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Abstract

The effect of sintering temperature on the crystal structure and
physical properties of the Mgo,92Z10,0sCo,03 alloy has been studied.
Magnesium-based alloys are one of the alloys that have been
used in industry, the health sector, and as biodegradable materials
and biomaterials. The aim of this study was to determine the
effect of temperature and sintering holding time on crystal size,
dislocation density, microlattice strain, and yield strength. ,
porosity and density of Mgo,92Z10,05Co,03 alloy. Mgo,92Z10,05Co,03
alloy was prepared using the powder metallurgy method at
sintering temperatures of 475 °C, 525 °C and 575°C with a
constant holding time of 90 minutes. The results showed that
there was a relationship between sintering temperature as the
crystal size and porosity increased, but the dislocation density,
micro-strain, yield strength and density decreased inversely for
the same length of holding time.
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1 Introduction

The development of biomedical materials has contributed
significantly to advances in the health sector and the biomedical
industry. Porous metals are materials containing porous with a
certain volume and with a matrix of metal or non-metal alloys.
This material is generally very light due to its low density, but
has good performance in terms of mechanical properties [1,2].

Currently, metal foam is also being developed for medical
materials in this case implants. The stability of the implant is not
only seen from its strength, but also depends on the fixation of
the implant to the surrounding tissue. Currently, the fixation of
implants can be enhanced by growth of bone tissue through the
porous metal matrix, so that the new tissue is directly attached to
the underlying bone. Another reason is the nature of metal foam
which has a low elastic modulus, so as to avoid shear stress on
the bone. The most important thing is to allow body fluids to
flow through this porous matrix, so that when bone tissue begins
to grow it can form interconnections with other tissues [3,4].

Alloy Magnesium-Calcium-Zinc is a material that is being
developed for biomaterial applications because it is
biodegradable and resembles bone and the majority are elements
needed in the human body. Magnesium naturally occurs in the
body and is found in the bones. In blood serum at normal levels

and magnesium in extracellular fluid levels around 0.7-1.06
mmol/l. This Fig. shows that Mg is the second most abundant
element in intracellular ions and the fourth most abundant cation
in the body. Several studies have shown that Mg ions do not
affect tissues when used in the human body [5].

In vitro studies on human osteoblast cells also confirmed that
Mg ion does not significantly affect regeneration and viability,
besides that Mg metal is non-toxic to the human body.
Magnesium is a light metal, with a density of 1.74 g/cm?, which
is much lighter than Al (2.7 gr/cmq), titanium (4.4-4.5gr/cm?) and
steel (7.75-8.05 g/cm®) and very close to with the density of
bone, which is 1.8-2.1 gr/cm®. Magnesium is very important in
the body's metabolism and is also naturally present in bone tissue
[6,7].C

Ca is a major element that is also present in the body and is
important in terms of chemical signaling in cells. In addition, the
Mg-Ca alloy has a density similar to that of bone and magnesium
is required to incorporate calcium into bones. The maximum
solubility of Ca in Mg is about 0.8% at room temperature. The
Mg-Ca alloy consists of two phases namely a-Mg and Mg.Ca,
and the presence of this Ca can improve the mechanical
properties of the alloy, so that the mechanical properties of this
alloy can be determined by controlling the elemental content of
Ca[8,9].

Calcium addition up to 4% in pure magnesium will improve
its mechanical properties. The higher the concentration at the
solubility limit, the formation of the Mg.Ca intermetallic phase
increases the corrosion rate due to the formation of micro-
galvanic cells with Mg matrices. The total calcium content in the
human body is around 1 kg-1.1 kg, most of it is in bones and
teeth and most of it is associated with phosphate and
hydroxyapatite in bones [10,11].

The Mg-Zn system is currently receiving great attention
because Zn is one of the most abundant nutritional elements in
the body and is based safely for biomedical applications. Zn can
also improve corrosion resistance and mechanical properties of
magnesium alloys [12,13].

In addition, Zn can effectively strengthen magnesium through
the solid solution hardening mechanism. According to the Mg-Zn
binary phase diagram, the maximum solubility of Zn in Mg is
6.2% at 325°C [14,15].

Based on the research that has been done, the results of in
vitro toxicity tests show that Mg-Zn does not poison the body's
organs. The Mg-Zn binary alloy has good biocompatibility in the
in vivo environment [16].

This is what underlies the development of Mg-Zn-C alloys
with the right alloy content and an even mixing process so that
the desired phase is formed in the mixing process, so that the
desired combination of physical and mechanical properties is
obtained. The powder metallurgy method in its manufacture was
chosen because it is the easiest to control in terms of pore
formation. However, there are some limitations of biomaterials in
their current applications, including; - possible release of toxic
metal ions through wear and tear or corrosion, - lower
biocompatibility leading to tissue loss, and the need for further
surgical procedures which increase costs.

The aim of this study was to determine the effect of sintering
temperature on crystal structure (crystal size, dislocation density,
micro lattice strain ) and physical properties (density, porosity
and yield strength) of the Mgo,92Zn,05Co 03 alloy.

2 Materials and Methods

2.1  Materials

The materials used in this study include Metals Magnesium
(Mg), Zink (Zn), Carbon (C), all in powder form and the purity is
p.a (pro analysis) from Merck. Equipment : Furnace, hydraulic
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press machine, analytical balance, ball mill mixing machine,
XRD tool.

2.2 Methods

This study uses the experimental method, while the design
used is a one shoot case study. Experiments with this design are
to carry out one treatment (treatment) on the workpiece directly
observed and recorded or documented the results. The data from
the treatment of sintering temperature variations were then tested
and the data was entered into the table. From the test results, we
then analyzed the data. We got the results from the analysis. We
can see the difference in the results of sintering temperature
variations on the crystal structure, including crystal size,
dislocation density and micro-lattice strain, in addition to density,
porosity, and yield strength in Mgo.92ZN0,0sCo,03

2.2.1 Density Test

Density value is a measure of the density of a material. In
determining the density of a sample, it can be done by the
simplest method, namely the dimensional measurement method.
The working procedure for determining the density value
(gr/cm3) of a pellet-shaped sample is measuring the diameter and
thickness of the sample using a caliper, then weighing the mass
of the sample, finding the volume of the sample and calculating
the density value using the Eq. 1:

Where is p = density of sample (g/cm?3), m is massa of sample
(9), v is volume of dimention sample (m3).

2.2.2 Porosity

Porosity can be defined as the ratio between the volume of
empty holes that are owned by solids (empty volume) with the
total volume of solids occupied by solids. Porosity in a material
is expressed in (%) the cavity volume fraction of a cavity that is
in the material. The amount of porosity in a material varies from
0% to 90% depending on the type and application of the material.
The porosity of a material is generally expressed by the following
Eq. 2:

P = (Mi- Mp)/M, x 100% )

Where P is Porocity (%),Mx is Mass of dry sample (gram),
My, is Saturation mass grams (grams)

2.2.3 X-Ray Diffractrometer

X-ray diffraction (XRD) is an analytical method used to
identify crystalline phases in materials by determining lattice
structure parameters and to obtain particle sizes. XRD profiles
can also provide qualitative and semi-quantitative data on solids
or samples.

Crystallite structure

The x-ray diffractogram pattern is formed from the interaction
between the x-ray light beam hitting the sample alloy material
Mgo,92ZN0,05Co 03, if in the test sample the alloy Mgo922N0,05Co,03.
has a sequential structure, then some of the x-ray beams will
change direction at an independent angle depending on the
structure of the test material for the alloy sample Mgo,92ZN0,05Co,03
and the wavelength of the x-ray radiation source used. so that it
can be determined whether an alloy material Mgo,92ZNn0,0sCo,03 has
dislocation density, crystal size and micro lattice strain and high
yield strength or not.

How to determine an X-ray diffraction angle from the results of
testing the alloy material Mgo92Zn0,05Co03, Can be determined
using the Bragg's law equation as Eq. 3 [19]:

nA = 2 dh sin Bnk (3)

Where n is Order of diffraction, A is wavelength of x-rays, dnk
is Distance between diffraction planes with millerhkl index, © is
Bragg diffraction angle for the diffraction plane

To determine and analyze the size/diameter of crystallites
referring to the X-ray diffraction peaks from the diffractogram
pattern, the Debye Scherrer equation approach is Eq. 4 [17,19]:

D=KM/(B cos) 4)
Meanwhile, to determine the microstrain value, the Eq.5 is used:

e=p/((4 tanb)) (5)

To determine the value of the dislocation density, the Eq. 6 is
used:

p=1/D"2 (6)
Where is D is Crystal size (nm), P is Dislocation Density, ¢ is
Lattice Strain, K is Form factor of a crystal (0.9-1), A is X-ray
wavelength (1.54056 A), B is Value of Full Width at Half
Maximum (FWHM) (rad), 6 is Diffraction angle (degrees).

After knowing the dislocation density, the yield strength (YS)
can be calculated using the Eq. 7 [18,19] :

YS =274,54 + 4,96 x 10 -¢ MPa. @)

3 Results and discussion

3.1  Test results with XRD on alloys Mgo,92ZNn0,0sCo,03
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Fig.1. X-ray diffractogram of Mgog2Zn005Co0s alloy with
temperature variations of 475°C, 525°C and 575°C and sintering
time of 90 minutes
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Fig. 1 shown that the comparison of the XRD results for the
temperature variable can be explained that, for the
Mgo,92Zn0,05Co 03 alloy, there are 2 phases that appear in this alloy.
The first formed phase is a-Mg which is generally the main
constituent phase and the second MgZn phase. Previous
researchers said that the amount of the second phase (MgzZn)
present in the Mg matrix is closely related to the corrosion
resistance of the Mg alloy. The second phase present in the Mg
alloy increases the corrosion rate due to the formation of a
galvanic pair between o-Mg and the second phase. The
microstructure, mechanics, and corrosion behavior of MgxZn
alloy (x = 0.1, 5, 7 wt.%) were investigated to understand the
effect of adding different concentrations of Zn in the Mg matrix.
The grain size decreases with the addition of Zn. The amount of
the second phase (MgZn) in the Mg-Zn alloy increases with
increasing Zn content. This situation can be explained based on
the Mg — Zn phase diagram, when the Zn content (smaller than
6.2% wt) tends to be in the Mg matrix, and no MgZn phase is
formed when it is still within the solubility limit [23].

3.2  Effect of Sintering Temperature on crystal size in alloy
Mg0,92ZN0,0sCo,03

Testing the crystal structure of the alloy Mg 92Zno05Co,03 @S a
result of the sintering process at a temperature of 475 °C and a
holding time of 90 minutes with an X-ray diffractometer at an
angle of 20 =10 — 90°, a scan speed of 5°/minute was performed
to determine the crystal size (nm), dislocation density
(lines/mm?), and micro-lattice strain. The calculation results from
the XRD data are angles 20 = 20 — 90° and FWHM (B) and
included in equations 3, 4, 5, and 6 above, the values for crystal
size, dislocation density, and micro lattice strain will be obtained
as shown in table 1 and figure 2,3,4.

Table 1. Data of XRD test results for Mgo92ZNn00sCo0s alloy
sintering at 475°C and 90 minutes.

No Pos FWHM C_rystall Dislo_cation Strain
' (29)' S (rad) Size (nm) Density Micro
(line/mm?)  Lattice
1 29,825 0,189 77,66 0,178 0,017
2 32,474 0,157 93,20 0,134 0,012
3 34,797 0,159 91,26 0,128 0,012
4 36,808 0,160 92,18 0,120 0,012
5 43,619 0,179 83,88 0,112 0,014
6 47,971 0,236 64,55 0,132 0,024
7 57,767 0,206 77,99 0,093 0,016
8 63,452 0,189 87,78 0,075 0,013
9 68,912 0,209 81,11 0,076 0,015
10 70,304 0,229 74,55 0,081 0,018

Testing the crystal structure of the alloy Mgo,92Zn005Co,03 as a
result of the sintering process at a temperature of 525 °C and a
holding time of 90 minutes with an X-ray diffractometer at an
angle of 20 =10 — 90°, a scan speed of 5%minute was performed
to determine the crystal size (nm), dislocation density
(lines/fmm?), and micro-lattice strain. The calculation results from
the XRD data are angles 20 = 20 — 90° and FWHM (B) and
included in equations 3, 4, 5, and 6 above, the values for crystal
size, dislocation density, and micro lattice strain will be obtained
as shown in table 2 and figure 2,3,4.

Testing the crystal structure of the alloy Mgo,92Zn0,05Co,03 as a
result of the sintering process at a temperature of 575 °C and a
holding time of 90 minutes with an X-ray diffractometer at an
angle of 20 =10 — 90°, a scan speed of 5%minute was performed
to determine the crystal size (nm), dislocation density
(lines/fmm?), and micro-lattice strain. The calculation results from
the XRD data are angles 20 = 20 — 90° and FWHM (B) and
included in equations 3, 4, 5, and 6 above, the values for crystal

size, dislocation density, and micro lattice strain will be obtained
as shown in table 3 and figure 2,3,4.

Table 2. Data of XRD test results for Mgog2Zn005Co03 alloy
sintering at 525°C and 90 minutes.

No Pos FWHM C_rystall DisIo_cation St(ain
' (26)' B (rad) Size (nm) Density Micro
(line/mm?)  Lattice
1 29,92 0,187 76,33 0,178 0,017
2 32,74 0,155 93,43 0,134 0,012
3 34,97 0,158 91,21 0,128 0,012
4 36,77 0,159 91,24 0,120 0,012
5 43,44 0,178 83,43 0,112 0,014
6 47,87 0,234 64,98 0,132 0,024
7 57,88 0,203 77,66 0,093 0,016
8 63,33 0,185 87,62 0,075 0,013
9 68,76 0,208 81,11 0,076 0,015
10 70,22 0,228 75,22 0,081 0,018

Table 3. Data of XRD test results for Mgog2Zn0,05Co03 alloy
sintering at 575°C and 90 minutes.

No Pos FWHM C_rystall Dislo_cation Strain
' (29)' S (rad) Size (nm) Density Micro
(line/mm?)  Lattice
1 29,43 0,163 87,94 0,155 0,013
2 32,13 0,137 11,10 0,113 0,008
3 34,34 0,115 12,62 0,093 0,006
4 36,75 0,128 12,17 0,091 0,007
5 43,21 0,149 10,02 0,094 0,010
6 47,85 0,142 10,67 0,080 0,009
7 57,37 0,152 10,39 0,070 0,009
8 63,14 0,135 12,04 0,055 0,007
9 68,57 0,153 10,97 0,056 0,008
10 69,98 0,172 9,954 0,061 0,010

25 35

Angle (20)
Fig. 2. Effect of sintering temperature and angle 26 on the crystal
size of the alloy Mgo,92ZNn0,05Co,03

Fig. 2, shows a graph of the effect of sintering temperature of
475°C and a holding time of 90 minutes produces several X-ray
diffraction peaks on crystal size which is calculated by the Derby
Scherrer equation, where the higher the sintering temperature and
the fixed time of 90 minutes indicates that the average crystal
size increases. Most of this is due to the process of
recrystallization and grain growth during sintering. According to
previous researchers [23] said that research on the effect of Zn on
the microstructure, mechanical properties and corrosion
properties of Mg — Zn alloys. From the microstructural results, it
can be seen that the Mg — Zn alloy generally still contains o — Mg
matrices and second phases which are distributed along the grain
boundary. Also, an increase in zinc content in the alloy will lead
to a decrease in grain size.
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3.3 Effect of Sintering Temperature on Dislocation
Density in alloy Mgo,92Zn0,05Co 03

5 5

Angle (20)
Fig. 3. Effect of sintering temperature and angle 20 on the
dislocation density of the alloy Mgo,92ZN0,05Co,03

Fig. 3 shows a graph of the relationship between sintering
temperature and angle 20 to dislocation density and 90 minutes
holding time of Mgo92Zno0sCooz: alloy, showing that the
dislocation density value decreases with increasing sintering
temperature. The results of the dislocation density test show that
the greater the sintering temperature the lower the dislocation
density.

3.4 Effect of Sintering Temperature on Micro Lattice Strain
in alloy Mgo,92Zn0,05Co,03

Fig. 4 shows a graph of the relationship between sintering
temperature and angle 260 to micro-lattice strain and holding time
of 90 minutes for Mgo92ZnoosCoo alloy, showing that the
microstrain  value gets smaller with increasing sintering
temperature.

5 55

Angle (20)

o
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2 35 4

Fig. 4. Effect of sintering temperature and angle 26 on the micro
lattice strain of the alloy Mgo,92ZNn0,05Co,03

These results are closely related to the reduction in line shape
crystal defects (dislocations). Due to an increase in the line shape
crystal defects indicated by an increase in the value of the micro
lattice strain which results in an increase in the dislocation
density. Because the lattice microstrain affects the length of the
dislocation lines per unit volume of crystal.

3.4  Effect of sintering temperature on the yield strengt of
the alloy Mgo,92Zno,0sCo,03

Yield Strenght

Fig. 5. Effect of sintering temperature on the yield strengt of the
alloy Mgo,92Zn0,05Co,03

Fig. 5 shows the yield strength values of Mg 92Zn005Cao, 03
alloy resulting from sintering temperature variations of 475°C,
525°C, and 575 °C and holding time for 90 minutes, namely 274.
5400008 MPa, 274.5400007 MPa, and 274.540006 MPa . This
indicates that the decrease in yield strength may be due to the
recrystallization process and grain growth during the sintering
process. As explained in the crystallite size explanation, the
majority of plastic deformation of MgZnC alloy occurs through
slip and twin dislocation processes. Thus the stress loads imposed
on the material do not turn into grain strain but become rotations
in the crystal lattice. This shift of the crystal lattice produces
crystallites. With increasing calcination time, the dislocation
density decreases and consequently the yield strength decreases,
this is due to the melting point of Zn 419.58 °C. This has been
done by previous studies with a porosity of 30-90% [20].

3.5  Effect of sintering temperature on the porocity of the
alloy Mgo,92Zn0,0sCo,03

475 C 525 C 575 C

Fig.6. Effect of sintering temperature on the porocity of the alloy
MGo,92ZN0,05Co 03

Fig. 6 shows that the porosity value with longer sintering time
tends to increase. This happens because it follows the pattern of
sintering process phenomena. In addition, this may be due to the
enlargement of the grains during the sintering process. Therefore
using the powder metallurgy method will produce a material
shaft that is easy to control in each alloy sample when compared
to the method of making bone implants by casting. It is hoped
that the powder metallurgy method is suitable for the
manufacture of biomaterial bone implants because the porous
structure of magnesium will lead to faster cell growth. By doing a
comparison of previous research where the porosity value is 30-
90% [20]. The results of previous studies with SEM-EDXS have
also been strengthened. It can be seen that the pores formed with
larger sizes occur at a sintering temperature of 600 °C. This
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indicates that an increase in sintering temperature results in
shrinkage of the pores between the grain boundaries (grain
boundaries) and is followed by grain growth and increased
bonding between adjacent particles [17,21].

3.6 Effect of sintering temperature on the density of the
alloy Mgo,922Zn0,0sCo 03

uuuuu

Dencity

Fig.7. Effect of sintering temperature on the density of the alloy
Mdo,92Zn0,05Co,03

Fig.7 shows a graph of the relationship between the density
values of various sintering temperatures and a fixed time of 90
minutes for the Mgo92Zno,0sCo03 alloy. Where this graph shows
that the density value increases with increasing sintering
temperature, this is due to the recrystallization process and grain
growth in the Mgo,02ZNn0,05Co,03 alloy. Where during the sintering
process, the greater the temperature the object or material tends
to be denser. However, when compared with the cortical bone
density value, which is 1.81 ~ 2.0 gr/cm3, it is almost appropriate
at this 90 minute time [20]. Please note that with increasing
heating temperature, the reaction that occurs is higher. This
causes the grain boundaries to start moving so that the grains start
to grow, forming channels that are interconnected so that the
bond intensity between the elements is higher which makes the
alloy tighter. The bond speed is affected by temperature as the
driving energy which causes diffusion between grain boundaries
and shrinkage of porosity which will increase density and
increase strength. In addition, the formation of micropores is also
caused by the evaporation of Zn due to the influence of
temperature. At sintering temperatures of 600°C and 650 °C the
temperature is too high for Zn, thus forming micro pores in the
alloy Mg-Ca-Zn [22,24].

4 Conclusion

Based on the test results and analysis of the alloy
Mgo,92ZN0,05Co,03, it can be concluded as follows: From the results
of the crystal structure test with XRD it was shown that the a-Mg
phase was formed as the parent phase and the MgZn phase and
the sintering temperature was greater and the holding time
remained 90 minutes resulting in the crystal size increases, but
the micro lattice strain values, dislocation densities, and yield
strength decrease. Also for the porosity value and density value,
the opposite is true, that is, the higher the sintering temperature,
the greater the porosity, but the smaller the density value. The
results of the study showed that the Mgo92ZNn0,05Co,03 alloy with a
compaction pressure of 10 tons has the opportunity to become an
implantable biomaterial which has a density value of around
1.800 gram/cm? and a yield strength of around 274 MPa.
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