 60 minutes under a
vacuum (P = -0.1 MPa) with an oxygen content below 150
ppm [19]. The hot extrusion process (Extr) was carried out at
350°C with the extrusion ratio (R) of 1.44, where the initial
diameter of the rod was 12 mm, and the final diameter was 10

Fig. 2 Advance compaction process of Mg / SCA: (a) sintered process, (b)
extrusion process, (¢) cross-section of the extrusion die, and (d) dies extrusion
samples in the die.

D. Density Testing

Density was tested using a density measuring device (DH-
300X). The test was carried out at 27°C using Archimedes'
law. The reported result was relative density, where
experimental density was divided by theoretical density. The
theoretical density calculation for Mg/5CA is based on the
weight percentage of Mg and CA powder: 95% wt. Mg and
5% wt. CA. In this case, the density of pure Mg is 1.73 g/cm?
[10], [27], [28] and the CA density is 3.24 g/cm3 (developed
by Research Center of Advanced Materials, BRIN).

E. Microstructure Observation

For microstructure observation, the samples were cut in the
longitudinal direction and mounted into the resin. Sandpaper
with a grid size of 400 - 2000 was used for the grinding
process, then polished with 1 pm alumina paste liquid. Then
etched using an etching agent of 1.5 g of picric acid, 25 ml of
ethanol, 5 ml of acetic acid & 10 ml of distilled water for = 20
seconds.

Meiji Techno (Tokyo, Japan) is used to observe the
microstructure of Mg/5CA. The samples were observed along
its radial sections. Micro XRF Bruker-M4 Tornado
(Karlsruhe, Germany) was used to observe the distribution of
Ca and P as constituent elements of carbonate apatite in the
magnesium matrix. Rigaku-MiniFlex 600 (Tokyo, Japan) X-
ray diffraction was used to identify the Mg/5CA phase and
pure Mg. The instrument was operated at 40 kV/15 mA, using
CuKa radiation with a scan rate of 10°/min, a range of 10-90°
20 and a step size of 0.02° 20.

F. Mechanical Properties Testing (Microhardness Testing
and Compressive Strength Testing)

Struers-DuraScan HV microhardness (Germany) was used
with 9.807 N (HV1) for Mg-base. Hardness measurement
starts from the direction opposite the extrusion or pressing
direction, which is measured along the axial direction at 3 mm
from the center. Compressive strength testing was conducted
by the Universal Testing Machine (Shimadzu DT50-50-
25KIT) with a sample size of D10x12 mm according to the
Standard of GB/T7314-2005 [29].

G. Biocorrosion Testing

The degradation rate of Mg/5CA was determined by its
corrosion rate. The corrosion rate was investigated using the
potentiodynamic polarization method based on ASTM-GS5-



14) [30], and the calculations refer to ASTM-G102-89 [31].
The equipment used was an electrochemical station (Zahner
Zennium X and Thales XT5.0.18 software). Three electrode
cells were used: a sample as a working electrode, a saturated
calomel (Ag/AgCl) as a reference electrode, and platinum as
a counter electrode. The test solution used was simulated body
fluid (SBF) with the composition of NaCl (7,996 g), NaHCOs
(0.350 g), KCI (0.224 g), KoHPO4+3H,O (0.228 g),
MgCl,.6H,0 (0.305 g), IM-HCI ( 40 ml), then about 90% of
added the total amount of HCl CaCl, (0.278 g), NaSO4
(0.071g) and (CH,OH) 3CNH2 (6,057 g) [32]-[34]. The
testing occurred at 37°C, pH 7.4, and a scanning rate of 5
mV/second.

III. RESULTS AND DISCUSSION

All paragraphs must be indented. All paragraphs must be
justified, i.e., both left-justified and right-justified.

A. Rod Samples Visual Form

The visual form of the Mg and Mg/5CA rod resulting from
the advanced compaction by the sintering and hot extrusion
processes is shown in Figure 3. Sintered Mg and Mg/5CA
rods are 10 mm in diameter with a maximum length of 30 mm,
and their shape and size are almost the same as the initial
compaction (WC). Visually, both samples look neat and solid,
with no burn marks, but they cannot be cut into thin shapes
because they will disintegrate while cutting with a diamond
cutter machine. Meanwhile, the extruded Mg and Mg-5CA
rods can be made longer with a maximum length of 65 mm. It
also can be cut into thin plates with a thickness of up to 1 mm.

Fig.3 Rod of pure Mg and Mg/5CA : (a) sintered samples, (b) cutting results
of the sintered sample, (c) extruded samples, and (d) cutting results of the
extruded sample.

B. Density Testing Result

The results of experimental density measurements and
calculation of the relative density of Mg and Mg/5CA of the
extrusion process (Extr) compared to the warm compaction
process (WC), sintering process (Sint) in the previous study
[19] are presented in Table 1. The relative density is
calculated from the relationship between the experimental
density (pexp.) to theoretical density (pinco.)-

TABLEI
THE RESULTS OF THE EXPERIMENTAL DENSITY MEASUREMENT AND THE

RELATIVE DENSITY CALCULATION OF MG AND MG/5CA AS WARM
COMPACTION, SINTER AND EXTRUSION

Process Pure Mg Mg/5CA
Pexp. Pexp. /ptheo. Pexp. Pexp. /ptheo.
(g/em’) (%) (g/em’) (%)
wC 171(2)  98.50(7)*  1.73(4)  97.64(0) *
Sint 17200)  98.95(9)*  1.73(5)  97.70(4) *
Extr 1726)  99.31(8)  L74(5)  98.23(1)

Note: The theoretical density (pme.) Of pure Mg = 1.738 g/cm’, ppeo. Of
Mg/5CA=1.779 g/cm?
*[19]
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Figure 4 shows that the relative density increases from WC,
Sint, and Extr for Mg and Mg/5CA, respectively. However,
adding CA causes the density of Mg/5CA to decrease
compared to pure Mg. The relative density of the sintered
sample (Sint) increased by 0.46% for Mg and 0.07% for
Mg/5CA, while the extruded sample (Extr) sample increased
by 0.8% for Mg and 0.6% for Mg/5CA compared to the initial
sample (WC). This means that the extrusion process increases
relative density compared to the sintering process for both Mg
and Mg/5CA. In this case, the addition of CA slightly reduces
the relative density increase in the Mg/5CA composite.
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Fig. 4 Relative density curves of pure Mg and Mg/5CA as a result of the WC,
Sint, and Extr processes.

C. The Microstructure of Samples

Figure 5 shows the microstructure of pure Mg and Mg/5CA
samples after the extrusion process (Extr) compared to the
warm compaction (WC) and sinter processes (Sint) in
previous studies [19]. Each process is observed in the center
and the edges. Pure Mg has close contact (dense) between its
grain, which indicates smooth contrast between the grain and
grain boundaries. In contrast, in the Mg/5SCA composite, the
Mg grain is encapsulated by CA, which precipitates at grain
boundaries. Microporosity (black area) is also present, which
reduces the relative density of the Mg/5CA composite
compared to Mg.

The grain morphology for the initial (WC) and sintered
(Sint) samples are relatively similar in size with equiaxed
grain. However, the extruded Mg and Mg/5CA samples have
a smaller grain size and elongate along the direction of the
extrusion process. As reported elsewhere, the extrusion
process results in strain hardening due to its deformation
effect on the grains. On the other hand, the presence of CA on
the grain boundaries further disrupts the dislocation where the
grain boundaries act as pinning points impeding dislocation
propagation. Therefore, adding CA in the extrusion process of
Mg/5CA further increases the hardness of the composite.

The effect of the extrusion process starts from the edge,
indicated by longer grain at the edge compared to the center.
In the Mg/5CA sample, the extrusion (Extr) process is to
cause the interlocking of the CA particles with the Mg
particles, thus reducing microporosity, increasing relative
density, and more uniform bonding between particle surfaces.
This phenomenon is in line with findings from studies
conducted by Guo [35] and Campo [10] on Mg/xHA.
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Fig. 5 Optical microscopy (OM) images of pure Mg and Mg/5CA samples
after the extrusion process (Extr) compared to the warm compaction (WC)
and sinter processes (Sint)

Mg/5CA (Sint) Mg/5CA (Ext)
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Fig. 6 Micro XRF images of pure Mg and Mg/5CA (as sintering and
extrusion) showing carbonate apatite elements (Ca & P) distribution

Figure 6 shows the distribution of CA reinforcement in
Mg/5CA after sintering (Sint) and extrusion (Extr) compared
to pure Mg, especially the elements of Ca and P. The Ca and
P contents are 1.67 wt.% and 0.92 wt.% for extruded, 1.41%
and 0.77 for sintered, and Mg as the remaining elements, as
shown in Table 2. This fact indicates that the operational
parameters of the planetary ball mill for mixing Mg and CA
powders effectively optimize the distribution of CA in the Mg
matrix and minimize agglomeration.

TABLE II
QUANTITATIVE ANALYSIS OF WT. % ELEMENTS IN MG/5CA (SINT) AND
MG/5CA (EXT) COMPARED TO PURE MG

Mg/5CA
Element l)(l;fte (};’I)g (wt. %)
e Sint Extr
Mg 99.97 97.82 97.40
Ca 0.03 1.41 1.67
P 0.0 0.77 0.92
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D. XRD Testing Result of Rod Samples

The XRD spectrum pattern of Mg/5CA in the initial
process (WC), sintering (Sint) and extrusion (Extr) can be
seen in Figure 7(a). The dominant peaks that appeared are
32.2, 344, 36.6, 47.8, 57.4, 63.1, 68.6, 69.9, 72.5, 77.8 and
81.5° identified as Mg peaks from ICDD PDF card #00-035-
0821. There are no other peaks showing other phases, such as
the MgO phase, while CA peaks are not visible due to the
instrument detection limit, but their appearance is obvious if
observed through the micro-XRF image (Figure 6).

There was a significant decrease in intensity (a.u.) in the
basal slip plan (002) or in the form (hkil) = (0002) or (0001)
after the sintering process and after the extrusion process. In
Figure 7(b) it is also seen that there is full width half
maximum (FWHM) widening of the HCP (002) slip plane,
especially in the extrusion process. Grain refinement and
strain hardening have occurred, increasing the compressive
strength of the extruded Mg/5CA. The effect of plastic
deformation on FWHM widening has also been reported in
pure Ti cold-rolling processes [36]. Further details will be
discussed in a separate manuscript.

(a)

(b

Intensity {counts)

Intensity (a.u.)

T T T T
30 40 50 60 70 30
2theta (deg)

Fig. 7 (a) XRD pattern of Mg/5CA warm compaction (WC), sintering (Sint)
and extrusion (Extr) processes, (b) HCP’s slip plane (002) intensity and
FWHM comparison

E. Hardness Distribution

Figure 8 shows the hardness distribution curves for pure
Mg and Mg/5CA rods, respectively (as a result of WC, Sint,
and Extr.). Advanced compaction and CA content affect the
hardness distribution of magnesium composites.Extruded Mg
and Mg/5CA rods (Extr) have a relatively uniform hardness
distribution, but not for sintered rods (Sint) and initial
compaction (WC), it tends to decrease in the opposite
direction of pressing.
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Fig. 8 Hardness distribution curves of (a) pure Mg and (b) Mg/5CA rods

The presence of CA in the extruded Mg/5CA composite
increases the overall value of the hardness distribution
compared to the extruded Mg. However, the sintered Mg/5CA
shows a significant decrease in the hardness distribution. The
highest reduction in hardness distribution is 17% at the
measuring point of 20 mm from the initial pressing. In the
sintered Mg/5CA, the sintering process is conducted at a
temperature of 450°C. At a temperature of 450°C, carbonate
(CO;3?) in CA can decompose into CO, gas. This gas is
thought to be trapped and form microporosity, so that it can
weaken the binding strength of Mg/xCA [19], [37]. On the
other hand, the morphology of the sintered grains is still in the
form of equilibrium, relatively the same as the initial
compaction (WC) conditions, and there is no strain hardening.
The rod is shorter, depending on how length the WC rod can
be produced.

The uniformity of the distribution of hardness occurs
because of bond strengthening resulting from the extrusion
process. The extrusion process makes the grains elongate and
smaller, which causes strain hardening. Furthermore, in
extruded Mg/5CA composites, Mg and CA particles are
interlocked, making the bonds between the particles denser
and reducing microporosity. Therefore, the rods are longer
and can be sliced into plates up to 1 mm thick.The obtained
hardness ranges of along rod respectively are 39.3-40.1 Hv
(Extr), 23.6-40.1 Hv (Sint), 34.4-39.3 Hv (WC) for Mg/5CA
and 36.5-38 Hv (Extr), 28.6-36.1 Hv (Sint), 34.2-37.1 Hv
(WC) for Mg.

F. Compressive Strength

Compressive strength curves of Mg/5CA rods as Warm
Compaction (WC), Sintered (Sint) and Extruded (Extr) are
shown in Fig. 9. The compressive strength of Mg/5CA after
extrusion is the best compared to that after sintering. The
increase after extrusion was 61% (after extrusion), but after
sintering there was a decrease of 39% compared to the initial
conditions as warm compaction (WC). In this case the
compressive strength of Mg/5CA as WC is 67.1 MPa.
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Fig. 9 Compressive strength

Like the description of the hardness distribution, the
extrusion process makes the grains elongated and smaller,
causing the Mg and CA particles to interlock, the bonds
between the particles to be denser, and the microporosity to
be reduced. This phenomenon has been reported in other
deformation processes. Thickness reduction in the post-
rolling annealing process increases the bond strength of the
ceramic/metal matrix (Al/SiC-Gr) particles, as reported by
Reihanian [38]. Grain deformation causes interlocking
between Mg-CA, it is needed for further observation of the
interface between Mg dan CA contributed to the
strengthening of these composites. An increase in
compressive strength with this extrusion process has also been
reported in Campo's study [10] compared to the Mg/SHA
microwave sintering process reported by Xiong [29]. The
increase in the compressive strength of Mg/5CA extrusion is
also shown by the widening FWHM compared to the sintering
process, as shown in Figure 7(b). The decrease in compressive
strength after sintering is believed to be due to pyrolysis,
where CO5? is decomposed into CO2 gas which can form
microporosity [19], [29]. Besides that, the grain shape is still
equiaxed, so there is no interlocking between Mg-CA grains
due to grain deformation.

G. Biocorrosion Test Results

Figure 10 shows the potentiodynamic polarization curve
and the corrosion rate (CR) comparison graph of pure Mg and
Mg/5CA. Advance compaction and CA content affect the
corrosion rate of magnesium composites.The extrusion
process (Extr) causes a decrease in the corrosion rate
compared to the sintering process (Sint) and the initial
compaction process (WC) for pure Mg and Mg/5CA. The
extrusion process expands the interlocking area of Mg and CA
particles, making them denser and believed to have less
porosity than the sintering process. As has been reported in a
previous study, sintered Mg/5CA has equiaxed grains shape,
almost the same as WC grains. In addition, the possibility of
microporosity in Mg/5CA still exists due to the pyrolysis
effect of CO52 to CO, gas [18], [19], [37], so the density is
not optimal.
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Fig. 10 (a) Potentiodynamic polarization curve and (b) Corrosion rate (CR)
comparison graph of pure Mg and Mg/5CA

Besides that, there are reports that the smaller the grains,
the more grain boundary defects that occur, so the faster the
oxide layer (MgO) and the passive layer of Mg(OH), are
formed on the surface of Mg and inhibit the corrosion rate
[39], [40]. This factor causes the corrosion resistance of
extruded Mg/5CA and pure Mg to be better than that of
sintered ones.

Meanwhile, adding CA also significantly decreased the
corrosion rate of Mg/5CA compared to pure Mg. There are
reports that the Mg(OH), layer has high permeability and is
unstable, especially in NaCl solution [41]-[44]. Acid ions in
SBF, such as PO43, CO5;% and CI also continuously absorb
the passive layer of Mg(OH), and form MgCl,, which is water
soluble. This condition accelerates corrosion again. With the
addition of HA (hydroxyapatite) in Mg-based composites, the
acid ions will be absorbed and then form Ca-P deposits as a
new protective layer so that the corrosion rate drops again [§],
[9], [45]-[47]. Because the constituent elements of CA are
almost the same as HA, this pattern of decreasing corrosion
rate is believed to also occur in the Mg/5CA composite.

In Figure 10 (b), it can be seen that the decrease in
corrosion rate due to advanced compaction is 12% (as
extrusion), 0.7% (as sintering) for pure Mg, and 36% (as
extrusion), 30% (as sintering) for Mg/5CA compared to the
initial compaction results (WC). Meanwhile, the largest
percentage of corrosion rate reduction due to the addition of
CA is 67% in the extruded Mg/5CA compared to the extruded
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pure Mg. The lowest corrosion rate is obtained at extruded
Mg/5CA (4.4 mm/y), followed by sintered results (4.8 mm/y)
and WC results (6.9 mm/y).

IV. CONCLUSION

Efforts have been made to develop powder-based Mg/5CA
composites through an advanced compaction process with
sintering and extrusion processes. The extrusion process
makes the grains smaller and elongated due to a reduction in
Mg and Mg/5CA rods. Extruded rods are denser, have a
uniform hardness distribution and higher compaction
strength, and are longer than sintered rods, so they can be
sliced into plates up to Imm thick. No other phases, such as
MgO are found. CA reinforcement particles are also seen to
be more evenly distributed in the Mg/5CA composite. The
addition of CA and the extrusion process can significantly
increase corrosion resistance compared to pure magnesium
with the same process.

The sintering process has not uniformly distributed the
density of Mg/5CA rods. The grain morphology is relatively
the same as the initial compaction (WC), so it tends to
crumble when sliced. The sintering temperature causes
carbonate pyrolysis (COs?) in CA, so the micropores formed
by the trapped CO, gas are potential factors that cause a
decrease in the density and the hardness distribution.
Therefore, a combination of warm compaction and extrusion
can be recommended as part of the fabrication process in
developing Mg/5CA for biodegradable implant material.

NOMENCLATURE
CA carbonate-apatite  (Cai0-a(PO4)6.(CO3)e(OH)2-q)
Mg/5CA Magnesium-based composite used 5% wt.
carbonate-apatite
WwC warm compaction
Sint sintering
Extr extrusion
Subscripts
Pexp- experimental density
Ptheo. theoretical density
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