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� Simultaneous additions of Ag and Zr
result in solid solution strengthening
and grain refinement by the presence
of intermetallic Zn22Zr phase;

� Hot extruded Zn1Ag0.05Zr alloy
shows enhanced strength and
improved ductility in comparison to
binary alloys;

� The designed Zn1Ag0.05Zr alloy ex-
hibits biodegradation in Hanks' so-
lution with corrosion rate
17.1± 1.0 mm/year;

� Investigated alloys from Zn-Ag-Zr
system possess the ability to inhibit
bacterial growth.
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a b s t r a c t

In this study, a new biodegradable alloy from the Zn-Ag-Zr system was investigated. Most importantly,
mechanical properties and ductility were significantly improved in designed Zn1Ag0.05Zr alloy in
comparison to binary Zn1Ag and previously investigated Zn0.05Zr alloys (wt%). The characterized alloy
reached values of yield strength, ultimate tensile strength and elongation to failure equal to 166± 2MPa,
211± 1MPa and 35± 1%, respectively. Simultaneous addition of both alloying elements contributed to
solid solution strengthening, intermetallic Zr-rich phase formation, and effective grain refinement. Im-
mersion and electrochemical in vitro corrosion tests showed a slight increase of degradation rate in
ternary alloy up to 17.1± 1.0 mm/year and no significant loss of mechanical properties after 28-day of
immersion in simulated physiological solution. In addition, the preliminary antimicrobial studies show
antimicrobial activity of the investigated Zn-Ag-Zr alloy against Escherichia coli and Staphylococcus
aureus. The presented results demonstrate that newly developed Zn-based alloy can be considered as a
promising biodegradable material for medical applications.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The interest in biodegradable metallic materials has been
growing within the last ten years. So far, scientists focused their
research efforts on magnesium, iron, zinc, and their alloys as
promising, biocompatible materials for medical application. In
addition, the research is driven by their potential application as
biodegradable devices. During the regeneration of damaged tissue
biodegradable implants slowly lose mechanical integrity and
degrade in the environment of physiological fluids to completely
dissolve in the human organism without surgical intervention. As
suggested in the literature [1e3] the recommended daily amount of
elements and ion concentrations in the human body can be
considered as one of the characteristics to assess the biocompati-
bility. Taking into account the complexity of foreign body reactions
to biomedical device, possible local ions accumulation at imple-
mentation sites, and formation of new compounds, they indicate
that average amount of ions released during the biodegradation
should not exceed the tolerable limits. Moreover, formed corrosion
products cannot be harmful to the human body [4e6].

Therefore Zn-based alloys have attracted more attention in
recent years. The main advantages of Zn are the following: (1)
corrosion rate between Mg and Fe, (2) no hydrogen gas generation
during degradation, (3) easy fabrication of cast products due to low
melting temperature, (4) low reactivity during melting, (5) for-
mation of non-harmful, biocompatible corrosion products [7,8].
Moreover, Zn is an essential element in human nutrition and cells
proliferation and is also necessary in bone metabolism [9]. Recent
investigations are focused on different fabrication techniques,
conditions of plastic deformation processes and alloying with
biocompatible elements that seem to address the fundamental
issue related to poor mechanical properties and brittleness of pure
Zn [10e12].

It was reported by Liu et al. [13,14] that in the as-cast state it is
possible to refine the microstructure and simultaneously improve
the strength and elongation to failure by additions of Mg, Al, Ag and
Cu below their solubility limit in Zn. However, alloy systems with
second phase precipitates give greater opportunities to modify the
mechanical properties and corrosion rates. It was shown that ele-
ments such as Ag, Mg, Ca, Sr effectively increase the strength and
ductility in the as-cast state by forming intermetallic precipitates
[15,16]. Nevertheless, the mechanical properties of as-cast alloys
usually do not meet the requirements to be considered for the use
in medical devices. For this reason, current research refers mostly
to binary or more complex alloys processed by extrusion, rolling or
drawing [11] or fabricated by alternative methods like rapid so-
lidification, additive manufacturing or powder metallurgy
frequently aimed at obtaining porous scaffolds [17e20]. In accor-
dance with the Hall-Petch relationship smaller grain size leads to
obtaining higher strength [21]. That explains why other, uncon-
ventional low-temperature formingmethods such as equal channel
angular pressing [22,23], KoBo extrusion [24] or hydrostatic
extrusion [25] are also applied to enhance mechanical properties of
Zn alloys by significantly refining their microstructure. However, as
it was reported in [26], severe plastic deformation process used for
low-alloyed Zn alloys may be ineffective because the high grain
refinement changes the deformation behavior to non-slip defor-
mation mechanisms. In such case the activation of grain boundary
sliding, viscous glide and creep results in lower YS and UTS, but
much higher elongation to failure.

In this work, for the first time, the effect of Ag and Zr additions in
Zn was examined. Based on the literature, Ag can strengthen the
matrix by dissolution in Zn and also forms precipitates of Zn3Ag
hexagonal phase that results in grain refinement and mechanical
properties enhancement [27,28]. Moreover, Ag stands out as an
antibacterial element and in given concentration is nontoxic for
human cells that is a valuable trait in medical applications. Ac-
cording to EPA Integrated Risk Information System the daily
reference dose of Ag is evaluated as 5 mg/day per kilogram of body
weight. Exceeding this limit, by a large amounts, can lead to argyria
[29]. Zr, as almost insoluble element in Zn, forms intermetallic
phases in ZneZr alloys [30]. It was reported that small Zr additions
results in grain refinement, ductile fracture mode, and increase in
strength in comparison to brittle pure Zn [31]. Zr exhibits good
biocompatibility, low ionic cytotoxicity, good corrosion resistance
and osteocompatibility similar to titanium [32,33]. Its average daily
permissible intake should not exceed 50 mg/day [34]. To the best of
our knowledge, investigation on Zn-Ag-Zr system is not reported in
the literature so far. For the better understanding of the unique
properties of Zn1Ag0.05Zr ternary alloy, it was compared in this
work with Zn0.05Zr and Zn1Ag binary alloys.

To characterize the newly designed biodegradable alloy, the
presented study contains a comprehensive overview of micro-
structure, mechanical properties, biodegradation behavior as well
as the initial evaluation of antibacterial activity.

2. Experimental procedures

2.1. Materials processing and specimens preparation

The Zn0.05Zr, Zn1Ag, and Zn1Ag0.05Zr (wt%) alloys were
fabricated by induction melting in a graphite crucible at 650 �C,
followed by gravity casting into the steel mold. The high-purity
alloying elements such as 99.995wt% Zn, 99.995wt% Ag, 99.95wt
% Zr were used to prepare the alloys. To homogenize the chemical
composition and microstructure, release the stresses after the
crystallization process and dissolve possible intermetallic phases
precipitated after solidification, the 4 h solution treatment at 400 �C
under air atmosphere followed by water quenching was applied.
Subsequently, the homogenized ingots were processed by hot in-
direct extrusion at 250 �C, with extrusion speed 0.1mm/s and
extrusion ratio 25:1 to obtain rods with 4mm of diameter.

2.2. Microstructural characterization

The microstructural observations of alloys in all states were
performed on cross-sections perpendicular to pressing direction
prepared by grinding with SiC papers up to #2000 grid and pol-
ishing with 3 and 1 mm alcohol-based diamond suspensions, and a
final low-angle Arþ ion milling. Microstructural analysis was per-
formed by means of NIKON ECLIPSE LV150N light microscope (LM),
FEI VERSA 3D Scanning Electron Microscope (SEM) equipped with
Energy Dispersive Spectroscopy (EDS) and Electron Back-Scattered
Diffraction (EBSD) detectors. The average grain size, orientation
maps, and textures for extruded samples were collected and pro-
cessed by using TSL OIM™ software. The EBSD maps with
200� 200 mm of size were collected using 0.3 mm step size. A grain
was determined as a set of minimum 5 points with grain-to-grain
misorientation angle higher than 15�.

2.3. Mechanical properties

Tensile and compression tests were used to evaluate the yield
strength and ultimate tensile/compressive strength. Ductility of the
investigated materials was characterized based on total elongation
to failure, tensile fracture mode, and cross-sectional area reduction.
Mechanical testing was performed using INSTRON 5966 universal
testing machine at room temperature with strain rate 1� 10�3 s�1

and up to 50% of deformation during compression. Standard tensile
specimens with a gauge length of 30mm and gauge diameter of
3mm were machined from rods according to ISO 6892-1 standard
without any additional heat treatment. Total percent reduction in
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cross-sectional area Ar was calculated based on the sample diam-
eter measured in fractured region and in the initial state. Tensile
fractures were analyzed bymeans of SEM. Samples for compression
tests were cut out from rods and ground to obtain cylindrical
specimens with initial dimensions 6mm of height and 4mm of
diameter. Three samples were taken for each extruded alloy for
both tests.

2.4. Biodegradation behavior

Biodegradation behavior and corrosion rate of the alloys were
evaluated based on potentiodynamic measurements and static
immersion tests in Hanks' solution of chemical composition pre-
sented in Table 1. The conductivity of deionized water used was
0.07 mS.

2.4.1. Electrochemical tests
Samples were cold mounted in epoxy resin and then ground

down with SiC papers up to #2000 grit to reveal the longitudinal
cross sections of rods with 1 cm2 of the exposed area. Samples were
then prepared for electrochemical tests by polishing with 3 and
1 mm alcohol-based diamond suspension. The samples were sub-
sequently ultrasonically cleaned with ethanol and dried. Potentio-
dynamic polarization was performed with the use of a BioLogic
SP300 potentiostat and EC-Lab software. The analysis was con-
ducted using typical three-electrode flat-cell consisting of the
sample as aworking electrode, Ag/AgCl as a reference electrode and
platinum as a counter electrode according to ASTM G5e94 stan-
dard. The electrochemical measurements were carried out at the
scan rate of 1mV s�1 in the electrochemical window starting from -
200mV to 200mV versus Open Circuit Potential (OCP), at the
controlled temperature of 37.5± 0.5 �C and pH value of the solution
equal to 7.4± 0.1. Before the potentiodynamic polarization, each
sample was immersed in Hanks' solution for 8 h to obtain the
stabilization of open circuit potential. The corrosion current density
was determined based on Tafel extrapolation and corrosion rate in
mm/year was calculated according to ASTM-G102e89 standard. The
parameters characterize corrosion behavior of tested alloys were
determined with the use of EC-Lab software including built-in
procedures and algorithms of curves fitting. The measurements
were repeated three times for each alloy.

Surface morphology after electrochemical measurements was
analyzed by SEM after removal of corrosion products. After 2min of
ultrasonic cleaning with chromate acid water solution (200 g/L of
CrO3) at 80 �C and the samples were cleaned with water, ethanol
and air dried.

2.4.2. Immersion test
For immersion tests, samples weremachined in the sameway as

for standard tensile test so as to investigate the change of tensile
properties after corrosion testing. The preparation of each sample's
surfacewas finishedwith ultrasonic cleaning in ethanol and drying.
The samples were placed in separate closed-top containers at
37.5± 0.5 �C with 1 cm2: 25mL of surface area to Hanks' solution
volume ratio in accordance with ASTM-G31e72 standard. The
exposed surface area of investigated samples was about 6.5 cm2.
The corrosive medium was replaced every 2 days, to avoid signifi-
cant changes in the pH value initially set as 7.4± 0.1 and increasing
concentration of Zn2þ. After 28 days the samples were taken from
Hanks' solution, cleaned with water, ethanol, and dried to
Table 1
Composition of Hanks' solution (per 1 L of deionized water).

NaCl KCl CaCl2 MgSO4$7H2O MgCl2$6H2

8.0 g 0.4 g 0.14 g 0.1 g 0.1 g
characterize the surface morphology and formed corrosion prod-
ucts by SEM. After that the corrosion products were carefully
removed from the surface by ultrasonic chemical cleaning with
chromate acid (200 g/L of CrO3) for about 2min without removing
any amount of metallic Zn, rinsing with water then ethanol, and
drying. The surface morphology was then analyzed again by SEM.
The corrosion rate (mm/year) was calculated based on themeasured
weight loss of three samples according to ASTM G1e90 standard.

2.5. Antimicrobial properties testing

In preparation for the experiments to investigate the antimi-
crobial property of examined materials, overnight cultures of
Escherichia coli BW25113 (Gram-negative bacteria) and Staphylo-
coccus aureus US300 (Gram-positive) were prepared. A single col-
ony was inoculated with a sterile loop in 5mL of Lysogeny broth
(LB) (1% tryptone, 0.5% yeast extract, 0.5% NaCl) in sterile glassware.
The cross-sections of the Zn alloys and Grade 2 titanium as a control
sample were ground down to #2000, ultrasonically cleaned with
ethanol and sterilized using an autoclave set to 15min at 121 �C.
100 mL of the overnight culture was spread on Petri dishes con-
taining LB agar and was allowed to dry for 15min. The samples
were placed on the agar plates with sterile tweezers. The plates
were incubated for 16 h at 37 �C to test for antimicrobial properties
of investigated materials. Endpoint pictures were taken using a
camera and the bacterial growth inhibition was assessed based on
measuring inhibition zone according to ISO 20645:2004 standard
and the following equation:

H ¼ D� d
2

(1)

where H is the inhibition zone (mm), D is the diameter of the
sample and inhibition zone (mm), d is the diameter of the sample
(mm). The H equal to or bigger than 1mm is desirable value and
indicates perfect antimicrobial behavior. The quantitative results of
inhibition zone were averaged out from three samples for each
alloy.

3. Results

3.1. Microstructural characterization

The microstructures of examined alloys in the as-cast, homog-
enized and extruded states are presented in Fig. 1. There are both
polarized light microstructures to present the overall microstruc-
ture and SEM micrographs to distinguish the details. In Zn0.05Zr
alloy the elongated, similar coarse grains are observed before and
after homogenization process (Fig. 1a,d). There is no grain growth
or second phase dissolution and precipitation during homogeni-
zation, which suggests that the alloy is thermodynamically stable.
The visible small, white precipitates of the second phase, smaller
than 5 mm, distributed in the whole volume of the material, indi-
cated by white arrows, can be responsible for hindering the grain
boundaries movement during annealing at 400 �C. Based on ZneZr
phase diagram [30] and our previous research [31], especially EDS
analysis, where the Zn to Zr atomic % ratio was about 22 in point
measurements, it can be assumed that the Zr-rich phase occurring
both in the Zn0.05Zr and Zn1Ag0.05Zr alloys has Zn22Zr stoichi-
ometry. Zn1Ag and Zn1Ag0.05Zr alloys in the as-cast state feature
the typical dendritic structure (Fig. 1b,c). After the homogenization
O Na2HPO4 KH2PO4 NaHCO3 Glucose

0.06 g 0.06 g 0.35 g 1.0 g



Fig. 1. Microstructures of Zn-0.05Zr (a, d, g), Zne1Ag (b, e, h), Zn-1Ag-0.05Zr (c, f, i) in the as-cast, homogenized and extruded states, respectively. LM (polarized light), SEM. Please,
note that the scale bar is different for the extruded state, because of refined microstructure in all alloys.
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process the transition from the columnar microstructure to equi-
axed grains occurs in Zn1Ag alloy (Fig. 1e). Presence of Zn22Zr
precipitates between the dendrites arms in Zn1Ag0.05Zr alloy leads
to stabilization of the microstructure during the annealing process
(Fig. 1f).

As a result of the hot extrusion and dynamic recrystallization the
finer, equiaxed grains with uniformly distributed precipitates of
Zn22Zr phase, not exceeding hundreds of nanometers of size,
appeared in the microstructure inside the grains and at the grain
boundaries (Fig. 1g, h, j). It was additionally confirmed by X-ray
diffraction technique, that Ag-rich phase did not precipitate in the
extruded alloys. No peaks related to Zn3Ag ε phase, were observed
in measured XRD spectra indicating that Ag is dissolved in Zn
matrix in Zn1Ag and Zn1Ag0.05Zr alloys in all states (see Supple-
mentary Material). EDS analysis showed that the approximate
content of Ag in Zn1Ag and Zn1Ag0.05Zr alloys was equal to 0.9wt
%, whereas in Zn0.05Zr and Zn1Ag0.05Zr the Zr content was about
0.5%. The overestimation of Zr might result from EDS limitations, its
low concentration, and presence in Zn22Zr intermetallic phase
instead of in solid solution, that generate relatively high error
during quantitative analysis.

Based on EBSD orientationmaps (Fig. 2aec) it is evident that the
simultaneous addition of Zr and Ag effectively influences the
microstructure refinement. Average calculated grain size is equal to
42± 26 mm,17± 8 mm,10± 6 mm for Zn0.05Zr, Zn1Ag, Zn1Ag0.05Zr,
respectively. Inverse pole figures (IPF) (Fig. 2def) show that all
investigated alloys are characterized by fiber

�
1010

�
texture typical

for extruded Zn alloys [35].
3.2. Mechanical properties

In Fig. 3a the results of the tensile test are presented in form of
engineering stress-strain curves. In order to determine the
compressive strength the results of compression test are shown in
Fig. 3b as true stress-strain curves. All the examined mechanical
properties are summarized in Table 2. During tension, the Ag
addition causes the higher yield strength (YST) and ultimate tensile
strength (UTS) in comparison to Zn0.05Zr alloy. The desirable effect
of both alloying elements can be observed in Zn1Ag0.05Zr alloy
where YST and UTS reaches highest values among investigated al-
loys. Elongation to failure Ef is higher than 20% in all described
materials and visible necking occurs during tension, which in-
dicates good ductility.

Fracture morphologies shown in Fig. 4 confirm the ductile mode
of deformation during tension. It can be seen that with increasing
total elongation to failure the percent reduction of the area also
increases (see Table 2). Fracture surfaces (Fig. 4def) consist of big
holes and small dimples separated by sharp ridges caused by fine



Fig. 2. EBSD-IPF orientation maps (a, b, c) and pole figures (d, e, f) of extruded materials: Zn0.05Zr (a, d), Zn1Ag (b, e), Zn1Ag0.05Zr (e, f).
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equiaxed microstructure of investigated alloys. In addition, the
features of Zn1Ag0.05Zr alloy fracture seems to be finer, because of
initially smaller grain size in the microstructure. The Zn22Zr inter-
metallic phase precipitates were not observed to cause any crack
initiation, but they might be acting as nucleation sites for some of
the smaller dimples. No flat surfaces or facets, characteristic for
brittle cracking were observed, indicating the Zn22Zr intermetallic
phase precipitates did not cause any crack initiation, but theymight
be acting as nucleation sites for some of the smaller dimples.

The sharp textures and deformation mechanisms in hexagonal
metals influence the apparent tension-compression asymmetry of
strength [36]. Deformed samples achieve significantly higher
values of yield strength during compression (YSC). Ultimate
compressive stress (UCS) in Zn1Ag and Zn1Ag0.05Zr are higher due
to solid solution strengthening effect caused by Ag dissolved in Zn
matrix and smaller grain size than in Zn0.05Zr alloy. The significant
decrease of stresses after visible peak on the compression curves
(Fig. 3b) indicates that dynamic recrystallization took place during
further deformation.

Based on the shape of presented curves (Fig. 3b) and significant
decrease of stresses after exceeding the deformation strain, at
which the maximum compression stress occurred it can be
assumed that dynamic recrystallization took place during further
deformation.
3.3. Electrochemical tests

In Fig. 5a the curves of open circuit potential vs time for all
extruded alloys immersed in Hanks' solution was presented.
Within 8-hour OCP measurements the potential stabilization was
achieved after 6 h and amounted
to �0.978± 0.001 V, �0.988± 0.002 V, �0.976± 0.002 V for
Zn0.05Zr, Zn1Ag and Zn1Ag0.05Zr alloys, respectively. The alloys
with Zr addition are placed higher than Zn1Ag alloy, which sug-
gests better corrosion resistance.

In Fig. 5b the potentiodynamic polarization curves were
collected. Measurements show that the OCP of alloys with Ag
addition are shifted to the more electronegative direction in com-
parison to Zn0.05Zr alloy, indicating an increased surface reactivity
of those alloys. The shape of curves in the anodic range indicates
the surface oxidation, which seems to occur at less electropositive
potentials range in the case of Zn1Ag alloy. Further inflection of the
binary alloys' curve at the so-called breakdown potential can come
from pitting or dissolution of the samples. All materials possess a
similar corrosion behavior in the cathodic side related to oxygen
reduction reaction. An apparent increase of current density at more
electronegative potentials indicates that water molecules are
reduced in the solution resulting in hydrogen evolution [37,38].

Based on the SEM micrographs (Fig. 6), collected after electro-
chemical measurements and corrosion products removal, two
different modes of corrosion can be distinguished such as contin-
uous net of small pits and single large pits. The micrographs pre-
sented in the first row (Fig. 6aec) correspond to the formation and
growth of the oxidation layer during the experiments. Small, visible
pits occur at sites of bare surface exposed to the solution after the
further breakdown of this passivating film. In case of alloys with Zr
addition, the additional random pits suggest the microgalvanic
corrosion between Znmatrix and Zn22Zr precipitates. At the edge of
the sample with slightly different kinetics of electrode reactions
than in the middle part of the sample, bigger pits appeared (Fig. 6d-
f). This can be explained by higher current density at the edges and
more intensive dissolution of the alloys there, which is consistent
with the polarization curves.

Corrosion current density and corrosion potential were evalu-
ated by the Tafel extrapolation method. The characteristic param-
eters of potentiodynamic polarization curves and corrosion rate
were summarized in Table 3. It can be seen that Ag addition in-
creases the corrosion current density up to 12.3± 0.4 mm/cm2,
which results in 183.7± 21.1 mm/year of corrosion rate. However,
the Zn1Ag0.05Zr alloy is characterized by the lowest short-term
corrosion rate among tested alloys, obtained in electrochemical
measurements amounting at 76.9± 33.3 mm/year. Number of fac-
tors influencing corrosion of the investigated alloys such as grain
size, grain boundary density, presence of intermetallic precipitates
and electrode potential of matrix in form of solid solution make it
difficult to clearly predict final corrosion behavior and evaluate
degradation rate in potentiodynamic measurements. It should be
noted that observed differences in Ecorr (Fig. 5b) and determined



Fig. 3. Engineering tensile (a) and true compression (b) stress-strain curves of the
extruded alloys.
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OCP measurements (Fig. 5a) are very slight indicating similar
corrosion behavior of the examined alloys. Parameters beyond icorr
not allowed on clear conclusions concerning influence of alloying
elements on corrosion resistivity of the considered materials. That
is why, long term static immersion test presented in next paragraph
seems to be more accurate characterization technique in this case.
3.4. Immersion test

The corrosion rates determined based on mass loss after static
immersion tests equal to 14.0± 0.1 mm/year and 15.0± 0.7 mm/year
for Zn0.05Zr and Zn1Ag alloys, respectively. Simultaneous addition
of both alloying elements resulted in an increase of corrosion rate
by almost 20%, up to 17.1± 1.0 mm/year in Zn1Ag0.05Zr alloy. Dif-
ferences in determined corrosion rates for several materials are
Table 2
Mechanical properties of extruded alloys.

Sample Compression Tension

YSC (MPa) UCS (MPa) YST (MPa)

Zn0.05Zr 134± 2 203± 4 104± 4
Zn1Ag 183± 1 266± 1 136± 6
Zn1Ag0.05Zr 168± 3 250± 3 166± 2
related to changes in corrosion kinetics with time. Lower values of
corrosion rates observed for long term immersion may result from
limitation of corrosion process by passive layer formed at the alloy-
electrolyte interface. Passivation process is additionally induced by
microgalvanic corrosion due to presence of intermetallic phase in
Zn matrix of different electronegativity.

Similar surface morphologies of the alloys exposed to Hanks'
solution are presented in Fig. 7aec. Compact layer of oxides as well
as many white particles on top formed on the surface of the alloys.
Because of internal stresses the corrosion layer is cracked and in the
bare areas samples' surface is exposed to corrosive environment.
An attempt was made to identify the corrosion products by X-ray
analysis, but only peaks coming from h-Zn matrix and zinc oxide
could be distinguished. This suggests that the thickness of the
corrosion film is relatively small in comparison to basematerial and
with used beam optics it was difficult to obtain meaningful inten-
sive peaks from other compounds. The EDS analysis was performed
to qualitatively assess the composition of corrosion products. Re-
sults presented in Table 4 may indicate that besides the basic ele-
ments of the alloys and oxides the corrosion products mostly
consist of calcium, phosphorus, chloride, carbon, and magnesium
originating from Hanks' solution. Based on the corrosion products
analyzes and detected compounds presented in literature it can be
supposed that observed degradationproducts aremainly zinc oxide
(ZnO), zinc hydroxide (Zn(OH)2) and probably some of more com-
plex compounds such as hydroxides, phosphates, carbonates of zinc
(calcium) [20,27,39e41].

After corrosion products removal, besides the evident scratches
formed during samples preparation, many uniformly distributed
corrosion pits can be observed on the surface (Fig. 7def).

To evaluate the influence of corrosion process on the loss of
mechanical integrity the tensile test was repeated on samples after
28-day immersion in Hanks' solution and the results were collected
in Table 5. A slight decrease in mechanical strength was observed.
3.5. Antibacterial behavior

Since the antimicrobial properties can reduce the risk of in-
fections associatedwith implantation, whichmight have significant
advantage formedical use, the attempt to evaluate the antimicrobial
properties of presented alloys was additionally made in this work.
The antimicrobial activity of described materials against the model
bacteria E.coli (Gram-negative) and S. aureus (Gram-positive) was
presented in Fig. 8. In comparison to titanium all Zn-based alloys
possess antimicrobial activity. The growth inhibition zone was
quantifiedusing the referenced Eq. (1) and equals 1.9± 0.8, 3.9± 0.6,
2.9± 0.7mm against E. coli and 2.2± 0.1, 4.5± 0.5, 3.9± 0.4mm
against S. aureus for Zn0.05Zr, Zn1Ag, Zn1Ag0.05Zr, respectively.
4. Discussion

4.1. Microstructure and mechanical properties

The addition of alloying elements and use of plastic deformation
process was aimed at obtaining grain refinement, which in accor-
dance with the mentioned-above Hall-Petch relation increased the
strength of investigated alloys. A smaller grain size results in a
UTS (MPa) Ef (%) Ar (%) UTS/YST (�)

157± 1 22± 1 92 1.52
183± 2 28± 1 95 1.35
211± 1 35± 1 99 1.27



Fig. 4. Fracture morphologies of Zn0.05Zr (a, d), Zn1Ag (b, e), and Zn1Ag0.05Zr (e, f) alloys. SEM.

Fig. 5. Open circuit potential vs. time (a) and polarization curves (b) of the extruded
alloys immersed in Hanks' solution at 37.5 �C.
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larger amount of grain boundaries that creates an obstacle for
dislocation movements and simultaneously enhances the strength
of alloys. Grain size in extruded Zn1Ag0.05Zr alloy was reduced by
approx. 76% and 41% in comparison to Zn0.05Zr and Zn1Ag alloys,
respectively. Both in as-cast and extruded states it can be seen that
Ag addition causes more effective grain refinement than Zr. It is
consistent with previous reports that in the as-cast state, in the
range of solubility, Ag noticeably reduces the grain size due to the
high growth restriction factor of Ag in Zn [28]. The other mecha-
nism behind grain refinement in Zn0.05Zr and Zn1Ag0.05Zr alloys
mentioned in previous work can be the particle stimulated nucle-
ation (PSN) [31]. During the extrusion higher stress zones form
around Zn22Zr precipitates, which accelerate the dynamic recrys-
tallization [43].

Presented mechanical properties (see Table 2) are significantly
higher than ones reported in our previous work for extruded pure
Zn (YST¼ 68MPa, UTS¼ 110MPa, Ef¼ 8%) [31]. It is clear, that not
only strength but also elongation to failure of pure Zn was
improved. This suggests that simultaneous addition of both alloy-
ing elements resulted in solid solution strengthening and grain
refinement. Hardening capacity is related to yield strength and
further work hardening of the alloys and can be determined as a
UTS to YST ratio. Grain refinement increases the yield strength and
decreases hardening, which is consistent with the presented re-
sults. The Zn1Ag0.05Zr alloy exhibits the lowest and Zn0.05Zr alloy
the highest UTS/YST ratio. It needs to be emphasized that Zn-based
materials are characterized by relatively high strain rate sensitivity,
so the results of mechanical properties are strongly dependent on
applied strain rate during deformation [26]. This must be consid-
ered while comparing presented in the literature values of strength
and elongation to failure for different Zn-based alloys.

Another significant factor affecting mechanical properties is the
texture. The Zn1Ag alloy shows higher pole intensity of main peak
in 1010 pole figure than the other two alloys with Zr addition. This
can be explained by the presence of Zn22Zr phase and PNS mech-
anism during recrystallization that weakens the texture [44]. No
visible effect of a stronger texture of Zn1Ag alloy on tensile strength



Fig. 6. SEM micrographs of the surface morphologies of (a, d) Zn0.05Zr, (b, e) Zn1Ag (c, f) Zn1Ag0.05Zr with removal of corrosion products after electrochemical measurements in
Hanks' solution.
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was noted, however Zn1Ag alloy showed the highest YSC and UTS
during compression (see Table 2). Asymmetry in tension-
compression strength was observed in investigated alloys similar
to other hexagonal metals. This can be explained by polar nature of
twinning, which means that shear deformation is possible only in
one direction other than in case of non-polar dislocation slip.
Contrary to Mg alloys [45] Zn exhibits higher YS during compres-
sion than tension, which might be caused by higher c/a ratio of Zn
crystal structure. What is interesting the higher value of UCS was
noted for Zn1Ag in comparison to Zn1Ag0.05Zr alloy that generally
exhibits higher tensile properties. This can result from mentioned
above asymmetry of mechanical properties that was described in
more detail in our recent research related to Zn-0.8Ag alloy [46]. In
addition, almost two times smaller grain size in Zn1Ag0.05Zr, than
in Zn1Ag alloy, hinders the most efficient strengthening mecha-
nism, which is twinning. During the compression smaller number
of twins cannot strengthen the Zn1Ag0.05Zr alloy as in alloys with
bigger grains [47].
4.2. Corrosion properties

The next step in characterization of potential biodegradable
implant material is an in vitro evaluation of the corrosion behavior
and ability to uniform biodegradation in solution simulating body
fluids. Corrosion tests were conducted in Hanks' solution, which is
the most commonly used media for in vitro testing of biodegrad-
able metals. The solution comprises a concentration of inorganic
salts similar to those occurring in physiological fluids in human
body.

In accordance with Pourbaix diagram, Zn in neutral or alkaline
environment undergoes passivation [8]. The potentiodynamic po-
larization measurements confirmed that the passive layer forms on
the surface of extruded alloys. It can be easily observed in Fig. 6 and
Table 3
Electrochemical corrosion data for the extruded samples in Hanks' solution.

Sample Corrosion potential,
Ecorr (V) vs. Ag/AgCl

Current density,
icorr (mA/cm2)

Zn1Ag �1.035± 0.009 12.3± 0.4
Zn1Ag0.05Zr �1.008± 0.004 4.6± 2.2
Fig. 7 that the passive film is cracked and pits occur. This takes place
even easier in the presence of Cl ions occurring in Hanks' solution
[48]. The degradation process of Zn in neutral physiological envi-
ronment is composed of anodic and cathodic reactions. Zhen et al.
[39] described the corrosion process in form of electrochemical
reactions with electrolyte as a general degradation mechanism for
biodegradable metals. As a result of developing dissolution of Zn
the pH of the solution increases, which is associated with a larger
amount of OH ions. This leads to the formation of zinc oxides. As S.
Zhao et al. reported [49] the presence of HCO3

�, Cl�, HPO4
2� ions in

physiological fluid, and also in Hanks' solution may be responsible
for the formation of other phases along ZnO passive layer, such as
zinc chloride hydroxide (Zn5(OH)8Cl2 ∙H2O), zinc carbonate ZnCO3
or calcium phosphate Zn3(PO4)2 ∙ 4(H2O).

Based on current research and adequate literature the schematic
model of biocorrosion of Zn1Ag0.05Zr alloy in Hanks' solution was
proposed in Fig. 9.

Corrosion rates obtained for examined extruded alloys after 28-
day immersion test are in the range between 14 and 17.1 mm/year,
which is relatively low value in comparison to corrosion rates of
other Zn alloys summarized in reviews [11,12] and much smaller
than reported for Mg alloys [45]. Additionally, the corrosion rate for
pure Zn in the same state and experimental conditions was
investigated and equals 9.6 mm/year. As it was expected, the
introduction of alloying elements increased the degradation rate.
The possible explanation for that can be threefold (1) Ag dissolved
in h(Zn) solid solution could change the standard electrode po-
tential, accelerating corrosion process, which is consistent with
shift of OCP towards more electronegative potentials as indicated
by potentiodynamic polarization curves; (2) Ag as a solute element
in Zn could introduce distortion in the crystal lattice and increase
the corrosion rate due to stress corrosion; (3) Zr addition created
sites for microgalvanic corrosion with anodic reaction localized at
Cathodic slope,
bc (mV)

Anodic slope,
ba (mV)

Corrosion rate,
Cr (mm/year)

156.0± 13.5 103.2± 13.5 183.7± 21.1
212.9± 41.5 88.8± 11.8 76.9± 33.3



Table 5

Fig. 7. SEM micrographs presenting the morphology of the corrosion products formed during immersion tests (a, b, c) and surface after cleaning the samples (d, e, f). Zn0.05Zr (a, d),
Zn1Ag (b, e), Zn1Ag0.05Zr (c, f).
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Zn matrix and cathodic ones localized at more electropositive
Zn22Zr phase.

Sikora-Jasi�nska et al. show in [27] that the degradation rate for
extruded Zn-xAg (x¼ 2.5, 5, 7 wt%) alloys in Hanks' solution is in
the range of 79e84 mm/year. The difference can result from higher
Ag concentration and presence of Zn3Ag phase in microstructure of
the alloy investigated there, contributing to microgalvanic corro-
sion process. Weight loss rate determined for Zn1Ag scaffold after
15-day of immersion in SBF (simulated body fluid) by Xie et al. [20]
is equal to about 2.5%, while the value calculated for presented in
this paper bulk sample of Zn1Ag is equal to about 0.14%. It is sup-
posed that themain reason for apparently higher rate of weight loss
for the same alloy, but in scaffold form is the presence of pores in
the sample andmuchmore developed surface exposed to corrosion
environment. The increase of corrosion rate by Zr addition in Zn
alloys stands in contrast to the effect of this element in Mg alloys. It
was reported [45] that within and above the solubility range, Zr
addition in Mg enhances the corrosion resistance in different
simulated body fluid solutions. The opposite behavior can derive
from the standard electrode potential of Zr (�1.45 VSCE) that stands
between the Zn (�0.762 VSCE) and Mg (�2.372 VSCE). Moreover,
since Zr is a potent grain refiner in Mg alloys, by being active as
nucleation centers, it creates a higher amount of grain boundaries,
which can lead to deeper passivation process and simultaneously
lower corrosion rate [50].

Surface analysis after corrosion products removal revealed
uniformly distributed net of small pits, which is highly desired,
because localized intensive corrosion in potential application could
lead to rapid loss of mechanical integrity and failure of an implant.
Biodegradable short-term implants should maintain sufficient
strength during the regeneration time of damaged tissue. Presented
slight loss of mechanical integrity in examined Zn alloys is much
Table 4
EDS results of the corrosion products formed on investigated samples during im-
mersion tests.

Element [wt%] Zn O C Mg P Zr Cl Ag Ca

Zn0.05Zr 37.7 21.2 2.4 2.5 12.3 3.2 0.4 e 20.3
Zn1Ag 64.2 19.8 1.2 1.2 6.6 e 0.0 0.5 4.1
Zn1Ag0.05Zr 60.9 17.1 0.5 0.9 7.9 1.8 2.1 0.5 8.4
smaller than determined by Mostaed et al. for ZneMg, ZneAl and
Mg alloys in compression test [40] or by Li et al. for Mg-Zn-Zr alloy
in tensile test (see the comparison in Table 5) [42]. It was surprising
that the elongation to failure increased by a few percent in each
alloy. It is believed that the main reason for this is the releasing of
residual stresses formed in the surface after tensile samples
machining because of elevated temperature (~37.5 �C) during the
corrosion tests.

Due to mild biodegradation of investigated alloys, relatively
short time of experiment and similar corrosion rates, it is supposed
that obtained differences in mechanical properties result not as
much from corrosion process, as from changes in the microstruc-
ture of samples due to elevated temperature (~37.5 �C) of the im-
mersion test. Observed reduction of the tensile strength result from
recrystallization of the deformed surface layer formed during the
machining of samples. In the case of Zn0.05Zr alloy the effect is
almost unnoticeable because the deformed layer recrystallizes at
room temperature (RTz 0.41Tm, where Tm is absolute melting
temperature of pure Zn), before initial tensile testing. The recrys-
tallization of deformed layer in Zn1Ag and Zn1Ag0.05Zr alloys is
partially hindered at RT due to Ag addition dissolved in the Zn
matrix [51], resulting in slightly increased strenght measured
before the immersion test. The complete recrystallization of the
deforation layer in the case of alloys with Ag addition occurs during
the immersion test at 37.5 �C which results in apparent YS and UTS
decrease. However, the effect is more visible in Zn1Ag alloy because
bigger grain size results in thicker deformed layer and higher
strengthening effect of twinning. Ultimately, slight loss of me-
chanical strength and ductility is a desirable result after 28-day of
corrosion testing. It would not be good to observe sudden decrease
Mechanical properties reduction of alloys after immersion tests.

Sample Reduction in YST (%) Reduction in UTS (%)

Zn0.05Zr 0.9 1.2
Zn1Ag 7.0 1.6
Zn1Ag0.05Zr 4.1 2.1
Zn-3Mg 8.2 ) compressive yield strength [40]
Zn0.5Al 8.7
AZ31 alloy 45.3
Mg3.2Zn0.8Zr 44.2 32.7 [42]



Fig. 8. The digital photos of inhibition zone of Zn0.05Zr, Zn1Ag, Zn1Ag0.05Zr and Ti samples for co-cultured a) E.coli and b) S. aureus on agar plates.
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of mechanical properties after this relatively short time of
degradation.

The average weight loss calculated for Zn0.05Zr, Zn1Ag, and
Zn1Ag0.05Zr alloy is equal to 5.5mg, 5.9mg, 6.7mg respectively.
Hence, mean loss for investigated alloys is approx. 0.22mg/day,
which is much less than 40mg/day of acceptable daily intake limit
of Zn by the human body. Furthermore, because of small concen-
trations of alloying elements and relatively slow biodegradation,
there is nearly no risk that releasing Ag and Zr ions will exceed the
acceptable limits. However, it has to be emphasized, that these
values are highly dependent on the analyzed surface area that is in
contact with the corrosive environment, so the real value of daily
weight loss and the amount of releasing ions need to be considered
based on the final geometry of the implant.

4.3. Antibacterial effect

It was reported that Zn can prevent bacterial growth and biofilm
Fig. 9. Schematic model for biocorrosion of Zn1Ag0.05Zr alloy in Hanks' solution.
formation for several pathogenic bacteria [52]. Research presented
by Li et al. [15] and Xie et al. [20] confirm an antimicrobial effect in
ZneAg alloys. It was shown that materials releasing Ag ions inhibit
the propagation of microorganism such as bacteria, yeasts, viruses,
and fungi [53]. Zr also possesses antimicrobial activity by pre-
venting bacterial colonization on the surfaces [54]. However, the
synergic antimicrobial effect of Zn, Ag and Zr ions in ternary alloy
presented in this study has not been described yet. The inhibition
zone, in the margin of error, for Zn1Ag0.05Zr alloy is not bigger
than for Zn1Ag binary alloy. One explanation for this can be simi-
larly slow degradation rates of investigated materials. This affects
the released ions that ultimately stop propagation of bacteria. More
work needs to be done to understand this dependence. Neverthe-
less, in comparison to Ti grade 2 reference sample, the observed
antimicrobial activity for alloys is substantial and therefore the
examined alloys can be considered for medical application.
5. Conclusions

In this study newly designed Zn-based ternary alloy has been
investigated. For the first time the microstructure, mechanical
properties, corrosion behavior, and preliminary antimicrobial ac-
tivity were described for Zn1Ag0.05Zr alloy. Besides microstructure
analysis performed in all states, both Zn1Ag0.05Zr alloy and two
reference binary Zn0.05Zr, Zn1Ag alloys were further examined in
extruded state. Being aware of in vitro study limitations the
following conclusions can be drawn based on presented results:

1. Both Zr and Ag cause noticeable grain refinement. Simultaneous
addition of both alloying elements results in the smallest grain
size up to about 10 mm in samples after the extrusion process.

2. Zr addition forms precipitates of second intermetallic Zn22Zr
phase, inhibiting grain growth after recrystallization during the
extrusion process, while Ag addition dissolves in Zn matrix and
causes solid solution strengthening.

3. All investigated alloys in the extruded state are characterized by
ductile behavior during deformation. Zn1Ag0.05Zr alloy exhibits
the highest mechanical properties, such as 166± 2MPa of yield
strength, 211± 1MPa of ultimate tensile strength and 35± 1% of
the elongation to failure.
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4. Corrosion tests showed that all extruded alloys degrade rela-
tively slowly in Hanks' solution. In comparison to binary
Zn0.05Zr and Zn1Ag alloys, the addition of both alloying ele-
ments in Zn1Ag0.05Zr alloy results in a slight increase of
corrosion rate and equal to 17.1± 0.1 mm/year after 28-day static
immersion test. The same trend was observed in electro-
chemical measurements. Uniformly distributed small pits
formed on the surface of degraded samples, which means that
intensive galvanic corrosion between Zn matric and Zn22Zr
phase did not occur. A very small decrease in mechanical
properties after the static corrosion test was observed.

5. Examined alloys exhibit antibacterial activity against both
Escherichia coli and Staphylococcus aureus. It was shown, that Ag
addition enlarges the bacteria growth inhibition zone for Zn1Ag
and Zn1Ag0.05Zr alloys.

Presented results strongly indicate that examined materials,
especially ternary Zn1Ag0.05Zr alloy, can be considered as a
promising biodegradable metallic material for stents or fracture
fixations. Additional improvement of mechanical properties could
be obtained by the change of extrusion conditions or applying heat
treatment. Further in vitro studies related to cytotoxicity and cell
proliferation as well as more detailed microbial tests are required
for full characterization of biological activity of designed Zn-based
alloys.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2019.108154.
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