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Effect of Calcium Content on the Microstructure, Hardness and In-Vitro
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Effect of calcium addition on microstructure, hardness value and corrosion behavior of five different
Mg-xCabinary alloys (x=0.7, 1, 2, 3, 4 wt. (%)) was investigated. Notable refinement in microstructure
of the alloy occurred with increasing calcium content. In addition, more uniform distribution of Mg,Ca
phase was observed in o--Mg matrix resulted in an increase in hardness value. The in-vitro corrosion
examination using Kokubo simulated body fluid showed that the addition of calcium shifted the fluid
pH value to a higher level similar to those found in pure commercial Mg. The high pH value amplified
the formation and growth of bone-like apatite. Higher percentage of Ca resulted in needle-shaped
growth of the apatite. Electrochemical measurements in the same solution revealed that increasing Ca
content led to higher corrosion rates due to the formation of more cathodic Mg,Ca precipitate in the
microstructure. The results therefore suggested that Mg-0.7Ca with the minimum amount of Mg,Ca
is a good candidate for bio-implant applications.
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1. Introduction

Potential materials for the use in medical applications
need to be compatible with the human body without
generating harmful impacts'. In recent years, there has
been an indisputable tendency to use magnesium and its
alloys in implants or bone grafts as they have mechanical
properties similar to human bone and are biocompatible and
biodegradable both in-vivo and in-vitro®>*. Furthermore, in
comparison with polymeric biodegradable implants, tensile
yield strength and Young’s modulus are higher in magnesium
and its alloys®. The disadvantages of magnesium usage as
implant applications are high corrosion rates and hydrogen
evolution®. The addition of alloying elements, namely
aluminum and rare earths, was found to be an appropriate
remedy to overcome the above deficiencies™. However,
aluminum is possibly a harmful element to neurons and
osteoblasts that expedites dementia and Alzheimer’s
diseases!’. Similarly, rare earth elements such as Pr, Ce and
Y increase the likelihood of hepatotoxicity''. In addition,
aluminum and rare earth elements exceed a particular
level required for optimization of biodegradable Mg alloys
leading to an unpleasant impact on DNA factors’.

Based on the latest investigations, Ca, Mn and Zn
elements are appropriate constituents that gradually
degrade within the human body, along with magnesium,
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without raising the serum Mg?* level or damaging important
organs such as kidneys”'>!3. Such particular elements,
especially calcium, are contributing factors to control
corrosion rate of magnesium alloys'*. Ca is also one of
the most important and necessary element of human bone,
particularly in terms of chemical signaling with different
cells®. Moreover, Ca as an inexpensive alloying element with
alow density (1.55 g.cm™) similar to bone is able to produce
hydroxyapatite (HA) during corrosion in the body and
accelerate bone healing'*'>. Therefore, it is a contributing
approach to develop Mg-Ca alloy with good corrosion
resistance in biomedical applications of magnesium. The
aim of this study is to investigate the effect of different
percentages of calcium on the corrosion and electrochemical
behavior of binary Mg-Ca alloys in Kokubo simulated body
fluid as well as hardness and microstructure characteristics.

2. Experimental

2.1. Fabrication and sample preparation

Pure commercial magnesium ingot (99.9% Mg) and
calcium-magnesium master alloy (Mg-30Ca) were melted
in a mild steel crucible at 740 °C in an argon gas protected
environment using an induction furnace (Inductotherm).
The molten metal was poured into a mild steel simple mould


g.cm

12 Harandi et al.

preheated at 200 °C. The chemical composition of the
as-cast Mg-xCa alloys was analyzed by energy dispersive
spectrometer (EDS, Zeiss Supra 33VP) at 3 different sample
locations.

2.2. Microstructural characterization

Samples sized at 20 x 20 mm were cut from pure
magnesium and the as-cast alloys. They were then
mechanically polished after being ground up to 4000 grit
prior to microscopic analysis. Optical microscope
(Olympus BX60), SEM/EDS and X-ray diffractometer
(XRD, Siemens-D500, Cu Ko radiation generated
at 40 kV and 35 mA) were used for microstructural
characterization. The average grain size of pure magnesium
and the as-cast alloys was measured according to ASTM E
112-96 standard using the mean lineal intercept with five
different readings for each micrograph.

2.3. Hardness test

A Vickers hardness testing machine (Matsuzawa, DVK-2)
was used to measure hardness value of the prepared samples
according to ASTM E92-82 standard. The load, loading time
and loading speed of the machine were set at 10 kg, 10 s
and 50 um/sec, respectively.

2.4. Immersion test

The immersion test was performed according to ASTM
G31-72 standard in the Kokubo simulated body fluid (SBF)
for 72 hours. The chemical composition of Kokubo solution
as compared to human blood plasma is given in Table 1'6.
The test was carried out inside an incubator (AMBI-100) at a
maintained temperature of 37 = 0.5 °C. Samples measuring
13 x 11 x 5 mm were cut from the pure magnesium and the
cast alloys and ground up to 2400 grit by silicon carbide
papers. The pH value of the SBF was initially adjusted to
7.73. During the experiment, the samples were removed
from the solution at 12 hour intervals, washed with distilled
water and dried at room temperature. In addition, the pH
of the SBF was monitored during the immersion test at
the mentioned intervals. The morphology of the corrosion
products formed on the surface of the samples was examined
by SEM/EDS.

2.5. Electrochemical measurement

The immersion test was complemented with an
electrochemical polarization test. This test was carried out
by a potentiodynamic system (Parstat 2263) operated by
PowerCORR software (at a scan rate of 0.9 mV/sec) to study
the degradation behavior of the pure magnesium as well as
the alloys according to ASTM G5-94 standard. A volume of
400 mL of SBF with a pH of 7.73 maintained at 37 °C was
used for the test solution. A typical three-electrode system
consisting of graphite rod, saturated calomel electrode (SCE)
and specimen (1 cm? exposed area) were used as the counter,
reference and working electrodes, respectively. SiC paper
was used to polish the samples up to 2400 grit followed by
washing them with distilled water and drying in hot air prior
to the experiment.
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3. Results and Discussion

3.1. Microstructural analysis

Table 2 gives the chemical composition of the as-cast
Mg-xCa alloys. It can be seen that the calcium percentage
of the as-cast alloys follows the nominal composition of
the alloys indicating acceptable casting procedure. Figure 1
shows the optical microstructures of pure magnesium
and produced Mg-Ca alloys containing different calcium
content. According to the micrographs, it can be clearly
stated that the addition of calcium element caused a decrease
in the grain size of magnesium. In addition, further grain
refinement was observed with increasing calcium content
in binary Mg-Ca alloys (Table 3).

The grain refinement was due to the restriction of grain
growth through the formation of a significant constitutional
undercooling in an area immediately adjacent to the solid/
liquid interface. In addition, according to the equilibrium
phase diagram of binary Mg-Ca alloys, the volume fraction
of Mg,Ca intermetallic increased with increasing calcium
content, as can be clearly observed from the SEM images of
Mg-1Ca and Mg-3Ca alloys in Figures 2a, b, respectively.
In addition, the images show distribution of Mg,Ca in
the form of eutectic phase among the interdendrites areas
and along grain boundaries. In other words, in the course
of solidification, the remaining liquid was enriched with
calcium and then solidified as o-Mg+Mg,Ca eutectic phase
(Figure 2c). Therefore, the alloys with higher percentage of
Ca offered better resistance against grain growth.

The EDS analysis shown in Figure 3 illustrates calcium
content of o.-Mg matrix and Mg,Ca phase. Figure 3a
concludes that a solid solution of 0.7% calcium in
magnesium was formed in the alloy matrix together with
traces amount of Mg,Ca phase in the microstructure. As a
result, further increase in Ca content caused precipitation

Table 1. Ion concentrations of the simulated body fluid and human
blood plasma.

Concentration (mmol.dm™?)

fon Simulated body fluid (SBF) Human blood plasma
Na* 142.0 142.0
K* 5.0 5.0
Mg 1.5 1.5
Ca* 2.5 2.5
Cl- 147.8 103.0
HCO, 42 27.0
HPO * 1.0 1.0
Noks 0.5 0.5

Table 2. Chemical composition of the as-cast Mg-xCa alloys.

X
0.7 1 2 3 4

Mg 98.3 91.7 95.2 93.9 92.8
0.74 1.08 1.98 3.03 3.98

Mg-xCa alloy

Elements
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of considerable amount of Mg,Ca. XRD analysis of the  at26="70.11°, which corresponds to (313) crystallographic
alloys detected only the presence of Mg,Ca phase and  plane, increased with rising calcium percentage confirming
o-Mg (Figure 4). The diffraction intensity of Mg,Caphase  an increase in the amount of Mg, Ca phase.

Figure 1. The microstructure of (a) pure magnesium and Mg-Ca alloys with (b) 0.7, (¢) 1, (d) 2, (¢) 3 and (f) 4 weight percent calcium content.

Table 3. The average grain diameter of pure Mg and as-cast Mg-Ca alloys.

Material Mg Mg-0.7Ca Mg-1Ca Mg-2Ca Mg-3Ca Mg-4Ca
Average grain size (mm) 0.63 0.51 0.44 0.31 0.17 0.12
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3.2. Hardness behavior

The measured Vickers hardness value of the samples is
shown in Figure 5. The hardness value of pure magnesium
stood at 26.7 HV. The trend of hardness value shows an
ascending behavior with increasing calcium content. A
remarkable improvement in the hardness value of Mg-0.7Ca
and Mg-1Ca alloys can mainly be attributed to the solid
solution effect. The gradual increase in the hardness behavior
of the other alloys with further increment of Ca content can
be ascribed to the solid solution of calcium in magnesium

Spot Magn
25.0kV 4.4 600x BSE 110 M
A q

a- Microstructure 1

(b)

(o-Mg+Mg,Ca)
eutectic

bW
Det WD — 5um
BSE 11.1 Mg-3Ca-1

AccV  Spot Magn
250KV 3.8 4000x

Figure 2. SEM images of (a) Mg-1Ca and (b) Mg-3Ca alloys and
(c) the morphology of a-Mg +Mg,Ca eutectic phase in Mg~Ca alloy.
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together with microstructure refinement and distribution of
the Mg,Ca intermetallic phase in the microstructure. The
latter had more pronounced effect on the hardness value
due to the higher hardness of Mg,Ca phase as compared
to o-Mg matrix'”.

3.3. Immersion test

Surface morphologies of Mg-Ca alloys after immersion
in SBF for 72 hours are exhibited in SEM images in Figure 6.
It can be seen from Figures 6a-c that no considerable amount
of bio-corrosion products was formed on the surface of
Mg-Ca alloys containing 0.7 to 2% Ca, respectively. It is
believed that Mg(OH), film initially forms on the surface
of the alloys as a result of magnesium dissolution in SBF'$,
Afterwards, this film gradually transforms to the hydrate
state (Mg(OH),.nH,0) while being soaked in the solution.
Removing the samples from SBF and drying them in air
for analyzing the corrosion products by SEM/EDS caused
dehydration which brought about shrinkage of the film and
the formation of cracks as can be clearly seen in Figure 6¢
and d. Prolonged soaking led to the emergence of randomly
distributed white particles on the surface.

EDS analysis (Figure 7) shows that Mg, Ca, P and O
are dominant constituent elements of the particles. These
elements appeared in the form of relatively low soluble
Mg,(PO,), and Ca (PO,),(OH), compounds, important
components of human bone, due to the bonding of PO,*
with Ca** and Mg?* cations". It has been reported that the
white particle initiated and grew in localized pits formed
on magnesium hydroxide film due to the attack of chloride
ions (CI) in SBF*21,

The white particle grew with increasing calcium content
in the alloys due to the increment of Mg,Ca phase that
results in producing more Ca?* and Mg?* cations in SBF*%.
The white particles, which are negatively charged apatite
nuclei, absorb Ca** cations from the environment®. The
resulted calcium-rich positively charged surface consumes
PO ,*-anion of the fluid. The process continues sequentially
to form bone-like and needle-shaped bone-like apatite
which can be observed in the alloys containing 3 and 4%
calcium, respectively (Figures 6d and f). This indicates
that increasing calcium content accelerates the growth of
bone-like and needle-shaped apatite in SBF. However, this is
not an appropriate result as the pH value of the environment
increases.

Figure 8 illustrates the increase in pH values of
SBF for all tested samples for the whole duration of the
immersion test, although the rate of pH value changes
gradually decreased over time. The trend of pH values in
the first 36 hours of immersion time was similar for all
samples. It increased rapidly within the first 12 hours due
to the rapid evolution of hydrogen gas during immersion
in SBF which led to the accumulation of hydroxyl ion
(OH") near the sample surface. Afterwards, increasing
the pH value of SBF adjacent to the surface of the sample
interrupted the anodic reaction (Equation 1) and suppressed
the production of Mg?. At the same time, more cathodic
reaction (Equation 2) occurred due to low corrosion
resistance of the sample.

Mg — Mg* + 2e (1)
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M,
£ Element |wt. (%)lat. (%) Me Element |wt. (%)|at. (%)
MgK 99.27 |99.55 MgK 86.56 | 91.39
CaK 0.73 | 0.45 CaK 13.44 | 8.61
Total 100 100 Total 100 100
Ca
Ca " ‘
0.80 1.60 2.40 3.20 4.00 0.80 1.60 2.40 3.20 4.00
Energy (Kev) Energy (Kev)

(a)
Figure 3. EDS analysis of (a) o-matrix and (b) Mg,Ca phase.
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Figure 4. The XRD patterns of the Mg-Ca alloys with calcium

content of (a) 0.7, (b) 1, (c) 2, (d) 3 and (e) 4 weight percent
calcium content.
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Figure 5. The hardness value of Mg-Ca alloys as a function of
calcium content.

2H,0 + 2e — 2(OH) + H, @

This behavior was more severe for Mg-3Ca and
Mg-4Ca alloys which resulted in rapidly generated
bubbles. Precipitation of more Mg,Ca phase along the
grain boundaries and interdenderic locations (Figure 2)

(b)

was the main reason for this behavior. In other words,
higher percentage of Ca addition increased the surface
area of the cathode (Mg,Ca). Subsequently the higher ratio
of cathode/anode area resulted in higher corrosion of the
alloys. Therefore, hydrogen evolution increased with more
hydroxyl anion (OH") produced causing an increase in pH
values. On the other hand, formation of protective Mg(OH),
layer on the surfaces of the sample (Equation 3) brought
about slight reduction in the slope of the pH curve for the
next 12 hours. This film was then attacked by chloride ions
(CI") in the SBF causing pitting corrosion. Thus passivation
was suppressed and pH value rose again for the following
12 hours. The white particles started to form in the pits for
the tested samples according to Equation 4. This reduced
the degradation of the alloys which led to the decrease of
the curves slope for the next interval.

Mg + 2H,0 - Mg(OH),  H, 3)
6PO, + 10Ca* + 20H" — Ca,, (PO,), (OH), )

For the samples containing 0.7, 1 and 2% calcium,
pH variations remained almost unchanged for the rest
of the soaking time. However, pH value of the solution
decreased for the alloys containing 3 and 4% calcium.
These samples produced more Ca** cation which consumes
PO,* anion during the formation of bone-like apatite.
The preferential growth of the process product formed
needle-shaped bone-like apatite. It is believed that this
type of apatite is governed by higher pH values** which
accelerate biodegradability of Mg-Ca alloys. On the other
hand, increasing pH value causes haemolysis problem in
human® and should be controlled. From the above results
it can be deduced that Mg-0.7Ca alloy causes the least pH
alteration in the human body. Comparing pH value of the
samples, it can be seen that the pH variations of pure Mg as
well as Mg-3Ca and Mg-4Ca alloys are higher than those
of other experimented Mg-Ca alloys. Improving corrosion
resistance of oi-matrix by solid solution of Ca in Mg which
slowed down the generation rate of OH" is the main reason
for their lower amount of pH values.



16 Harandi et al.

3.4. Electrochemical measurements

Figure 9 shows the electrochemical polarization curves
of the pure magnesium as well as the five investigated
alloys. The polarization curves in the figure represent similar
mechanism of electrochemical behaviors for all the samples.
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1 and corrosion

‘corr” “corr

The data derived from the curves, E
rate, are summarized in Table 4.

The results indicate that adding 0.7% Ca to pure Mg
increased the corrosion potential towards more cathodic
values due to higher electronegativity of Ca compared to
that of Mg. However, further increase of calcium content

(b)

Figure 6. SEM image of Mg-Ca alloy with (a) 0.7, (b) 1, (c) 2, (d) 3, (e) 4 Ca; and (f) needle-shaped bone like apatite formed on Mg-4Ca
alloy after soaking in SBF for 72 hours.
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Table 4. Electrochemical data of the samples in Kokubo solution.

Sample . - Corrosion

V) (A.em? x 10%)  rate (mpy)
Mg -2.03 3.09 2170
Mg-0.7Ca -1.90 1.97 1479
Mg-1%Ca -1.96 2.24 1876
Mg-2%Ca -1.99 3.12 2017
Mg-3%Ca -2.05 3.95 2881
Mg-4%Ca -2.06 4.70 3604

0.80 1.60 2.40 3.20 4.00
Energy (keV)

Figure 7. EDS analysis of point A in Figure 6a.
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Figure 8. The pH value of SBF solutions plotted against immersion
time for the pure Mg and investigated Mg-Ca alloys.
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Figure 9. Tafel curves of the pure Mg and as-cast Mg-Ca alloys
in SBE.
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shifted the corrosion potential of the alloy towards more
anodic position. This indicates that the corrosion potential of
the samples reduced with additional calcium content, while
the current density and corrosion rate of the alloys increased.
As previously mentioned, formation of more amount of
Mg,Ca with addition of higher Ca percentage diminished
the corrosion resistance of Mg-Ca alloy. In other words,
corrosion resistance of pure magnesium was improved by
the addition of 0.7%Ca due to the low volume fraction of
Mg Ca phase and less grain boundary. In addition, the results
given in Table 4 indicate that pure Mg almost behaves like
Mg-2Ca alloy in terms of corrosion properties. Moreover,
from the curves given in Figure 9, it can be observed that
the cathodic polarization curve corresponding to hydrogen
evolution reaction was lower on Mg-0.7Ca alloy compared
to that of other samples. This suggests that it was more
difficult for the cathodic reaction (Equation 2) to kinetically
take place for this alloy due to lower over potential of
hydrogen evolution. Therefore, Mg-0.7Ca showed more
resistance to corrosion in SBF and can be a good candidates
for bio-implant applications.

4. Conclusion

The aim of this research was to study the effect of
calcium content on the microstructure, hardness value and
corrosion behavior of Mg-xCa binary alloys. The following
results can be drawn:

¢ Increasing the calcium content caused microstructure
refinement and raised the volume fraction of Mg,Ca
phase distributed in o-Mg matrix, among the
interdendrite areas and along grain boundaries of
Mg-Ca binary alloy which resulted in an increase in
hardness value.

* The pH value of SBF was decreased by addition of
Ca to pure magnesium. However, increasing calcium
content in Mg-Ca binary alloy showed inverse
behavior.

* Bone-like appetite growth was observed in Mg-3%Ca
alloy, whilst the form of growth changed to needle-
shaped bone-like for Mg-4%Ca alloy after 72 hours
soak in SBF, showing that increasing calcium content
accelerates the growth of bone-like and needle-shaped
apatite.

* Addition of calcium increased corrosion resistance
of pure magnesium in SBF. However, increasing Ca
content resulted in decreasing corrosion potential
towards more anodic positions which accelerated
the degradation rate of Mg-Ca alloys due to the rapid
degradation of Mg,Ca phase.

* Mg-0.7Ca alloy indicated better performance among
the investigated alloys which suggests its use as a
biodegradable material in bio-implant applications.
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