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Abstract
In this study, zinc (Zn) and eggshell (ES) reinforced
biodegradable magnesium alloy (Mg–2.5Zn) and envi-
ronment concise (eco) composite (Mg–2.5Zn–xES) was
fabricated using disintegrated melt deposition (DMD)
technique. In vitro experiments were conducted to study
the biodegradation behavior of Mg–2.5Zn and Mg–
2.5Zn–xES (x = 3 and 7 wt%) using simulated body fluid
(SBF) under standard human body temperature of 37 °C.
Using electrochemical Impedance Spectroscopy (EIS),
electrochemical analysis was performed to study in vitro
degradation behavior of alloy and composite. EIS
revealed increased in vitro degradation of the biodegrad-
able magnesium alloy and ecofriendly composite as
percentage of ES reinforcement was increased. X-ray
diffraction (XRD) was performed to observe the chemical
composition of elements and reaction products present in
the degraded samples after corrosion process. Scanning
electron microscopy (SEM) analysis showed variations in
surface morphology of the alloy and composite before
and after degradation. SEM result revealed presence of
defects in the tested samples after degradation process.
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Introduction

Increasing demand to reduce greenhouse gas emissions has
made the researchers to explore and develop lightweight
materials at economical price, since the beginning of
twenty-first century [1]. For the past two decades, magne-
sium (Mg) has emerged as a potential candidate in
decreasing use of steel and aluminium. Mg has found its
application in aerospace, automotive, sporting, and
biomedical equipment due to less density and higher specific
strength [1–4]. Stainless steel (SS) and titanium (Ti) are used
as permanent/temporary human body implant for more than
a century in biomedical application [4]. SS/Ti with higher
elastic modulus used as orthopedic implants has major
drawback of high stress shielding. Bioresorbable Mg has
relatively closer elastic modulus compared to that of the
natural bone which reduces the stress shielding effect as well
as reduces healing time [5, 6]. Bioresorbable characteristics
of Mg cause it to dissolve in human body which eliminates
the cost of revision surgery and patients risk from surgical
procedures. Mg is an essential mineral for metabolism in
human body and the excess drained out in the form of
urine [7].

Degradation/corrosion rate of pure Mg limits its use as
orthopedic implant to maintain structural strength in physi-
ological environment. Alloying elements for biomedical
application are determined based on availability and ease of
disposal, toxicity, and biocompatibility. Proper choice of
alloying elements like Calcium (Ca), Zinc (Zn), Tin (Si),
Zirconium (Zr), etc., can control the rate of corrosion over
stipulated period [8]. Zn is abundant in nature with high
nutritional value, able to improve the corrosion resistant and
highly biodegradable in physiological environment [9].
While Ca stimulates human bone growth, addition of Ca to
Mg improves the mechanical properties and corrosion
resistance of the material implanted in the human body [9].
Researches were performed to add eggshell that contains
95% of calcium carbonate and the hydroxyapatite derived
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from eggshell synthesis used as bone graft material [10–12].
Ca is a natural source in eggshell waste which used as a
reinforcement in Mg matrix to form eco (environmental
concise) composite [13]. The results showed a considerable
increase in mechanical properties and damping behavior at
room temperature [14]. Damping is considered to be an
important parameter which aids in mitigating the vibrations
prolonged into human body caused by movements of the
recipient and the stresses induced in the bone-implant
interface.

This study focused on understanding the in vitro corro-
sion behavior of pure Mg alloyed with Zn and reinforced
with xES (x = 0, 3, 7%) in a SBF at 37 °C. The prepared
biodegradable composite was subjected to EIS analysis for
two weeks. The materials were initially prepared using dis-
integrated melt deposition (DMD) [15–17] and hot extruded
to 8 mm diameter. Then, the samples were further polarized
to study the biodegradation behavior using EIS. SEM and
XRD were employed to characterize the surface morphology
and chemical composition of the Mg–2.5Zn–xES composite.

Materials and Methods

The biodegradable magnesium alloys were prepared by
melting pure Mg under argon gas jacket along with 2.5 wt%
Zn and varying amount of eggshell (x = 3 wt% and 7 wt%
designated as 3ES and 7ES, respectively) to form three
different material composition. Pure Mg turnings, powders
of Zn and eggshell stacked like sandwich in a graphite
crucible, was then superheated to a temperature of 750 °C
and stirred with zirtex 25 [18] coated steel stirrer. The stir-
ring was carried to form a vortex for 5 min at 450 rev/min.
The melt was tapped at the bottom of the crucible through a
graphite nozzle at 25 Lpm. The disintegrated melt was
deposited into a graphite coated steel substrate to form cast
billets of 50 mm in diameter. Furthermore, hot extrusion was
carried to homogenize the cast billet using 150 T hydraulic
press. The hot extrusion was carried at 350 °C to obtain the

billets of 8 mm in diameter with an extrusion ratio of
20.25:1. Colloidal graphite was used as lubricant.

A three-electrode double-jacketed 250 ml in vitro corro-
sion cell was used, in which a graphite rod, Mg coupon (only
50 mm2 is exposed to the SBF), and saturated calomel elec-
trode were the counter, working and reference electrodes,
respectively [19]. The cell was maintained at 37 °C ± 0.5 °C
using a thermostat water circulator. A thermometer was used
to monitor the temperature of the electrolyte before and during
the experiments. A Reference GAMRY 3000 potentiostat
(Warminster, PA, USA) was used to perform the electro-
chemical measurements. Electrochemical impedance spec-
troscopy (EIS) measurements of Mg alloys were investigated
for 2 weeks immersion in SBF solution in a frequency range
of 10−2 to 105 Hz with an AC amplitude of 5 mV. Tafel
experiment was carried out at a constant scan rate of 0.3 mV/s
within scan range of ±250 mV versus the open-circuit
potential (OCP). The SBF composition was prepared as
described in Table 1 [20].

Characterizing the degraded surfaces is vital to analyze
the in vitro corrosion behavior of the samples after EIS
electrochemical analysis. XRD (X’Pert-Pro MPD, PANa-
lytical Co., Netherlands) was utilized to study different
phases on the in vitro corroded samples. The morphology of
the corroded surface was examined by Field emission
scanning electron microscopy (FEI NOVA NANOSEM 450,
Hillsboro, OR, USA) with an accelerating voltage of 20 kV.

Results and Discussion

The in vitro degradation of Mg–2.5Zn alloy and eco-
composites using electrochemical imprudence spectroscopy
(EIS) was carried in simulated physiological environment. As
shown in Figs. 1a, 2a and 3a,Nyquist plots revealed the in vitro
degradation behaviors of the bioresorbable Mg samples.
Nyquist plots showed the data obtained for 2 W (336 h) of
immersion. The trend in the loops shows the corrosion rate
evolution of the tested samples at different immersion duration.

Table 1 Regents for preparing
SBF (pH7.40, 1 L) [20]

Order Reagent Amount

1 NaCl 8.035 g

2 NaHCO3 0.355 g

3 KCl 0.225 g

4 K2HPO4 � 3H2O 0.231 g

5 MgCl2 � 6H2O 0.311 g

6 1 M HCl 39 mL

7 CaCl2 0.292 g

8 Na2SO4 0.072 g

9 (CH2OH)3CNH2 6.118 g

10 1.0 M HCl 0–5 mL
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Fig. 1 Mg–2.5Zn a Nyquist
plot, b SEM image of degraded
surface after 336 h (2 W)
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Fig. 2 Mg–2.5Zn–3ES
a Nyquist plot, b SEM image of
degraded surface after 336 h
(2 W)
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Fig. 3 Mg-2.5Zn–7ES
(a) Nyquist plot (b) SEM image
of degraded surface after 336 h
(2 W)
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From the plots, it is evident that the curves are categorized by a
semicircle in the high and middle region and a capacitive
semicircle in the low-frequency region. The corrosion resis-
tance is distinguished by the larger dimension of the capacitive
loop.

It can be seen from Figs. 1a, 2a, and 3a, that the com-
position with 7ES has the lowest polarization resistance of
225 Ω cm2 after 2 weeks immersion. Mg–2.5Zn alloy has
the maximum polarization resistance of ohm 590 Ω cm2 for
the same duration. These changes were attributed to mass
transportation, charge transfer reaction, and pitting corrosion
during the in vitro degradation process.

Figure 4 illustrates the Tafel curves of the Mg alloys in
SBF solution. It can be noticed that Mg–Zn alloy has the
lowest corrosion current density of 29 µA cm−2 in com-
parison with 33 and 37 µA cm−2 of Mg–2.5Zn–3ES and
Mg–2.5Zn–7ES alloys, respectively. These results are
matching with the EIS measurements for the 1st-day
immersion of Mg–2.5Zn alloys.

To understand the morphology of the corroded sample
surfaces, SEM analyses were employed. As depicted in
Figs. 1b, 2b, and 3b clear morphological changes were
observed due to the immersion in SBF for 2 W. The reaction
products were loose and distributed on the surface of the
corroded samples. There were various cracks developed on
the degraded sample surfaces and can be attributed to the
sample shrinkage during drying. The XRD patterns in Fig. 5
elucidate the reaction products after immersion of 336 h,
which is in good agreement with earlier findings [10, 21].
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Fig. 5 XRD correspond to the
EIS reaction products after 2 W
immersion

256 S. Murugan et al.



Growth of apatite [22] is observed in Fig. 6a, b due to the
interaction of ES particle with SBF during the two weeks of
immersion.

Conclusion

The work demonstrated the in vitro degradation behaviour of
Mg–2.5Zn alloy and Mg–2.5Zn–xES composite. The
in vitro degradation was carried in simulated body fluid
using electrochemical impedance spectroscopy. The EIS and
Tafel plots indicated Mg–2.5Zn alloy has good corrosion
resistance. 3ES eco-composite is relatively lower in the
corrosion resistance than that of Mg–2.5Zn alloy after
2 weeks of immersion. The pitting corrosion is the dominant
corrosion mechanism in all the tested samples. Apatite
growth is observed on the eco-composite specimens after
two weeks of immersion electrochemical analysis.
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