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In this research, the corrosion behavior and mechanical properties of the Mg—Zn—Ca amorphous alloys,
as well as the effects of Ag addition were investigated. The results revealed that the as-cast MggsZnszpCas
amorphous alloy exhibited the high fracture strength over 720 MPa, which was further enhanced by 1%
Ag addition. The polarization resistances in Hanks' solution of high purity Mg, MggsZnspCas,
MggsZnsgCasAg; and MggsZnsgCasAgs amorphous alloys were 5710, 5640, 8542 and 4125 Ohms/cm?,

respectively. The minor addition of 1% Ag and homogeneous structure are responsible for improved

Keywords:

B. Corrosion

B. Glasses, metallic

F. Mechanical testing

G. Biomedical applications

strength and polarization resistance. With more Ag addition, both the strength and corrosion resistance
were decreased due to the deceasing of the glass forming ability and galvanic corrosion.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The high reactivity of Mg alloys in corrosive media can be
utilized as an advantage in biomedical applications, particularly
in temporary implants, although it is regarded as a major draw-
back when they are utilized as structural materials. Mg exists in a
large amount in human body, involving in kinds of metabolic
reactions and physiological mechanisms. Mg ions are essential to
the basic nucleic acid chemistry of life, and thus are essential to
all cells of all known living organisms. Comparing with Co, Ti or
stainless steel implant materials, it has many advantages such as
the low density and low Young’s modulus. The density of Mg
(1.74 g/cm?) is similar to that of natural bone (1.75—2.10 g/cm?).
The elastic modulus of magnesium alloys (41—45 GPa) is much
closer to that of natural bones (10—30 GPa) in comparison with
that of Ti alloys ( ~ 110 GPa), stainless steels ( ~200 GPa), and Co—
Cr alloys ( ~ 230 GPa). Therefore, Mg and Mg alloys are recently in
great interest to be used as biodegradable implant materials, such
as cardiovascular or orthopedic devices [1,2]. So far series of Mg—
Al-Zn [3-5], Mg—Ca [6,7], Mg—Zn [8,9], Mg—Zn—Mn [10,11],
Mg—Zn—Ca [12,13] alloys have been developed as biodegradable
materials. Among them, one of Mg-based bulk amorphous alloys,
containing the essential elements Zn and Ca for humans, has been
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studied with reference to biosafety and biocompatibility of
released alloying elements [12—14].

Mg—Zn—Ca bulk amorphous alloys exhibited three times of the
strength of pure Mg [15], noble corrosion potentials, reduced cur-
rent densities and higher cell viabilities compared with as-rolled
pure Mg. It was also reported that hydrogen evolution was
greatly reduced by using of Mg—Zn—Ca amorphous alloys, which
showed only marginal hydrogen evolution during in vitro and
in vivo degradation [14]. Although some researching works have
been published on Mg-based alloys [12—15], the poor mechanical
properties and corrosion resistance limit the clinical application of
them. The aims of this research are to improve the mechanical
properties and to decrease the degradation rate of Mg—Zn—Ca
amorphous alloys. The mechanical properties at room temperature
and corrosion behavior in Hanks’ solution at 310 K of the Mg—Zn—
Ca amorphous alloy, as well as the effects of Ag addition were
investigated.

2. Experimental procedures

Master alloys with nominal compositions of MggsZn3pCas,
MggsZnspCagAgy or MgesZnsgCasAgs (a.t.%) were prepared by
melting the mixture of pure elements of Mg (99.95 wt%), Ca
(99.99 wt%), Zn (99.99 wt%) and Ag (99.99 wt¥%) in an induction
furnace under the Ar gas atmosphere. The amorphous ribbons with
3 mm in width and 35 pm in thickness were produced by melt
spinning. The rod samples with a diameter of 2 mm were prepared
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by injection casting into a copper mold. The structure of the as-
prepared ribbons and rod samples was verified by X-ray diffrac-
tion with Cu Ko radiation (Rigaku, RINT-Ultima ). Thermal stability
was examined by differential scanning calorimetry (DSC, Q100) at a
heating rate of 40 K/min. Uniaxial compression testing was con-
ducted with a conventional mechanical testing machine at room
temperature. The initial strain rate was 5 x 10~#s~1, The cylindrical
test samples with 2 mm in diameter and 4 mm in height were used,
and the ends were polished carefully to ensure parallelism. At least
three specimens for each condition were tested to get a statistical
result. The corrosion behavior of the samples was evaluated by
electrochemical measurements. Electrolyte was simulated body
fluid of Hanks’ solution with pH 7.4 at 310 K open to air, which was
prepared from reagent grade chemicals and deionized water. The
composition of Hanks’ solution (g/L) is 8.00 NaCl, 0.40 KCl, 0.35
NaHCOs, 0.19 CaCly-2H,0, 0.09 NayHPO4-7H50, 0.2 MgS04-7H,0,
0.06 KH,PO4 and 1.00 Glucose. Electrochemical measurements were
conducted in a three-electrode cell using a platinum counter elec-
trode and an Ag/AgCl reference electrode. Potentiodynamic polari-
zation curves were measured with a potential sweep rate of 1 mV/s.
The analysis of the chemical bonding state of the samples was
conducted by an X-ray photoelectron spectrometer (XPS, Shimadzu
Kratos, AXIS-Ultra DLD) with monochromatized Al Ko excitation
(hv = 1486.6 eV).

3. Results and discussion

The XRD patterns of the as-spun MggsZns3pCas, MggsZn3gCasAgy
and Mgg3Zn3pCagAgs ribbons are shown in Fig. 1. A halo peak ap-
pears in the XRD pattern of the as-spun ribbons, demonstrating
that the as-spun ribbons are mainly amorphous structure. Fig. 2 is
the DSC curves of the as-spun MggsZnszpCas, MggsZn3pCazAgr and
Mge3Zn3oCasAgs ribbons. The MggsZns3pCas ribbon shows a distinct
glass transition temperature (Tg) 0f 413 K, and an onset temperature
of crystallization (Tx) of 430 K, following by a multiple crystalliza-
tion process. MggsZn3gCasAg; and MggsZnsgCasAgs ribbons have a
multiple crystallization process which is similar as that of
Mggs5Zn3gCas alloy, while the glass transition point is unintelligible.

Fig. 3 exhibits polarization curves of as-spun MggsZn3pCas,
MggsZnsgCagAg, and Mgg3ZnsgCasAgs ribbons in Hanks’ solution at
310 K. The data of high purity Mg is also shown for comparison.
Mg652n30Ca5, Mg652n30Ca4Ag1 and Mg53Zn30Ca4Ag3 alloys exhibit
an open-circuit potential about 460—510 mV higher than that of

CuKa

Mg,,Zn, Ca,Ag,

Intensity (a.u.)

Mgssznaoca4Ag1

20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD patterns of the as-spun MggsZnsgCas, MggsZnsgCasAg; and
Mgg3Zns3pCasAgs amorphous alloys.
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Fig. 2. DSC curves of the as-spun MggsZnsoCas, MgegsZn3pCasAg and MgeszZnsoCasAgs
amorphous alloys.

high purity Mg, hinting the increasing of the chemical stability with
addition of Zn, Ca or Ag alloying elements. MggsZnsgCas dissolves
actively with a high current density when the potential is high than
open-circuit potential. The current density of MggsZn3gCagAgy or
Mgg3Zns3pCasAgs ribbon is lower than that of MggsZnspCas during
the process of anodic polarization and a short passive-like region
appears in the curves of MggsZnsgCaszAgy. MggsZnspCazAg; and
Mgg3Zn3pCasAgs are anodically less active and cathodically more
active than MggsZn3pCas. The corrosion current densities which is
proportional to the general corrosion rate, deduced from the
intersection of cathodic Tafel line and corrosion potential are
6.6 x 107% 35 x 107% and 1.9 x 10~ A/cm? for MggsZn3oCas,
MggsZn3pCasAg; and MggsZnsgCasAgs, respectively. The polariza-
tion resistances can be deduced from anodic and cathodic Tafel
lines as well as corrosion potential in polarization curves by Stern—
Geary equation R, = ba-bc/2.3(ba + bc)icorr, Wwhere Ry, is polariza-
tion resistance, b, and b, are the slopes of the anodic and cathodic
Tafel, icorr is corrosion current density [16]. After calculating, the
polarization resistances of high purity Mg, MgegsZnszpCas,
MgesZn3oCagAg and MggsZnsgCasAgs are presented in Fig. 4. The
MggsZn3oCasAg; has a higher value of 8542 Ohms/cm?, in contrast
to 5710 Ohms/cm? for high purity Mg, 5640 Ohms/cm? for
MgesZn3oCas and 4125 Ohms/cm2 for MggsZn3pCasAgs.
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Fig. 3. Potentiodynamic polarization curves of the as-spun MggsZnseCas,
MggsZnspCasAg; and MgesZnsgCasAgs amorphous alloys and high purity Mg.
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