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Abstract: The microstructure, mechanical properties and corrosion behavior of quaternary degradable Mg—1Zn—
0.2Ca—xAg (x=1, 2, 4 wt.%) alloy wires, intended as anastomotic nails, were investigated. It was found that these
Ag-containing alloy wires mainly consist of Mg matrix and Ag;;Mgs4 phase, characterized by SEM, EDS, XRD and
TEM. Tensile and knotting tests results demonstrate the superior mechanical properties of these alloy wires. Especially,
Mg—1Zn—0.2Ca—4Ag alloy exhibits the highest mechanical properties, i.e. an ultimate tensile strength of 334 MPa and
an elongation of 8.6%. Moreover, with increasing Ag content, the corrosion rates of these alloy wires remarkably
increase due to the formation of more micro-galvanic coupling between Mg matrix and Ag;;Mgs, phase, shown by mass
loss and scanning Kelvin probe force microscopy (SKPFM) results. The present alloy can be completely degraded
within 28 d, satisfying the property requirements of anastomotic nails.
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Currently, Dbiodegradable Mg alloys are
attaining excellent application prospects in
cardiovascular or orthopaedic devices such as

1 Introduction

Biodegradable Mg alloys are promising as
candidates for medical applications due to
their extraordinary properties such as high
specific strength, high specific stiffness, low
density, adaptable degradability and good
biocompatibility [1—4]. It is estimated that the Mg
amount consumed by an adult is 300—400 mg/d,
and the excess can be excreted through
metabolism [5]. The application of magnesium
stents implanted in human body also confirms
the biosafety of Mg or its alloys as medical
materials [6].

vascular stents and bone-screws, and more and
more studies are also being focused on these
fields [7-9]. In the orthopaedic field such as
gastrointestinal anastomosis surgery, Mg and its
alloys are also playing a very significant role as an
anastomotic nail material. Compared with the
traditional pure titanium or its alloy wires, the
degradable Mg metal wires can avoid second
surgery, decrease infection chance, and prohibit
anastomotic restenosis [4,10,11]. However, so far,
few studies have aimed at Mg or its alloy wires,
which are typically fabricated through hot or cold
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drawing process [12—14]. Meanwhile, as the nail
materials, some problems still need to be solved.
For example, CAI et al [15] fabricated the Mg—2Zn
alloy with an ultimate tensile strength up to
250 MPa and an elongation above 10% via cold
drawning and heat treatment, currently being
applied as the anastomotic nail materials. The
extruded Mg—6Zn alloy prepared by ZHANG
et al [16] exhibited an ultimate tensile strength of
279.5 MPa which is still not enough as the
biodegradable anastomotic nails. Moreover, the
Mg—6Zn wires cannot degrade in vivo within a few
weeks, which cannot exhibit the advantages of
degradable metals completely [16,17]. Therefore,
finding an adaptable degradable magnesium alloy
wire with better mechanical properties and faster
degradable rate is necessary for the widespread
application of anastomotic nails in the future.

The Mg—Zn—Ca alloys were confirmed to be a
good candidate applied as an anastomotic nail
material, which has been investigated in our
previous researches [18—20]. Ca and Zn are the
elements of biosafety and biodegradability, and they
can be metabolized in a human body reported by
NAMI et al [21] and SUN et al [22]. However, the
properties of these alloys are still not enough to
satisfy the requirements of anastomotic nail
materials, especially the degradable rate and the
mechanical properties. Thus, it is necessary to
promote further development of Mg—Zn—Ca alloys.

Ag is an important trace element with a good
biological safety in human body and Ag ion has
bactericidal effect and prevents bacteria from
attaching to Ag surface. In recent years, Ag has
been successfully applied in wound healing and
implant field [23,24]. On the other hand, Ag
addition is also beneficial to refining grains,
improving strength and accelerating degradation
reaction [25,26]. However, it is known that the
current researches mainly focus on Mg—Ag binary
alloys or Mg—Ag—X ternary alloys [27-30].
Currently, Ag is seldom investigated in quaternary
magnesium  alloys, especially lacking the
corresponding report on the effect of Ag addition on
the microstructure, mechanical properties and
corrosion behaviors of the magnesium alloy wires,
although these alloy wires can be very promising as
the anastomotic nail materials.

For this aim, quaternary Mg—1Zn—0.2Ca—xAg
alloy wires with different Ag contents were

designed and prepared by extrusion and cold
drawing in this study. The mechanical properties
were evaluated by stretching and knotting tests, and
the  immersion, hydrogen evolution and
electrochemical experiments were conducted to
investigate  the behaviors.  The
mechanisms on improving mechanical properties
and influencing the corrosion behaviors by Ag
addition were also discussed in detail.

corrosion

2 Experimental

2.1 Material preparation

Mg—17Zn—0.2Ca—xAg (x=1, 2, 4 wt.%) alloy
ingots were prepared with pure Mg (99.99 wt.%),
pure Zn (99.99 wt.%), pure Ag (99.99 wt.%) and
Mg—20wt.%Ca master alloy, and melting was
conducted at 700—750 °C in an electric resistance
furnace under the protection of CO, (99 vol.%) and
SF6 (1 vol.%). The melt was stirred and held for
about 15 min and cast into a steel mold with a
diameter of 85 mm and a height of 100 mm at
700 °C. The ingots were extruded into the alloy
rods with a diameter of 16 mm at 340—360 °C with
an extrusion ratio of 28:1 and an extrusion rate of
6 mm/s. The continuous multi-pass cold drawing at
room temperature was used to achieve fine alloy
wires and the deformation amount per pass was
about 10%. The drawing angle in the die was about
7°. As a result, the magnesium alloy wires with a
diameter of 0.5 mm were attained and then these
magnesium alloy wires were annealed at 240 °C for
30 min. The chemical compositions of the alloy
wires are listed in Table 1.

2.2 Characterization of microstructure and
mechanical properties
The alloy wires for the microstructure
characterization were cut from the longitudinal
sections and cold-mounted in epoxy resin. Then, the
samples were ground on SiC papers up to 2000 grit
and then polished to mirror-like surface with 0.5 pm

Table 1 Actual compositions of magnesium alloy wires
(wt.%)

Alloy Zn Ca Ag Mg
Mg—-1Zn-0.2Ca—1Ag 090 0.11 0.84 Bal.
Mg—1Zn—0.2Ca—2Ag 080 0.10 1.60 Bal.
Mg—-1Zn—-0.2Ca—4Ag 094 0.12 354 Bal
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diamond polishing paste. Morphologies of
magnesium alloy wires were observed by a
scanning electron microscope (SEM) (Phenom XL,
Finland) equipped with energy-dispersive an X-ray
spectroscope (EDS). The precipitated phases of
these alloy wires were examined by an X-ray
diffractometer (XRD) with scanning angles ranging
from 10° to 90° under the conditions of 40 kV and
40 mA. A detailed analysis of the second phase in
the alloy wires was conducted using transmission
electron microscope (TEM) and TEM samples were
obtained by ion milling. The tensile tests were
carried out using an electronic tensile testing
machine and the tensile direction was parallel to the
drawing direction of the wire with a gauge length of
140 mm at a strain rate of 5x10” s and room
temperature.

2.3 Corrosion test

The corrosion rates of alloy wires were
calculated using mass loss in the simulated body
fluid (SBF). The ratio of the SBF volume to the
wire surface was 20:1 (mL/cm?) according to
ASTM-G31—72. The samples with a length of
30 mm and a diameter of 0.5 mm were used for the
immersion test and at least three parallel samples
per composition were evaluated. Specimens for
immersion test were ultrasonic cleaned with
acetone and absolute ethanol. All the alloy wires
were rinsed with distilled water and dried in
air after immersion and chromic acid solution
(200 g/L CrOs + 10 g/L AgNOs) was used to remove
the surface corrosion product. The surface
morphologies were also observed by SEM and the
corrosion rates (mm/a) were calculated according to
ASTM-G31—72.

The samples for electrochemical experiments
were polished with 2000 grit silicon carbide paper,
degreased with acetone and absolute ethanol, and
cleaned with distilled water and finally dried in air.
Electrochemical experiments were performed using
a standard three-electrode system with a saturated
calomel electrode as reference electrode, a platinum
electrode as auxiliary electrode and the sample as
working electrode with an exposure area of
0.316 cm” at 37 °C. The electrochemical impedance
spectroscopy (EIS) analysis was conducted to
monitor the corrosion behavior of alloy wires and
the experiment was carried out by using an
excitation voltage of 10mV in the frequency

ranging from 10°Hz to 1072 Hz The potentio-
dynamic polarization was monitored from —2 to
—1V at a scanning rate of 1 mV/s. The results were
analyzed by Versa studio and ZsimpWin software.
Scanning Kelvin probe force microscopy (SKPFM)
was introduced to measure the relative potential
between the second phase and the matrix a-Mg for
further analyzing the corrosion mechanism of the
Mg—Zn—Ca—Ag alloys.

The hydrogen generated by magnesium alloy
wires was collected during the degradation
process in SBF. The rate of hydrogen generation
(vi, mL/(cm®-d)) was calculated based on the
volume of hydrogen generated during the whole
experimental period of hydrogen evolution. The
corresponding corrosion rate was calculated (Ror,
mm/a) according to the following formula:

Reor=2.279vy (1)
3 Results and discussion

3.1 Microstructure

The microstructures of the Mg—Zn—Ca—Ag
alloy wires observed by optical microscope (OM)
are shown in Fig. 1. It is noted that the grain size
decreases to a very low level with the addition
of Ag. The average sizes of the grains are 2.77, 2.50
and 2.27 pym for Mg—1Zn—0.2Ca—1Ag, Mg—1Zn—
0.2Ca—2Ag and Mg—-1Zn—0.2Ca—4Ag alloys,
respectively. In addition, the grain size of Mg—1Zn—
0.2Ca—4Ag alloy wire is more uniform than that of
the other two wires. Some circular precipitates
appear in alloy wires, and the precipitates gradually
grow with the increase of Ag content. The
precipitated phases are distributed at grain
boundaries or in the matrix.

The representative SEM images of Mg—1Zn—
0.2Ca—1Ag, Mg—1Zn—0.2Ca—2Ag and Mg—1Zn—
0.2Ca—4Ag alloy wires are shown in Figs. 2(a)—(c),
respectively. Some small spherical phases can be
detected in these Ag-added alloy wires. The number
of the second phase apparently increases when the
Ag content increases. The Mg—1Zn—0.2Ca—4Ag
alloy wires exhibit precipitates with a more quantity
and a larger volume compared with Mg—1Zn—
0.2Ca—1Ag and Mg—1Zn—0.2Ca—2Ag wires, as
depicted in Fig. 2(c). EDS results confirm that
these phases are mainly composed of Mg, Ag
and Zn elements as shown in Figs. 2(d)—(f).
The precipitated phases of the alloy wires are also
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Fig. 1 OM images of Mg—1Zn—0.2Ca—1Ag (a), Mg—
1Zn—0.2Ca—2Ag (b) and Mg—1Zn—0.2Ca—4Ag (c)

characterized by XRD, as depicted in Fig. 3. Strong
intensity of matrix Mg (Mg has a hexagonal
structure with lattice constants ¢=0.3209 nm and
¢=0.5211 nm) peaks are observed in these samples.
The maximum solubility of Ag in Mg is less than
1% [31] and the solid solubility limit of Ca in Mg is
1.34% at room temperature in the equilibrium
state [32]. Beyond solubility of the elements, the
second phases are precipitated as illustrated by the
XRD results. The precipitates in Mg—Zn—Ag
ternary system can be defined to be Ag;;Mgs, and
Mgs Zny, [33]. However, only Ag;;Mgss phase can
be identified in the XRD spectrum as the main
precipitates of the Mg—1Zn—0.2Ca—xAg alloy wires.
The reason why Mgs;Zny, was not detected in the
XRD patterns can be attributed to the dissolution of

Zn into Mg matrix with the low addition of Zn in
our study and the lower mixing enthalpy change of
Mg—Zn (-4 kJ/mol) than that of Mg—Ag
(—10 kJ/mol) [32]. This indicates that the Mg atoms
bond more easily with the Ag than the Zn and Ca
atoms.

Transmission electron microscope (TEM) was
introduced to further determine the characteristics
of precipitated phases. Figure 4 displays the TEM
bright field images and the corresponding selected
area electron diffraction (SAED) patterns for the
Mg—-1Zn—0.2Ca—1Ag and Mg—1Zn—0.2Ca—4Ag
alloy wires. Some spherical precipitates can be
observed from the TEM images. The oval
precipitates shown in Fig. 4(a) are identified as
Ag;Mgs, phase according to the SAED pattern of
Fig. 4(b). The phase has an orthogonal structure
with lattice constants a, b and ¢ values of 1.4167,
1.4242 and 1.4693 nm, respectively. For the
spherical phases of Mg—1Zn—0.2Ca—4Ag alloy
wires displayed in Fig. 4(e), Ag1;Mgs4 phase can be
identified by the SAED analysis taken with the
electron beam parallel to [001] direction, as shown
in Fig. 4(f). The above results strongly prove that
the alloys have the same precipitated phases in the
Ag-containing alloys. The ternary phase Ca,MgsZn;
is discerned in Mg—Zn—Ca alloy system [34].
However, Ca,Mg¢Zn; phase is not found in
this study. An investigation discloses that the
mixing enthalpy change of Mg—Zn (—4 kJ/mol) and
Mg—Ca (—6 kJ/mol) is less than that of Mg—Ag
(—10 kJ/mol) [32], manifesting that the Mg atoms
bond with the Ag atoms more easily than the Zn
and Ca atoms. In addition, for the Mg—1Zn—
0.2Ca—1Ag alloy wires, the dislocations induced
from the cold drawing deformation, keep at a low
level, as seen in Fig. 4(c), while the corresponding
dislocations are not observed in Mg—1Zn—0.2Ca—
2Ag and Mg—1Zn—0.2Ca—4Ag alloy wires.

3.2 Mechanical properties

The knotting test is more complex than the
tensile test and closer to the actual production. The
knotting tests are aimed at evaluating the
formability of the magnesium alloy wires and the
results are displayed in Figs. 5(a)—(c). Four knots
are made at the fixed positions of each wire, and
then any fractures will be observed during the
knotting process. In our research, fractures do
not occur with knotting tests for the three wires,
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Fig. 2 SEM images (a—c) and EDS analysis results (d—f) of Mg—1Zn—0.2Ca—1Ag (a, d), Mg—1Zn—0.2Ca—2Ag (b, ¢)

and Mg—1Zn—0.2Ca—4Ag (c, f)

confirming good plasticity of these alloy wires for
anastomotic application. Furthermore, Fig. 5(d)
shows the dependence of the mechanical properties
of the Mg—1Zn—0.2Ca—xAg alloy wires after
annealing on the Ag content. All the alloy wires
exhibit high tensile strength and medium plasticity.

Ag has

a significant

impact on mechanical

properties. The ultimate tensile strength (UTS) and

yield strength (YS) decrease for the Mg—1Zn—
0.2Ca—2Ag alloy wires and then increase when the
addition of Ag reaches 4%, while the trend
of elongation is just opposite against the strength.
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Fig. 3 XRD patterns of Mg—1Zn—0.2Ca—xAg alloy wires:
(a) Mg—1Zn—0.2Ca—1Ag; (b) Mg—1Zn—0.2Ca—2Ag;
(c) Mg—1Zn—0.2Ca—4Ag

Mg—1Zn—0.2Ca—2Ag alloy wires have the
maximum elongation of 8.9% with the lowest UTS
of 313 MPa and YS of 264 MPa. Mg—1Zn—0.2Ca—
4Ag alloy wires get the highest UTS of 334 MPa
and YS of 292 MPa with a decent elongation of
8.6%. In general, the alloy remains a decent
elongation of above 8% with the strength increasing.
The current Mg—17Zn—0.2Ca—4Ag alloy wires
exhibit much higher tensile strength than the
Mg—27n [15] and Mg—6Zn [16] alloy wires, which
are promising as the potential biodegradable
materials of anastomotic nails instead of the current
mainstream alloy wires.

The mechanical properties of magnesium
alloys are affected by each alloying constituent.
In this study, the size and number of precipitated

&= an

Fig. 4 TEM bright field images and SAED patterns of Mg—1Z0.2n—Ca—xAg alloy wires: (a, ¢) TEM bright field images
of Mg—17Zn—0.2Ca—1Ag alloy; (b) SAED pattern of Ag;;Mgs, shown in (a); (d, e¢) TEM bright field images of
Mg—1Zn—0.2Ca—4Ag alloy; (f) SAED pattern of Ag;;Mgs4 shown in (¢)
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Fig. 5 Knotting test samples of Mg—1Zn—0.2Ca—1Ag (a), Mg—1Zn—0.2Ca—2Ag (b), Mg—1Zn—0.2Ca—4Ag (c) and
mechanical properties of Mg—1Zn—0.2Ca—xAg alloy wires after annealing (d)

phases increase significantly with the increase of
Ag content. The adverse change in strength and
plasticity indicates that both properties may not
be improved simultaneously. From Mg—1Zn—
0.2Ca—1Ag to Mg—1Zn—0.2Ca—4Ag, precipitation
strengthening becomes more dominant when more
and more second phases precipitate while the sizes
of them also grow larger and larger. Also, grain
refinement caused by Ag addition is more obvious
for the Mg—1Zn—0.2Ca—4Ag alloy wires and as a
result the mechanical properties can be improved
due to the Hall-Petch rule, which is also reported
by other researchers [35,36]. Other factors such as
annealing texture and residual stress may also affect
mechanical properties, which require further
investigations in the future.

3.3 Corrosion properties

Surface morphologies of magnesium alloy
wires before and after removal of corrosion
products are displayed in Fig. 6. After being
subjected to immersion, all the magnesium alloy
wires are suffered severe corrosion with cracks,

which is resulted from the evolution of hydrogen
bubbles, the loss of corrosion products and the
surface shrinkage. The existence of cracks
accelerates the corrosion process via making the
solution easier to contact the a-Mg matrix. The
surface of Mg—1Zn—0.2Ca—4Ag alloy wire shows
the most serious corrosion and lost most of its
initial metallic luster, while Mg—1Zn—0.2Ca—1Ag
and Mg—1Zn—0.2Ca—2Ag alloy wires seem to
exhibit a relatively slight damage. Their corrosion
surfaces of the alloys have small amounts of white
corrosion products. The EDS results of Point a
(Fig. 6(a)) and Point b (Fig. 6(e)) demonstrate that
the white products are probably the Mg(OH), due to
the molar ratio of oxygen to magnesium. In general,
the insoluble Mg(OH), film acts as a barrier to
strengthen the corrosion resistance of wires and
prevents corrosion to a certain extent.

The results of hydrogen evolution are plotted
in Fig. 7. It should be noted that an attractive
characteristic of the Mg—1Zn—0.2Ca—4Ag alloy
wires during immersion in aqueous solution is its
active generation of H, gas in comparison with the
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Element at.%
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Mg  8.03
Na 240
Ag 0586

P 5.63
Ca 437

Element at.%
O
Mg
Cl

A
Ca—2Ag

alloys before and after removal of corrosion products, respectively

Mg—17Zn—0.2Ca—1Ag and Mg—1Zn—0.2Ca—2Ag
alloy wires. The volume of hydrogen evolution
increases with increasing immersion time. The
hydrogen evolution rate is a little higher at the
beginning of the experiment. However, the rate
begins to slow down due to a protective film
formed afterwards. The film retards the degradation

and causes a decline in corrosion rate with time
prolonging. The magnesium hydroxide product
layer is insoluble in water, thus it precipitates on the
surface and restrains the galvanic reaction between
Ag;Mgs, phase and o-Mg matrix.

It is well-known that microstructural features
such as grain size and the amount and distribution
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Fig. 7 Volume of hydrogen evolution of Ma—1Zn—
0.2Ca—xAg during 24 h immersion in SBF

of the second phase in the magnesium alloys have
important influences on corrosion resistance. Ag
addition can reduce the mean grain size and the
susceptibility to pitting corrosion gets passivated
according to Ref. [28]. However, in this study, the
quantity and distribution of the second phase may
play a more predominant role in corrosion behavior
of the alloys. Figure 8 shows the 3D potential map
of Mg—1Zn—-0.2Ca—4Ag from SKPFM for further
analysis, which confirms that the potential of the
second phase Ag;7;Mgs, is obviously lower than that
of a-Mg matrix. The potential of a-Mg matrix has
an average range of 50 mV and that of the second
phase is only about —300 mV. Microstructure
analysis confirms that the second phase of
Mg—1Zn—0.2Ca—xAg alloy wires is Ag;;Mgss and
forms a micro-galvanic corrosion cell with a-Mg
matrix. Moreover, the Ag;;Mgss phase can be
regarded as an anode due to its low potential and
will be corroded preferentially, while the a-Mg acts
as a cathode. The micro-galvanic corrosion cell
becomes larger and deeper along with the increase
of Ag content because the second phase precipitates
more and distributes widely as shown in Fig. 2.
Although Ag;Mgs, is degraded firstly, the Mg
matrix is protected to some extent. However, a
dramatic increase of micro-galvanic corrosion
causes a lot of corrosion holes which can connect
into corrosion gully, thus the overall corrosion of
the alloys is accelerated. The larger exposure areas
contacted with aqueous solutions also improve the
corrosion rate of Mg matrix so that the cavities are
formed after dissolution of intermetallic phases,
especially for Mg—1Zn—0.2Ca—4Ag alloy. Besides,
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Fig. 8 3D potential diagram of Mg—1Zn—0.2Ca—4Ag (a)

and potential profile (b) along line 4 in (a)

more details on the degradation mechanism will be
studied and discussed from the following
electrochemical analysis.

Potentiodynamic polarization curves, as shown
in Fig. 9(a), are determined using SBF solution as
electrolyte to evaluate the degradable ability of
Mg—1Zn—0.2Ca—xAg alloys. The corrosion current
density (J.orr) and corrosion potential (@) obtained
by Tafel extrapolation are shown in Table 2. The
addition of 2 wt.% Ag can lead to a shift in the
corrosion potential to a more positive direction
compared with Mg—1Zn—0.2Ca—1Ag alloy wire,
while the negative shift is observed with Ag content
reaching 4 wt.% compared with Mg—1Zn—0.2Ca—
2Ag alloy wire.

EIS is also a widely used tool to monitor the
corrosion process. Figures 9(b)—(d) show the
Nyquist and Bode plots of the Mg—1Zn—
0.2Ca—xAg alloy wires in SBF. The capacitive loop
in the high frequency region is related to the
electrolyte conductivity through the corrosion
product film, while the loop in the middle
frequency region owes to the charge transfer
reaction at the interface of the metal surface and the
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Fig. 9 Potentiodynamic polarization testing results (a), Nyquist (b) and Bode (c, d) plots of Mg—1Zn—0.2Ca—xMg alloy

wires and equivalent circuit model (e)

Table 2 Electrochemical results of Mg—1Zn—0.2Ca—xAg
alloy wires in SBF

Alloy

Peor/V Jeord(WA-cm ) f/mV

Mg-1Zn-0.2Ca-1Ag —1.618 55725 14122
Mg-1Zn-0.2Ca-2Ag —1.515 63538  128.60
Mg-1Zn-0.2Ca—4Ag 1536  882.15  107.99

electrolyte [34,37]. The EIS spectra of Mg—Zn—
Ca—Ag alloys are characteristic of one capacitive
loop at high frequency and one at low frequency
observed in SBF shown in Fig. 9(a). The capacitive
loop of Mg—1Zn—0.2Ca—4Ag alloy wire at low
frequency in SBF becomes less distinct, which can

be attributed to local active dissolution and loose
corrosion products formed on the surface of the
wire [38]. The diameter of capacitive loop changes
during the immersion period and decreases to the
minimum value when Ag content is up to 4 wt.%,
demonstrating that the corrosion resistance related
to the composition of alloys decreases. The phase
angle indicates the difficulty of charge transfer in
corrosion process which is illustrated in Fig. 9(c).
The peak value of Mg—1Zn—0.2Ca—4Ag alloy wire
is significantly smaller than that of Mg—1Zn—
0.2Ca—1Ag and Mg—1Zn—0.2Ca—2Ag alloy wires,
demonstrating that charge transfer of Mg—1Zn—
0.2Ca—4Ag alloy wire during corrosion is easier.
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The impedance modulus |Z] of Mg—1Zn—0.2Ca—
xAg alloy wires in SBF solution are displayed in
Fig. 9(d). The declining |Z] value of Mg—1Zn—
0.2Ca—4Ag alloy, compared with that of Mg—1Zn—
0.2Ca—1Ag and Mg—1Zn—0.2Ca—2Ag alloys in
solution, demonstrates the poor corrosion resistance
due to the increase of Ag content and thus reduces
protective capacity of the alloys [39,40].

The EIS spectra in SBF are fitted using
corresponding equivalent circuit model as shown in
Fig. 9(e), where Rg represents the solution
resistance; R; is the resistance of the corrosion
product film; R, is the charge transfer resistance at
the electrode/electrolyte interface; O, and Q, are
constant phase elements representing the capacities
of the corrosion product film and the double-layer
between the solution and the alloy, respectively. The
fitting results are summarized in Table 3. Rg is
relatively stable in aqueous solutions. The decrease
of R, and relative increase of Q; indicate that the
product film becomes more porous, and the
decrease of R, may be resulted from more a-matrix
contacting with aqueous solution due to the loose
protective film with the Ag addition [41]. R
(R=Ry+R») is introduced to investigate the corrosion
resistance of the materials. The drastic decline of R
value from 50.98 Q-cm” for Mg—1Zn—0.2Ca—1Ag
to 38.347 Q-cm’ for Mg—1Zn—0.2Ca—4Ag can be
observed in SBF solution.

In general, the corrosion mechanisms can be
explained as follows. When the Mg—Zn—Ca—Ag
alloy wires are immersed in SBF solution, the
electric double layers are formed at the interface
between the alloy surfaces and electrolyte solution.
Then, the surface especially adjacent to Ag;;Mgsy,
is corroded firstly as a result of micro-anode
accelerating role of the second phases. However,
the addition of Ag element can improve the
substrate potential certified by the ¢.. values in
Table 2, and transform degradation to homogeneous
corrosion instead of pitting corrosion, as revealed
by TIE et al [28]. The Mg(OH), film appears on the
alloy surfaces, and induces a capacity resistance

Table 3 Fitting results of EIS plots

character of the corrosion product layer, which
hinders further corrosion for the Mg—1Zn—
0.2Ca—1Ag and Mg—1Zn—0.2Ca—2Ag alloy wires
in particular. Nevertheless, chloride ion (Cl) in
SBF, which deteriorates protective film during
immersion, can permeate the protective film and
destroy its integrity with the time increasing. The
formation and dissolution of corrosion film can be
represented by the following reactions [42—44]:

Mg=Mg*"+2e ()
2H,0+2e=H,+20H" (3)
Mg**+20H =Mg(OH), 4)
Mg(OH),+Cl =MgCl,+20H" (5)

Moreover, the structural discontinuity between
the crystal structure of oxide layer and the HCP
lattice of magnesium results in the development of
high compressive stress within the oxide layer [45].
Mismatched stress triggers the micro cracks in the
protective layers, which will penetrate through the
film and facilitate the reaction between Ag;;Mgs,
and Mg matrix. This is the reason why the
Mg—1Zn—-0.2Ca—1Ag and Mg—1Zn—0.2Ca—2Ag
alloy wires have a more obvious loop at low
frequency in the Nyquist plot shown in Fig. 9(b).
For Mg—1Zn—0.2Ca—4Ag alloy wire, a mass of
micro-galvanic cells are formed between the
plentiful larger Ag;7?Mgs4 and a-Mg matrix and even
the Mg(OH), film on the alloy surface with the
corrosion developing can easily be ruined. The
degradation rate of Mg—1Zn—0.2Ca—4Ag alloy wire
develops so fast that there is nearly no time to keep
the film integrated. Thus, the Mg—1Zn—0.2Ca—4Ag
alloy wire has no apparent loop at low frequency
and keeps the highest corrosion rate among all the
alloys. Besides, the sequence of J.o, in the alloys
keeps monotonicity as similar as the value of the R,
modulus |Z] and the phase angle from the EIS
analysis. In summary, the rank order of corrosion
resistance is Mg—1Zn—0.2Ca—1Ag > Mg—1Zn—
0.2Ca—2Ag>Mg—1Zn—0.2Ca—4Ag using the
electrochemical tools, which is consistent with the

Alloy Rg/(Q-cm?) R/(Q-cm?) Q,/(F-cm ) Ry/(Q-cm?) Q,/(F-cm )
Mg—1Zn—0.2Ca—1Ag 5.69 41.44 3.819x10°° 9.54 6.701x107°
Mg—1Zn-0.2Ca—2Ag 4.983 35.13 3.412x107 7914 6.518x107"
Mg—1Zn—0.2Ca—4Ag 5.908 37.6 1.904x10™* 0.747 1.095x107
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results of mass loss and hydrogen evolution
discussed before.

4 Conclusions

(1) The microstructure analysis indicates that
Mg—Zn—Ca—Ag alloy wires are mainly composed
of o-Mg matrix and spherical Ag;;Mgs4, and the
second precipitates increase as the Ag content
increases.

(2) The wires with different Ag contents
exhibit a tensile strength of at least 313 MPa and an
elongation of not less than 7%, demonstrating their
outstanding mechanical properties and knotting test
also proves their good formability. Especially,
Mg—1Zn—0.2Ca—4Ag alloy exhibits the highest
mechanical properties, i.e. an ultimate tensile
strength of 334 MPa and an elongation of 8.6%.
Thus Mg—1Zn—0.2Ca—4Ag alloy can exhibit the
best combination of strength and corrosion
resistance to meet the demands of the anastomotic
nails.

(3) Microstructural features such as grain size
and the amount and distribution of second phase of
magnesium alloys have important influences on
corrosion resistance. The second phase Ag;;Mgs,
has an obviously low potential against a-Mg matrix.
The Mg—1Zn—0.2Ca—4Ag alloy has a fastest
corrosion rate in SBF, because of the precipitation
of a larger amount of Ag;;Mgs, and the second
phase with a-Mg matrix forms micro-galvanic
corrosion cells which accelerates the corrosion rate
and ruins the film of Mg(OH),. The rank order of
corrosion resistance is Mg—1Zn—0.2Ca—1Ag >
Mg—1Zn-0.2Ca—2Ag > Mg-1Zn—0.2Ca—4Ag in
this study.
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