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Abstract
The antibacterial effects of silver make it an attractive
alloying element for biodegradable Mg alloys to treat
possible inflammation and infections caused by the
degrading orthopedic implants. In this study, as-extruded
Mg–4%Zn–0.5%Zr (ZK40) alloy was alloyed with Ag,
specifically 2 wt%, and subjected to a heat treatment at
350 °C for 7 days. The mechanical and corrosion
responses were studied in two orthogonal planes (trans-
verse and extrusion) before and after silver addition to
explore its potential for biodegradable orthopedic applica-
tions. Corrosion characteristics were assessed at 37 °C in
Hank’s solution for 24 h via electrochemical impedance
spectroscopy (EIS), potentiodynamic polarization (PD)
and open circuit potential (OCP). As-extruded and
heat-treated ZK40 alloy displayed an inhomogeneous
microstructure containing large, coarse grains, Zn–Zr rich
secondary phase and some fine grain regions. While in
ZK40–Ag, both planes showed a relatively more homoge-
nous microstructure but with some agglomeration of Zn–
Ag rich secondary phases. Here, we present our initial
results on the different corrosion behaviors observed in the
two materials.
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Introduction

Temporary orthopedic implants are designed to restore the
functionality of fractured load-bearing joints and bones by
providing temporary support during the healing process.
Biodegradable implants have attracted attention for decades
now due to their superiority over permanent implants where
they are able to sustain the joint/bone for the required
duration and then progressively degrade afterwards. This
eliminates the need for a second removal surgery which is
inevitable when using permanent implants. Furthermore,
permanent implants are associated with several lifelong
problems such as prolonged physical irritation, chronic
inflammation and endothelial dysfunction [1, 2]. Magnesium
(Mg) alloys have proven to be promising candidates
exhibiting excellent biocompatibility due to the presence of
Mg which is an essential element in bone and soft tissue [3].
In addition, Mg and its alloys have elastic moduli (37.5–65
GPa) similar to that of the human bone (3–20 GPa) pre-
venting the possibility of mechanical failure of the implant
due to stress shielding or implant loosening [4]. Research
has shown successful in vivo testing, in addition to clinical
trials, where Mg-based implants helped stimulate the for-
mation of new bone around the implantation site [3, 5, 6].

Biodegradable implants are designed to maintain their
mechanical integrity while fulfilling their intended function.
A major drawback that still prevents the commercialization
of Mg-based orthopedic implants is their rapid degradation
specifically at the early implantation stages where degrada-
tion is usually the fastest [6]. Uncontrollable degradation can
lead to failure of the implant before the bone is completely
healed as well as the excessive release of metallic ions
beyond their toxicity limits [1]. Consequently, numerous
design strategies have been proposed to develop biocom-
patible Mg alloys with sufficient strength and controllable
corrosion characteristics [1, 4, 7, 8].

Most of the Mg alloys reported are based on commercial
Mg alloys that were primarily developed for the
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transportation and aerospace industry since they usually
satisfy the required mechanical strength. Solution strength-
ening, grain size control and, precipitation hardening are all
methods used on these commercially available alloys to
tailor their corrosion behavior. In addition, efforts have been
made to improve their mechanical and corrosion behavior
through micro-alloying, heat treatments and/or severe plastic
deformation [9–14]. Mg–Zn alloys have been studied
extensively for biomedical applications since the two main
constituents are Mg and Zinc (Zn) which are both essential
nutrients for the human body and therefore biocompatible
[15–20]. Chen et al. conducted in vitro and in vivo tests on
Mg–Zn alloy using mouse pre-osteoblastic MC3T3-E1 cells
and compared it with polymer poly-l-lactic acid (PLLA)
implant and concluded that Mg–Zn alloy allowed for better
cell attachment and mineralization as well as new bone
formation [21]. In addition, previous work has been done by
the authors using commercial Mg–Zn alloy with rare earth
addition (ZE41 and EZ33) where their biodegradation
characteristics were studied in Hank’s solution and NaCl
[22, 23]. In an attempt to investigate different alloying sys-
tems, Mg–Zn–Zr alloys (ZK series) were considered for this
study since they are also potential candidates as biomaterials
considering that Zirconium (Zr) is also a biocompatible
element that is non-toxic to the human body in small
amounts [24]. Furthermore, Zr is known to be an excellent
grain refiner in Mg alloys and has been shown to improve its
corrosion resistance when alloyed in small amounts <0.5 wt
% [25].

On the other hand, Ag is known to have superior
antibacterial effects and can be effective on some antibiotic-
resilient microbes such as Methicillin-resistant Staphylo-
coccus aureus (MRSA) [26]. Tie et al. developed three
binary Mg–X Ag alloys (where X = 2, 4 and 6 wt%) and
studied their mechanical and corrosion characteristics, as
well in vitro cytocompatibility [26]. It was concluded that
Ag improved the mechanical strength of Mg and that
although the corrosion rate of the Mg increased with
increasing addition of Ag, the susceptibility of Mg to pitting
corrosion decreased. Localized corrosion has been reported
to be more critical than uniform corrosion to the mechanical
integrity of biodegradable materials owing to the accelerated
loss of mechanical strength within a short period of time
[27]. Furthermore, Ben-Hamu et al. studied the corrosion
behavior and microstructural evolution of Mg–Zn–Ag alloys
by varying the concentration of Ag between 0, 1, 2 and 3 wt

%Ag [28]. It was reported that the increasing addition of Ag
resulted in an increased refinement of the grains and an
increase in the hardness. However, an improvement in cor-
rosion resistance was only witnessed when the Ag addition
was up to 2 wt%Ag.

In this preliminary work, as-extruded ZK40 (Mg 95.0 wt
%, Zn 4.5 wt%, Zr 0.5 wt%) was selected as a base material
to investigate the effect of 2 wt% Ag addition (ZK40–Ag) on
its mechanical properties and in vitro corrosion characteris-
tics using Hank’s solution at 37 °C. Microstructural analysis
was performed on the as-extruded alloys before and after
suitable heat-treatments. Mechanical testing was carried out
by way of compression tests and Vicker’s microhardness
while corrosion response was accessed by employing elec-
trochemical techniques such as Open Circuit Potential
(OCP), Electrochemical Impedance Spectroscopy (EIS) and
Potentiodynamic Polarization (PD).

Experimental Methods

Materials

ZK40 and ZK40–Ag ingots were produced by gravity die
casting under argon atmosphere. Table 1 shows the wt%
nominal chemical composition of both alloys. First, com-
mercially obtained ZK40 and Ag were melted at 750 °C in a
steel crucible and held for 30 min with continuous stirring
and later cast into billets. The cast ingots were hot extruded
with an extrusion ratio of 15.6 using a die heated at 350 °C
to produce 27.5 mm � 27.5 mm square cross-section bil-
lets. In an attempt to solutionize the as-extruded billets and
homogenize the grain structure, a long duration heat treat-
ment of 350 °C for 7 days in Argon atmosphere was
performed.

Microstructure

Microstructures of the as-extruded and solution-treated billets
were observed using optical microscopy. EDM machined,
disc-shaped sampleswith*1.7 cm2 cross-sectional areawere
mounted in cold-curing epoxy resin and grinded using silicon
carbide paper up to 1200 grit. Polishing of the samples was
done using 3 µm and 1 µm diamond suspensions. The pol-
ished surfaces were washed with ethanol and dried with air.

Table 1 The nominal wt%
chemical compositions of ZK40
and ZK40–Ag

Composition (wt%)

Alloy Zinc Zirconium Silver Manganese Calcium Magnesium

ZK40 4.7 0.35 <0.01 0.01 N/A Remainder

ZK40–Ag 4.89 0.18 2.56 0.01 0.01 Remainder
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Specimens were etched using acetic-picral solution (4.2 g
picric acid, 70 ml ethanol, 10 ml acetic acid and 10 ml dis-
tilled water).

Mechanical Properties

Cylindrical samples of 3 mm diameter and 6 mm in length
were used for compression testing. Tests were performed at
ambient temperature and conducted at an initial strain rate of
10−3/s using electromechanical MTS Insight 30 kN
machine. The load cell used was 5 kN and testing was done
in triplicates. Vickers micro-hardness tests were conducted
as well with a load of 100 gf and a dwell time of 15 s.

Electrochemical Tests

Electrochemical tests were conducted using a Gamry Mul-
tiport™ three-electrode cell: the sample acted as the working
electrode, a graphite rod was used as a counter-electrode and
Ag/AgCl as a reference electrode. Similar samples to those
used for microstructural analysis were used for EIS, however
the samples were grinded up to 800 SiC grit on all sides
before mounting. This is to prevent crevice corrosion
occurring between the sample and the epoxy. Prior to
mounting as well, an insulated wire was attached to the back
of the specimen to provide the electrical connection to per-
form the electrochemical testing. One surface of the sample
was exposed by grinding up to 1200 SiC and then immersed

into 1000 ml of Hank’s solution at 37 °C. The pH of the
solution was maintained at 7.4 using 0.1 M HEPES [4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffering
solution. The experiments were conducted for a total of 24 h
using Electrochemical Impedance Spectroscopy (EIS) by
sweeping the frequency between 105 and 10−2 Hz at 10 mV
AC amplitude. Open circuit potential (OCP) was measured
in parallel with EIS at different time points to observe the
change in corrosion behavior with respect to time. Poten-
tiodynamic polarization (PD) was also carried out at the end
of the testing period at a scanning rate of 1 mV/s from −2.5
to +0.5 V.

Results and Discussion

Microstructure Analysis

Figure 1 shows optical micrographs of ZK40 before and
after heat treatment at 350 °C for 7 days along two
orthogonal planes i.e. transverse plane (TP) and extrusion
plane (EP). In the as-extruded ZK40, the microstructure
along transverse plane is similar to what has been observed
in other extruded Mg alloys [29–31]. The as-extruded mi-
crostructure contains long, elongated grains (LEG) oriented
along the extrusion direction, in addition to two other types
of grains: fine equiaxed grains (FEG) and row stacked grains
(RSG) that can also be observed. Azeem et al. and others
have reported that among these three types of grains, LEGs
are reminiscent of the as-cast microstructure and FEGs are

Fig. 1 Microstructure of the two
orthogonal planes for ZK40
before and after heat treatment
(TP—Transverse Plane and EP—
Extrusion Plane)
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dynamically recrystallized grains (DRX), while RSGs are
misaligned grains that have undergone DRX but at a lower
rate due to their misalignment [32]. Aligned grains are those
that have their basal plane aligned with the extrusion
direction, which is one of the most common slip systems for
deformation in Mg [33]. The plastic energy stored in mis-
aligned grains is lower than that of the aligned grains,
therefore they recrystallize at a lower rate resulting in bands
of large recrystallized grains stacked in a row-like structure
[32].

Apart from the Mg matrix, the presence of other Zn–Zr
rich phases in the microstructure seen as dark streaks along
the extrusion direction was confirmed by a preliminary
Energy Dispersive X-ray Spectroscopy (EDX) analysis
(Fig. 2). After heat treatment, the LEGs recrystallize but
thinner LEGs are still observed throughout the microstruc-
ture. Also, some reduction in the distribution of Zn–Zr rich
phases is seen, however, the long-duration heat treat regime
did not fully solutionize them. Furthermore, an overall
homogenization of the grain structure is observed as well as
an increase in the grain size of FEGs.

In case of the extrusion plane of ZK40 (Fig. 1), the grain
morphologies that were observed in the transverse plane are
not easily distinguishable. Some LEGs are visible as large
grains and swirling outlines of Zn–Zr-rich phases are
observed along the LEG grain boundaries as well as dark
particles within the grains. FEGs are seen as small, fine
equiaxed grains while RSGs are shown as coarser grains,
both smaller in grain size than LEGs. Post-heat treatment,
the decrease in volume fraction of Zn–Zr rich phases are
apparent and grain sizes seem to have homogenized and
increased due to static recrystallizaion (RX), as seen in the
transverse plane.

Optical micrographs of ZK40–Ag before and after heat
treatment are shown in Fig. 3. Prior to the heat treatment, the

addition of 2 wt% Ag resulted in an increase in the volume
fraction of secondary phases as presented by the darker and
thicker streaks in the transverse plane which is reflected by
large, sized dark patches in the extrusion plane. Furthermore,
the composition of the secondary phases is altered, as shown
by EDX analysis in Fig. 4, and the grain structure is more
homogenous now with smaller, equiaxed grains which can
be observed in both planes. Ben-Hamu et al. reported similar
findings when 1, 2, and 3 wt% Ag was added to Mg–6Zn
alloy [28]. The smaller grain size in ZK40–Ag, compared to
ZK40, could be explained by the constricting of grain
growth and DRX that normally occur during extrusion as a
result of the increased volume fraction of the secondary
phases [34].

Similar to ZK40, heat treatment of the ZK40–Ag alloy
resulted in an agglomerated morphology of secondary phases
and an increase in grain size but the effect was significantly
more pronounced. The secondary phase agglomeration is
apparent in the transverse plane micrograph by the thicker,
more disperse dark streaks oriented along the extrusion
direction as opposed to the extrusion plane. From the
microstructures, in Figs. 1 and 3, it was concluded that the
main effect of Ag on microstructure was the aggregation of
secondary phases in addition to an increase in their volume
fraction. Furthermore, the grain size distribution was more
homogenous with Ag addition compared to the as-extruded
ZK40 condition.

Mechanical Properties

The mechanical properties of as-extruded and heat-treated
ZK40 and ZK40–Ag alloys were investigated through
microhardness measurements and compression tests (Figs. 5
and 6). It was observed that in ZK40, extrusion plane

Fig. 2 BSE micrograph of the
transverse plane and EDX
spectrum of as-extruded ZK40
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exhibited higher hardness than transverse plane while in
ZK40–Ag transverse plane exhibited higher hardness than
extrusion plane. Among the two alloys, ZK40–Ag displayed
higher microhardness than ZK40 in the transverse plane
while it displayed less hardness in the extrusion plane.
Mandal et al. reported that adding 0.1 at.% of Ag to Mg–
2.4Zn alloy resulted in an increase in hardness of about 20
HV for the as-cast homogenized condition, due to secondary
phase precipitation [35]. This is in agreement with the trend
observed in the transverse plane between ZK40 and ZK40–
Ag. However, the increase in HV was not as significant as
that reported by Mandal et al. which could be due to the
larger grain size observed in ZK40–Ag after solutionizing as

larger grain sizes tend to counteract the hardening benefits of
precipitates [28].

In contrast, the extrusion plane of ZK40–Ag displayed
less hardness than ZK40. It is worthwhile to note that
microhardness measurements were taken within the matrix
while excluding the precipitates. In an effort to investigate
the decrease in microhardness of ZK40–Ag, measurements
of the precipitates were taken and their average was found to
be 130 HV, which is more than double the hardness values
of the Mg matrix. Furthermore, since Ag resulted in the
aggregation of the secondary phases, particularly in the ex-
trusion plane, the volume fraction of secondary phases
within the matrix would be less. Therefore, a decrease in the

Fig. 4 BSE micrograph of the
transverse plane and EDX
spectrum of as-extruded ZK40–
Ag

Fig. 3 Microstructure of the two
orthogonal planes for ZK40–Ag
before and after heat treatment
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hardness of the matrix is perhaps expected. There may be
other factors that lead to this microhardness trend reversal in
ZK40–Ag compared to ZK40 such as Zn depletion of the
Mg matrix due to Ag-rich precipitates which is observed
while comparing the EDX spectrum of the matrices of both
alloys in Figs. 2 and 4.

Figure 6 shows the compression stress-strain curves of
ZK40 compared to ZK40–Ag along with the two orthogonal
directions, i.e., transverse and extrusion directions. In ZK40,
the ultimate compressive strength in the extrusion direction
was higher compared to the transverse direction with similar
ductility observed in both planes. Looking back at the
microstructures, the comparatively homogenized grain
structure and absence of LEGs in the extrusion plane led to
an increased compressive strength which was similar to the
microhardness results in Fig. 5. A similar trend was also

observed in the ZK40–Ag with the extrusion direction
showing higher values of compressive strength than the
transverse direction. Of all the directions tested, the highest
compressive strength was observed for ZK40–Ag in the
extrusion direction which is opposite to the trend observed in
the microhardness measurements (Fig. 5). The agglomera-
tion of the secondary phases as well as the depletion of Zn
into the matrix could explain why the overall hardness of the
ZK40–Ag was less in the extrusion plane but still had a
positive impact on the compressive strength of the alloy,
Further investigation is needed to fully understand the role of
secondary phases and grain structure on the mechanical
properties of both alloys.

Open Circuit Potential

The reactivity of a metal surface can be determined based
upon the open circuit potential (OCP) of the alloy through-
out the immersion time. The OCP of both alloys in the
transverse and extrusion planes is presented in Fig. 7. Both
orthogonal planes of ZK40 experienced a decrease in their
potential after their first few hours of immersion, while an
increase was observed towards the end of the 24 h. The OCP
for the extrusion plane specifically continued to increase
steadily after the small drop during the initial hours, which
implies that the surface film of the extrusion plane is able to
maintain its integrity throughout the testing period, although
it is at a lower potential than the transverse plane. ZK40–
Ag OCP curve shows a plateau which is at a more positive
potential than ZK40. This is expected since the addition of
Ag causes an increase in secondary phases and as reported

Fig. 5 Effect of Ag addition on Vicker’s microhardness of ZK40 in
the two orthogonal planes
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by Gusieva et al., Ag is more noble than Mg [36]. During the
initial few minutes of immersion, the OCP of ZK40–Ag in
transverse plane experienced the sharpest increase which
indicates the increased stability of the surface film being
formed. ZK40 transverse plane also reached the same OCP
value of around 1615 mV which also shows that the
film-forming on the surface of ZK40 transverse is stable as
well. After 24 h of immersion, both OCPs of ZK40–Ag have
reached a plateau and therefore signifying the continuous
breaking down of the developed surface film. The alloy,
however, is still presenting higher potential than ZK40 and

that is a result of the higher volume fraction of secondary
phases present that are cathodic to the matrix. Consequently,
microgalvanic cells were formed between the matrix and the
secondary phases, thereby causing corrosion of the matrix.
Since most of the Ag was found in the secondary phases and
Ag is nobler than Mg, the presence of Ag continued to be
enhanced as the matrix was continuously being compro-
mised. This explains why the plateau occurred at a more
positive potential for both planes of ZK40–Ag compared to
the planes of ZK40. As immersion time increased, the slopes
for all OCP started to decrease indicating that the developed
films were losing their integrity and breaking down.

Potentiodynamic Polarization Curves

The potentiodynamic (PD) curves of ZK40 and ZK40–Ag in
the transverse and extrusion planes are shown in Fig. 8. In
both planes, ZK40–Ag displayed a more positive potential
than ZK40 which is in agreement with the OCP results. This
was also consistent with the ennobling effect of Ag as
reported by Mandal et al. where the addition of Ag resulted
in a shift in the corrosion potential towards a more positive
value [35]. Furthermore, the intersection between the anodic
and cathodic branch, which is an indication of the corrosion
rate occurs at a higher corrosion current, icorr, when Ag is
added compared to no Ag addition. Gusieva et al. presented
similar results where the increased addition of Ag resulted in
an increase in cathodically controlled kinetics and a more
positive Ecorr value, which increased the value of icorr [37].
The increase in corrosion current led to an increase in cor-
rosion rate which is in agreement with EIS results presented
in Fig. 9.
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Electrochemical Corrosion Measurements

Electrochemical Impedance Spectroscopy (EIS) is a tech-
nique that investigates the processes occurring at the metal
surface using AC polarization [38]. The EIS Nyquist plots
for ZK40 and ZK40–Ag immersed in Hank’s solution at
37 °C for 1 and 24 h for both planes are presented in Fig. 9.
All plots are distinguished by two capacitive loops at high
and medium frequencies and an inductance loop at low
frequencies. The trends seen in both plots are in accordance
with the results observed in OCP plots. After the first hour of
immersion, the transverse planes for ZK40 and ZK40–Ag
both exhibited a significant increase in corrosion resistance
which is evident with the large diameter of the capacitive
loop. However, by the end of the experimental period, both
planes of ZK40 had a higher corrosion resistance than both
planes of ZK40–Ag. The drastic decrease in the corrosion
resistance of the alloy with Ag addition is due to the
enhanced microgalvanic corrosion caused by the larger
volume fraction of secondary phases as observed in Figs. 1
and 3. Furthermore, as was observed in Fig. 7, the corrosion
resistance of ZK40 in the extrusion plane experienced
minimal, if no change at all, throughout the 24 h of
immersion. Further analysis using circuit fittings could give
some insight on the reasons behind this behavior.

Another interesting observation that was also noticed is
that overall the transverse plane experienced much better
corrosion resistance than the extrusion plane. Considering
the microstructure of both alloys that are shown in Figs. 1
and 3, the extrusion plane has a more homogenous,
fine-grained structure and smaller grains especially in ZK40.
A homogenous grain structure has been reported to present
improved protection against corrosion because of its ability
to form a more stable corrosion layer [39, 40]. However, in
this case the structure of the matrix is not the only factor
influencing the corrosion behavior of the alloy. The volume
fraction and distribution of the secondary phases also play an
important role in determining how the alloy would behave in
corrosive environments. The microstructures of the trans-
verse planes for ZK40 and ZK40–Ag (Figs. 1 and 3,
respectively) show that the distribution of the secondary
phases are sparse and are interconnected to form dark
streaks. Zhang et al. reported that discontinuous secondary
phases have a detrimental effect on the corrosion resistance
of Mg–Nd–Zn–Zr as they studied the influence of increasing
Ag addition (0, 0.2, 0.4 and 08 wt%) [39]. The distribution
of secondary phases in extrusion plane for both alloys, on
the other hand, is disconnected and is dispersed throughout
the matrix. Post-immersion microstructures are necessary to
be able to confirm these observations.

Conclusions

The following are the conclusions of this work:

1. Microstructure analysis revealed that the addition of sil-
ver followed by a heat treatment of 350 °C for 7 days
resulted in a homogenized microstructure with larger
grain size. Furthermore, the composition and distribution
of secondary phases were altered and their volume
fraction increased. Both the transverse and extrusion
planes showed the same trends.

2. Addition of silver led to an increase in hardness between
the transverse planes of ZK40 and ZK40–Ag but a
decrease in hardness measurements in the extrusion
plane. A contradictory result was observed during com-
pression where an increase in compressive strength in the
extrusion plane was noted while the transverse plane
barely witnessed any change in strength. This is could be
due to the shape and distribution of secondary phases as
well as their composition. Further analysis will aid in
explaining these results.

3. ZK40–Ag presented a more positive OCP than ZK40
independent of the plane being tested. This was attributed
to the increased volume fraction of secondary phases that
have a more positive potential than the a-Mg matrix due
to the presence of Ag. During the initial hours of
immersion, the transverse planes for both alloys showed
a more stable surface film. However, as immersion time
increased, the developed films in both planes for ZK40–
Ag seemed unable to maintain their integrity in com-
parison with ZK40.

4. PD results show that the addition of Ag resulted in an
increase in cathodically controlled kinetics and a more
positive Ecorr value, therefore causing an increase in icorr
values and corrosion rates.

5. EIS results were in agreement with PD and OCP results.
After the first hours of immersion, the transverse planes
for ZK40 and ZK40–Ag both exhibited a significant
increase in corrosion resistance, however, by the end of
the testing period, ZK40 presented improved corrosion
resistance than ZK40–Ag. This is in agreement with the
literature stating that Ag has a negative effect on the
corrosion characteristics of Mg alloys.

6. This work lays the foundation to understanding the role
of microstructural features, as a result of Ag addition, on
the mechanical and corrosion characteristics of Mg
alloys. The authors plan to apply severe plastic defor-
mation to a suitable system in the future to further
improve the properties presented herein.
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