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effect induced by the Ag and Mg additions, additionally resulting in grain size refinement. It was shown
that sustaining plastic strain during deformation depends on the applied stress causing asymmetric
mechanical behavior of the tested Zn-based materials. Electrochemical measurements and immersion
tests in Hanks’ solution lasting up to 180 days revealed that Ag and Mg contribute to the change of
the Zn matrix’s open circuit potential and the formation of micro-galvanic cells between the Zn grains
and precipitates. The fine-grained microstructure and evenly distributed small precipitates led to uni-
form corrosion occurring via pit formation on the corroded surface due to intergranular and micro-

Keywords:
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Biodegradation galvanic corrosion mechanisms. The corrosion rate of the Zn-3Ag-0.5Mg alloy after 180 days was almost
Galvanic corrosion twice that of pure Zn and the Zn-3Ag alloy.
Electrochemical measurements © 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Biodegradable implants have a significant advantage over con-
ventional permanent ones, as they do not require further medical
intervention for their removal. However, the interaction between
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be carefully studied to inhibit toxic reactions. Physiological fluids
interact with the metallic material, causing its progressive dissolu-
tion, with the formation of corrosion products that are metabolized
or removed from around the implant, and finally excreted [1].
Therefore, the corrosion rate is the main factor used to distinguish
biodegradable metals. The most widely considered metals are
magnesium (Mg), iron (Fe), and zinc (Zn). The rapid corrosion of
Mg, associated with the accumulation of corrosion products and
extensive hydrogen gas evolution, may result in the sudden loss
of mechanical support for the healing tissue. The use of Fe for
biomedical applications is hindered as it exhibits slow degradation
in physiological fluids and may result in the formation of problem-
atic corrosion products [2]. The material that, in recent years, has
become a competitor of both Mg and Fe is Zn, which degrades at
a rate between the two metals [3-5].

The biodegradation behavior depends on many factors related
to both the studied material and biodegradation environment.
From the material point of view, chemical composition, mechanical
properties (when considering materials susceptible to stress corro-
sion cracking), surface characteristics (topography, roughness, sur-
face energy, hydrophilic/hydrophobic properties, work function,
chemical and physical properties of passive layer) and microstruc-
tural features should be considered. In terms of environmental fac-
tors, the experimental conditions (in vitro or in vivo), corrosive
environment complexity, measurement type (static or dynamic),
immersion time and the composition of the physiological fluid
can strongly affect biodegradation behavior [1,6-9]. Based on pub-
lished results, the degradation rate of pure Zn varies in the range of
13-320 pm/year tested in vitro in physiological solutions within
30 days [10]. Alloying additions, especially those forming precipi-
tates, increase the corrosion rate compared to pure Zn. According
to research conducted on binary Zn alloys vs pure Zn, corrosion
rates ranged from ~14 to 30 pm/year compared to 14 pm/year
for pure Zn. An almost 10-times higher corrosion rate was recorded
during in vivo tests (from 140 to 260 pm/year) compared to in vitro
tests. However, an accelerated degradation of Zn alloys compared
to pure Zn also being observed [11]. Regardless of the applied
experimental conditions, usually the alloying additions have a sim-
ilar effect on the tested corrosion rate of Zn alloys compared to
pure Zn in vitro and in vivo [12]. However, as in vivo experiments
can be costly, timely and require animal testing, it is beneficial to
test novel Zn alloys using fast and easy electrochemical measure-
ments and immersion tests in simulated physiological fluids. These
techniques give a quick view on the influence of certain alloying
elements and fabrication techniques (necessary for mechanical
properties enhancement) on the corrosion behavior.

It has been recently shown that multiphase Zn alloys can suc-
cessfully overcome the limitations of pure Zn, in terms of biomed-
ical application requirements, which is characterized by low
strength and brittleness [13,14]. The optimal combination of alloy-
ing elements and use of complex thermomechanical processing
provide properties exceeding the mechanical requirements for
short-term implant material [10,15,16]. The strengthening of the
Zn alloy is controlled via grain refinement, a n-Zn based solid solu-
tion, and intermetallic phases [17]. In multiphase Zn alloys, there
are several effects that can be distinguished. Firstly, the synergistic
effect of low-content different solute elements may provide addi-
tional strength and enable reaching the required ductility. This is
a more favorable effect than obtaining required strengthen by
means of high volume fractions of secondary phases, since they
may galvanically coupling with the matrix [18]. Secondly, the
simultaneous addition of two or more elements may mitigate the
precipitation of secondary phases from the thermodynamically
unstable supersaturated solid solution during natural aging or
thermomechanical processes [19-21]. Thirdly, in solid solution
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strengthened Ag-, Cu- and Mn- rich fine-grained ternary Zn alloys,
Mg- and Li-rich precipitates strengthen grain boundaries, hinder-
ing grain boundary sliding or creep [22-25]. When tailoring the
alloy’s mechanical behavior, the main challenge is not to influence
the biodegradation and biocompatibility of pure Zn. Therefore, the
formation of harmful corrosion products upon Zn alloying must be
considered and studied. In biodegradable multiphase alloys, atten-
tion should be paid to the formation of micro-galvanic cells
between the matrix and precipitates that can induce a local corro-
sion. Depending on their electrochemical potential compared to
the Zn matrix they can accelerate or slow down the corrosion pro-
cess. Strong local corrosion at micro-galvanic cells can deteriorate
the mechanical integrity of an implant, while corrosion products in
the form of a stable layer might result in decreased corrosion rates.
Therefore, lower volume fraction of secondary phases or their
small size and uniform distribution within the microstructure is
highly desirable [26]

This work focuses on the effect of Ag and Mg additions on the
corrosion properties of pure Zn, while following the alloys’
mechanical behavior. Long-term in vitro biodegradation evaluation
(greater than 30 days) have not been studied in detail [10], there-
fore the present research is focused on the corrosion development
after 180-day immersion in Hanks’ solution to assess the feasibility
of using Zn-based alloys for biomedical applications. Additionally,
this work is the first to present in vitro studies on the long-term
biodegradation of Zn-3Ag (wt. %) and Zn-3Ag-0.5Mg (wt. %) alloys.
The Zn-Ag-Mg alloy system has already been demonstrated to
show promising mechanical performance for load-bearing applica-
tions [27-29], especially when fabricated using a two-stage hot-
cold plastic deformation process, followed by post-deformation
and short-term annealing [30]. This study extends on the already
reported mechanical properties [27,30] by showing the alloys’
asymmetric mechanical behavior during tension, compression
and three-point bending.

2. Experimental materials and procedures
2.1. Materials processing

Samples of pure Zn, Zn-3Ag, and Zn-3Ag-0.5Mg (wt. %) alloys
were prepared using pure zinc (99.995 wt. %), silver (99.995 wt. %),
and magnesium (99.95 wt. %). The ingots were fabricated by
induction melting at 650 °C and gravity casting into steel molds.
The as-cast Zn alloys were annealed at 350 °C for 4 h and subse-
quently subjected to indirect hot extrusion (HE) at 250 °C.

2.2. Microstructural characterization and mechanical tests

Microstructural characterization of the as-extruded samples
was performed on longitudinal cross-sections prepared by stan-
dard metallographic preparation. A scanning electron microscope
(SEM; Versa 3D; FEI), equipped with energy dispersive X-ray spec-
trometry (EDS; Ultim Max; Oxford Instruments) and electron back-
scattered diffraction (EBSD; Symmetry S2; Oxford Instruments)
detectors, was used for microstructural observations. The AZtec
software (Oxford Instruments) was used to acquire EBSD data
and collect energy-dispersive spectra for chemical quantitative
microanalysis. The analyses were performed at 20 kV and 23nA.
The EBSD maps for pure Zn (1000 x 1000 pm?) and the Zn-3Ag
and Zn-3Ag-0.5Mg alloys (150 x 150 pm?) were acquired using a
step size of 1.5 um and 0.15 um, respectively. The average grain
size, crystallographic orientation maps and texture were analyzed
(according to ASTM E2627-13 standard) using the MTEX toolbox in
MATLAB™, A single grain was defined as a set of at least 5 points
with a misorientation angle between neighboring grains greater



M. Watroba, K. Mech, W. Bednarczyk et al.

than 15 For grain size evaluation, the diameter of equivalent circle
was used.

Tensile (standard ASTM E8-21) and compression (standard
ASTM E9-19) tests were performed up to 50 % of deformation at
a strain rate of 1073 1/s by means of a universal testing machine
(Instron 5966; Instron) using tenfold ¢ 3 mm tensile specimens
and ¢ 4 mm x 6 mm cylindrical samples, respectively. Addition-
ally, ductility tests were performed using three-point bending (s-
tandard ASTM E290-14) on a mechanical testing machine (Bose
ElectroForce 3300; ElectroForce Systems Group). The diameter of
the loading nose and supports was ¢ 6 mm and the span between
the lower supports was 30 mm. Samples, with geometries of ¢
4 mm x 70 mm, were loaded under displacement control mode
at 0.2 mmy/s to provide a similar strain rate as during tension and
compression. Three samples of each material were taken for each
mechanical test. Flow stress was determined at a strain equal 5 %.

2.3. Electrochemical measurements

Electrochemical tests were performed using a potentiostat (Bio-
Logic SP-300; Bio-Logic Science Instruments) equipped with the
EC-Lab software (Bio-Logic Science Instruments). A three-
electrode electrochemical cell consisting of a platinum mesh coun-
ter electrode, saturated Ag/AgCl reference electrode, and the work-
ing electrodes being flat Zn-based samples with 1 cm? of
electrochemically active surface area (ECSA) was immersed in
Hanks’ solution to simulate the ion concentration of blood plasma
(Table 1). The pH value was 7.4 + 0.1 and a temperature of 37.5 + 0.
5 °C was maintained using an IKA HRC 2 Control thermostat. The
longitudinal cross-sections of the samples were prepared by grind-
ing, polishing, ultrasonic cleaning in ethanol, and drying. All elec-
trochemical measurements were carried out after 2 h immersion
in Hanks’ solution to stabilize the open circuit potential (OCP)
and reach steady-state conditions. Potentiodynamic curves were
recorded at a scan rate of 1 mV/s in the range of —200 mV to
200 mV vs. the OCP. Afterwards, the standard Tafel extrapolation
method was used to determine the corrosion potential (Eo) and
corrosion current density (icorr). The corrosion rate (CR, pm/year)
of each Zn-based material was estimated according to the ASTM
G102-89 standard and using the following equation:

R=k. o EW
P

(M
where: k - conversion factor (3.27-10° (um-g)/(A-cm-year)), icorr -
corrosion current density (uA/cm?) determined using the Tafel
extrapolation method, EW - dimensionless equivalent weight, and
p - density (g/cm®) of the Zn-based materials. Electrochemical
impedance spectroscopy (EIS) measurements were conducted in a
frequency range of 100 kHz to 1 Hz with an amplitude
of + 10 mV. Representative curves for each material can be found
in the Results section.

2.4. Static immersion test

Prior to immersion tests, the cylindrical samples were ultrason-
ically cleaned in ethanol, dried, and placed in Hanks’ solution with
the 1 cm?:25 ml of surface area to solution volume ratio. Tests
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were conducted at 37.5 + 0.5 °C (standard ASTM G31-72) for three
selected experimental time intervals: 14, 30, and 180 days. Every
3 days, the medium was replaced with a fresh one to maintain
the initial pH value of 7.4 + 0.1. After 14, 30, and 180 days the sam-
ples were removed from Hanks’ solution, and prepared for SEM
corrosion products morphology observations, by cleaning in water
and ethanol, and drying. Finally, corrosion products were removed
from the samples’ surface (following standard ASTM G1-90), by
chemical ultrasonic cleaning with a chromium trioxide-based solu-
tion in H,O (200 g/L of CrOs) for 2 min (to avoid removing any
metallic Zn), followed by rinsing with water, ethanol, and drying.
The degradation rate was calculated based on the measured weight
loss of three samples according to the following Eq. (2):

KW

CR_A-t-p

(2)

where K - constant (8.76-107 for corrosion rate unit of uym/year), W -
weight loss (g), A - surface (cm?), t - exposure period (h), and p -
density (g/cm?).

2.5. Characterization of corrosion products layer

The morphology and chemical microanalysis of the corrosion
products formed after immersion tests and of the degraded sur-
faces after corrosion product removal was performed using the
SEM-EDS technique, to analyze the top layer of the corrosion prod-
ucts and the corroded cross-sections of the samples. Additionally,
the corrosion products formed after 180 days were characterized
by X-ray diffraction measurements using an X-ray diffractometer
(XRD; Empyrean; Malvern Panalytical) with Cu-K, radiation (A =
1.5406 A) at 40 kV and 40 mA, a scanning rate of 0.4°/min, and a
step size of 0.02°. XRD references were taken from the ICSD data-
base. X-ray photoelectron spectroscopy (XPS; PHI 5000 VersaPro-
bell; ULVAC-PHI) was conducted using monochromatic Al Ko
(1486.6 eV) X-rays focused to a 100 pm spot and scanned over
an area of 400 x 400 pm?2. The photoelectron take-off angle was
45° and the pass energy in the analyzer was set to 117.50 eV
(0.5 eV step) for survey scans and 46.95 eV (0.1 eV step) to obtain
high energy resolution spectra for the C 1s, Zn 2p and Ca 2p
regions. Dual beam charge compensation, with 7 eV Ar* ions and
1 eV electrons, was used to maintain a constant sample surface
potential regardless of sample conductivity. All XPS spectra were
charge-referenced to the unfunctionalized saturated carbon (C-C)
C 1s peak at 285.0 eV. The operating pressure in the analytical
chamber was <3 x 10~ mbar. Spectra deconvolution was carried
out using the MultiPak software (PHI). Spectrum background was
subtracted using the Shirley method.

2.6. Statistical analysis

All measured data were expressed as mean +* standard devia-
tion. The statistical analysis was performed by analysis of variance
(ANOVA) and Bonferroni’s test using the OriginPro software (Origi-
nLab). The statistically significant difference between groups was
classified using a p-value assumed at *p < 0.05, “p < 0.01, and
“"p < 0.001.

Table 1
Ton concentrations of blood plasma and Hanks’ solution [31].
Medium Na* K* ca® Mg?* HCO; cl HPO% S03 Amino acid Glucose Protein
mmol/L g/L
Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5 0.25-0.4 ~1.1 63 - 80
Hanks’ solution 141.8 5.4 13 0.8 4.2 144.8 0.8 0.8 - 1.0 -
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3. Results
3.1. Microstructure and mechanical properties

The microstructures of Zn and Zn-3Ag, Zn-3Ag-0.5Mg alloys
after hot extrusion (HE) are presented in Fig. 1. After HE, the Zn-
based matrix consisted of equiaxed grains. The white precipitates
occurring in Zn-3Ag and Zn-3Ag-0.5Mg alloys (marked with red
arrows in Fig. 1b, c) are the e-Zn3;Ag phase, according to the Zn-
Ag phase diagram [32] and previous studies [27] for a concentra-
tion of 3% Ag. The visible dark grains in the microstructure of the
Zn-3Ag-0.5Mg alloy (marked with yellow arrows in Fig. 1c) are
composed of nanometric-sized precipitates of Zn;;Mg, and Zn,Mg
phases enriched in Ag, as shown in our previous work [27]. Both Ag
and Mg hindered grain growth during dynamic recrystallization
that took place during HE. The average grain size decreased from
106.6 + 49.8 um for pure Zn to 10.3 + 4.6 um and 6.7 £ 2.9 um
for the Zn-3Ag and Zn-3Ag-0.5Mg alloys, respectively. A typical

(1 0 1 0) fiber texture with almost all basal poles oriented per-
pendicularly to the extrusion direction (ED), occurred in all inves-
tigated samples, as a result of basal slip system activation during
HE, common for hexagonal close-packed (HCP) metals [33].

Fig. 2a presents the stress-strain tensile curves of the extruded
materials. It can be observed that Ag additions enabled increasing
Zn-alloy strength and ductility compared to pure Zn. As shown in
Fig. 2d, over threefold (172 MPa) and twofold (217 MPa) higher
yield strength (YS) and ultimate tensile strength (UTS) were
recorded for the Zn-3Ag alloy, respectively. Additionally, the alloy
exhibited a ductile fracture mode at elongation over 20 %, which is
confirmed by the fractographic image included in Fig. 2a, where

™D

-

ND
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characteristic dimples separated by elongated sharp edges can be
seen. Grain refinement and a high-volume fraction of secondary
phases in the Zn-3Ag-0.5Mg alloy caused an increase in YS
(287 MPa) and UTS (362 MPa), which exceed the required values
for short-term implant (200 MPa and 300 MPa, respectively
[34]). However, a deterioration in plasticity (&f = 4.1 %) was regis-
tered, associated with the formation of transgranular fractures at
the cleavage planes visible in the fractogram embedded in Fig. 2a.

Compressive stress-strain and bending load-displacement
curves are presented in Fig. 2b and c, respectively. The highest
compressive strength (446 MPa) was recorded for the Zn-3Ag-
0.5Mg alloy. Pure Zn samples fractured at approx. 3.7 mm of dis-
placement, almost directly after reaching 75 MPa of maximum
stress. The tests for Zn-3Ag and Zn-3Ag-0.5Mg alloys were stopped
after reaching over 20 mm of displacement without cracking. This
indicates high deflection under a complex deformation state and
lack of brittle fracturing for both alloys. Flow stress calculated at
5 % of flexural strain increased from 58 MPa up to 113 MPa for
the Zn-3Ag alloy and 190 MPa in the Zn-3Ag-0.5Mg alloy.

3.2. Electrochemical properties

The OCP of the investigated materials was measured in refer-
ence to an Ag/AgCl electrode for materials immersed in Hanks’
solution for 2 h. According to Fig. 3a, there is no significant varia-
tion in OCP values during the immersion time. An initial slight
decrease in OCP indicates the dissolution of the naturally-formed
film at the electrode’s surface [35]. After about 1 h, the OCP of all
samples reached stable values, demonstrating the following

Fig. 1. Microstructures (a-c) and EBSD-IPF (Inverse Pole Figures) orientation maps (d-f),and (0 0 0 1)and (1 0 1 0) PF (Pole Figures) of HE pure Zn (a, d, g), Zn-3Ag (b, e, h),
Zn-3Ag-0.5Mg (c, f, i) alloys in the longitudinal cross-sections. Note the different scale bars for Zn and Zn-based alloys. Red arrows (b, c) indicate Ag-rich precipitates, yellow

arrows (c) indicate Mg-rich precipitates.
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Fig. 3. Electrochemical measurements of the investigated samples: OCP (a), polarization curves (b), Nyquist plots (c), schematic representation of the used equivalent circuit
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descending order: —0.963 V for pure Zn, —0.984 V for the Zn-3Ag-
0.5Mg alloy, and —0.986 V for the Zn-3Ag alloy.

Representative polarization curves of the investigated materials
are shown in Fig. 3b. The electrochemical parameters determined
by Tafel extrapolation of the presented curves and calculated cor-
rosion rates are summarized in Table 2. Electrochemical measure-
ments performed in Hanks’ solution show that the Zn-3Ag alloy
demonstrates a more negative potential (—1.003 V) compared to
pure Zn (—0.978 V), which indicates increased surface reactivity
of the former. Simultaneously, Mg addition resulted in a corrosion
potential (—0.988 V) between pure Zn and the Zn-3Ag alloy. During
potentiodynamic measurements, the scan was initiated from
—200 mV vs. the determined OCP, which may result in the partial
reduction of oxides and other compounds present on the materials’
surface. In turn, this would generate changes in the electrochemi-
cal properties of the corrosion products film/electrolyte interface.
This effect would be directly responsible for the slight differences
in OCP and E,, values observed for particular materials. However,
as the observed differences in OCP and E,, values are subtle, this
suggests similar corrosion properties of the analyzed materials. It
should be noted that corrosion properties do not only depend on
the materials’ chemical composition, but also on other microstruc-
tural factors, including grain size, grain boundary density, as well
as the presence of intermetallic precipitates.

The lowest corrosion current density, and thus, the slowest cor-
rosion rate of 135.3 + 14.2 um/year, was recorded for pure Zn. Ag
and Mg additions increased the corrosion current and accelerated
the corrosion rate up to 156.4 + 6.8 um/year and 188.2 + 17.5 um/
year for Zn-3Ag and Zn-3Ag-0.5Mg, respectively. Noticeably, all
samples underwent surface passivation in the anodic range, when
oxides and hydroxides start to form, and subsequently, the passive
film grows. However, no plateau region is observed in the anodic
branch, therefore determining the passivation current density
was not possible. Furthermore, slight inflection can be detected
in the cathodic range of the polarization curves. The inflection
point may be attributed to the transition of the cathodic reaction
from the activation to diffusion control range. Within the applied
potential range, no changes in the Tafel curves in the anodic branch
were observed, indicating corrosion product film breakdown and
initiation of pitting corrosion at the so-called breakdown potential.
Pitting corrosion takes place more willingly in the presence of Cl~
ions present in Hanks’ solution and attack the defects present in
the corrosion product film [36].

Fig. 3c and e present Nyquist and Bode phase and magnitude
plots, respectively. The impedance data associated with the applied
model circuit and fitted parameters are collected in Table 3. In the
selected electrical equivalent circuit (EEC), Hanks’ solution (elec-
trolyte) resistance is characterized by R, The cathodic branch of
equivalent circuit is represented by a constant phase element
(CPEy) related to the corrosion product layer of a capacitance Qs
while Rf refers to corrosion product film resistance  The anodic
branch is characterized by a parallel circuit, composed of another
CPEy, related to the double layer capacitance Qg and charge-
transfer resistance R [37]. The application of the CPEs instead of
capacitors in the EEC model provides optimal agreement between
the simulated and experimental impedance data. The impedance of

Table 2
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CPE is a combination of properties associated with heterogeneity,
roughness, pores, species adsorption (nonuniform potential and
current distribution), and distributed surface reactivity [38]. The
frequency-independent parameter n (0 < n < 1) is introduced to
describe such specimen imperfections. If n is close to 1, the used
CPE can be treated as a perfect capacitor [39].

In the Bode phase angle plots of the Zn alloys, two phase max-
ima are observed, indicating that electrode processes are repre-
sented by two time constants. In the case of the Zn-3Ag-0.5Mg
alloy, a maximum existing in the low frequency range is much less
visible compared to the Zn-3Ag alloy. Maxima visible in the low
frequency range are attributed to the protective layer formed at
the alloys’ surface, while those observed in the higher frequency
range are attributed to the electrical double layer. In the case of
pure Zn, only one phase maximum corresponding to the double
layer is observed in the applied frequency range. It can be seen that
the phase angle values in the low frequency range are consistent
with Q¢ and R¢ values presented in Table 3. This indicates that
the corrosion products formed on the surface of pure Zn are less
stable than those forming on Zn alloys’ surfaces. The total impe-
dance magnitude value in the low frequency range indicates that,
among the tested materials, pure Zn exhibits the highest corrosion
resistance, which is consistent with Cg values determined based on
potentiodynamic tests (Table 2).

Compared to pure Zn, higher R, values were recorded for the Zn
alloys. This parameter is related to the rate of charge transfer on
the metallic samples’ surface. It is supposed that the higher poten-
tial of the Zn-based matrix grains enriched in Ag results from Ag
limiting the dissolution process compared to the dissolution of
pure Zn grains. However, the R is lower in the ternary alloy com-
pared to the binary one, which can result from the existence of Mg-
rich intermetallic phases in the microstructure, promoting micro-
galvanic corrosion-induced charge transfer processes [40-43]. The
Zn-3Ag and Zn-3Ag-0.5Mg alloys’ corrosion product films are more
resistive than the one formed on pure Zn, as they are characterized
by increased resistance R¢ and increased capacitance Qy. The high-
est value of R¢ recorded for Zn-3Ag-0.5Mg alloy can be related to
the formation of a thicker or intact corrosion layer retarding the
overall corrosion reaction.

Surface morphology SEM observations (Fig. 4a-c) indicate a thin
corrosion product film on the surface of samples with randomly
distributed white spherical corrosion products on top. Corrosion
product removal (Fig. 4d-f) revealed that pitting was one of the
main corrosion mechanisms occurring during corrosion tests in
Hanks’ solution. In pure Zn, hexagonal-like pits have also been
observed by Huang et al. [44]. In the Zn-3Ag and Zn-3Ag-0.5Mg
alloys, the pits’ dimensions are in the range of several micrometers
and, in the ternary alloy, the pits had a similar size to the Mg-rich
precipitates. The corroding Mg-rich precipitates were marked with
yellow arrows in Fig. 4f, while the white €-Zn;Ag precipitates do
not seem to have been affected. This suggests that the €-Zns;Ag
phase exhibits a more electropositive stationary potential than
the Mg-rich phase. This may, in turn, accelerate the dissolution
of the Mg-rich phase due to the formation of local micro-galvanic
cells. Furthermore, accumulation of electric field lines in preferred
locations may be one of mechanisms responsible for the formation

Electrochemical corrosion data and corrosion rate obtained from fitted results of polarization curves of the extruded samples in Hanks’ solution.

Sample Corrosion potential, Current density, Cathodic slope, Anodic slope, Corrosion rate,
Ecorr (V) vs. Ag/AgCl icorr (nAJcm®) B (mV) Ba (mV) Cr (um/year)
Zn —0.978 + 0.003 7.8+2.0 2629 +19.9 72.6 £6.7 1353 £ 14.2
Zn-3Ag —1.003 £ 0.002 10.6 £+ 0.5 4394 +7.8 750+ 1.9 156.4 + 6.8
Zn-3Ag-0.5Mg —0.988 + 0.006 126 £1.2 5144 +2.2 72.0£1.0 1882+ 175
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Table 3

Fitted results of EIS spectra of the extruded samples. Please refer to the manuscript for the meaning of the symbols.
Sample R, (Q-cm?) Qr(Q em2s71) n R (Q-cm?) Qq (Q 'cm2s71) n, Re (Q-cm?) x?
Zn 11.18 0.34-10°° 0.99 20.46 12.55-10°¢ 0.61 417.5 0.003
Zn-3Ag 17.46 0.10- 1073 0.60 176.0 198 .10 0.85 909.7 0.009
Zn-3Ag-0.5Mg 18.22 0.19-10°3 0.51 3721 2.83.10°° 0.82 7419 0.019

Fig. 4. Surface morphology after electrochemical corrosion tests (a-c) and after corrosion product layer removal (d-f) for pure Zn (a, d), and Zn-3Ag (b, e), Zn-3Ag-0.5Mg (c, f)

alloys. Yellow arrows (f) indicate corroded Mg-rich precipitates.

of pits. Within the Zn-3Ag alloy, pits seem to form in a similar
manner as in the Zn-3Ag-0.5Mg alloy. Here, the Ag-rich phase acts
as a cathode, resulting in the privileged dissolution of more elec-
tronegative areas, and facilitating the appearance of pits (Fig. 4e)
between Ag-rich areas.

3.3. Immersion tests

The degradation rate of pure Zn and Zn alloys after 14, 30, and
180 days of Hanks’ solution immersion tests are presented in Fig. 5.
After 14 days, based on the calculated mass loss, pure Zn degraded
at a rate of 32.5 + 2.0 um/year, while the Zn-3Ag and Zn-3Ag-
0.5Mg alloys degraded at a slightly slower rate of 26.1 + 0.6 um/
year, and 29.3 £ 3.3 um/year, respectively. After 30 days of immer-
sion, the degradation process slowed down to 10.4 + 0.8 pum/year,

50

[ [ zn [ Zn-3Ag [ Zn-3Ag-0.5Mg

40 ]
30 [

20}

Degradation rate (um/year)

14 30 180
Immersion time (days)

Fig. 5. Corrosion rate variation of the investigated samples immersed in Hanks’
solution for 14, 30, and 180 days. All results are given as mean * standard deviation
(*p < 0.05).

15.3 £3.9 um/year, and 14.5 + 1.6 pm/year for pure Zn, Zn-3Ag, Zn-
3Ag-0.5Mg, respectively. Prolonged immersion resulted in an
ambiguous trend. Pure Zn demonstrated a similar corrosion rate
as for 30 days (12.8 + 0.2 um/year), while the Zn-3Ag-0.5Mg alloy
corroded almost twice as fast (21.8 + 0.3 pum/year) as pure Zn, and
interestingly, the corrosion of the Zn-3Ag alloy slowed down (12.
8 £ 0.2 um/year). It should be highlighted that a statistically signif-
icant difference between the samples at respective time points was
noted only between Zn-3Ag-0.5Mg and Zn-3Ag alloys after
180 days.

The presented results are consistent with SEM microscopic
observations. The morphology of the corrosion layer formed during
immersion tests are presented in Fig. 6. As the immersion time
increased, the amount of corrosion products on the specimens’ sur-
faces gradually increased. After 30 days, all samples were entirely
covered with a compact corrosion layer, on which uniformly dis-
tributed white globular clusters appeared (Fig. 6d-f). The cracks
visible in the corrosion product films possibly result from internal
stresses or dehydration during sample drying. The corrosion layer
formed after 180 days was significantly thicker and more cracked.
According to the EDS spectra collected from areas marked as “A” in
Fig. 6j-1 and results presented in Table 4 the thick corrosion layer is
composed mainly of P, Ca, O. In the areas, where the corrosion pro-
duct film peeled off, bare metal with a thin corrosive, marked as
“B”, mostly contained Zn and O, and only trace amounts of other
elements can be observed. These areas were then exposed again
directly to Hanks’ solution, where further corrosive reactions could
proceed.

According to the EDS analysis (Fig. 7), the corrosion layer in all
samples was composed mainly of O, P, Ca, and Cl elements, whose
concentration increased inversely to Zn with increasing immersion
duration. Mg was mainly detected in the corrosion layer formed
after prolonged immersion in Mg-containing Hanks’ solution. The
noticed presence of Mg in the case of pure Zn and Zn-3Ag alloy
after 30-day immersion may result from near surface local pertur-
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Zn-3Ag-0.5Mg

Fig. 6. Morphology of the corrosion layer formed after 14 days (a-c), 30 days (d-f), and 180 days (g-1) on the surface of pure Zn (a, d, g, j), Zn-3Ag (b, e, h, k), and Zn-3Ag-0.5Mg
(c, f, 1, 1) alloys. A and B in Fig. j-1 refer to the spots of EDS point analyses presented in Table 4.

Table 4

The atomic concentration of elements determined by EDS measurements in points A and B marked in Fig. 6j-1.

Sample EDS point analysis Atomic concentration (at.%) of elements
Zn (0] P Ca Cl Mg Ag
Pure Zn point A 5.9 60.6 16.2 15.4 0.1 1.8 -
point B 96.0 1.7 0.8 13 - 0.2 -
Zn-3Ag point A 1.5 58.6 16.2 22.8 0.1 0.7 0.1
point B 63.2 32.8 2.3 0.3 - - 1.4
Zn-3Ag-0.5Mg point A 24 70.2 12.0 139 0.1 13 0.1
point B 59.5 32.2 2.1 - - 4.7 1.5

bation of pH related to course of reactions responsible for material
degradation which in turn providing proper conditions for Mg
(OH), precipitation [45]. A higher Mg concentration in the Zn-
3Ag-0.5Mg corrosion layer after 14 days results from the presence
of Mg in the alloy. The decreasing Zn and Ag concentrations may
also be related to the increasing thickness of the corrosion product
layer with increasing immersion duration, and less influenced by
the signal contribution from the samples’ base material during
EDS analysis.

After careful degradation product removal, the samples’ cor-
roded surface morphologies were observed (Fig. 8). Pitting can be
already observed after 14-day immersion on pure Zn and Zn alloys.
The pits of a few micrometers size are uniformly distributed across

the samples’ surface, however, occasionally some larger pits are
also found (Fig. 8d). With increasing immersion time and complex-
ity of the alloys’ phase composition, the number of pits increases.
In Fig. 8j-1, the images of magnified pits are presented. In the inves-
tigated Zn alloys, much finer features within the pits are visible.
EDS point analysis indicated that bright grains (marked with pink
crosses) are enriched in Ag. The Zn, Ag, O atomic concentrations
averaged from several particles are 85.1 %, 13.0 %, 2.9 %, respec-
tively, for the Zn-3Ag alloy, and 91%, 8,7%, 4.5%, respectively, for
the Zn-3Ag-0.5Mg alloy. Collecting EDS spectra from the pits rather
than from flat surface may affect the values in such a way that they
do not fit ideally to the phase stoichiometry, however, the trends
suggest that the bright particles belong to the &-Zns;Ag phase. It
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Fig. 7. The average elemental atomic composition of the corrosion products film
formed on the investigated samples after different immersion times measured by
EDS.

can be stated that no evident localized corrosion is observed after
180-day degradation testing that could result in catastrophic dam-
age of the implant under working conditions.

%)
-
o
°
9}
=
c
(o)
©
=
'
»
>
©
3¢
o
@
-

Materials & Design 213 (2022) 110289

3.4. Long-term degradation behavior: cross-sectional analysis and
corrosion products identification

3.4.1. SEM cross-section observations

There are many reports concerning the degradation behavior of
Zn-based alloys immersed in physiological fluids for periods of up
to 30 days [10,15], showing that regardless of the alloy’s composi-
tion, the thin layer that first forms on top of Zn-based samples is
composed mainly of primary corrosion products, like ZnO, Zn
(OH),, and Ca/P-based compounds [46-49]. This study extends
upon these investigations by immersing samples in Hanks’ solu-
tion for up to 180 days, providing details on the results of contin-
ued medium-material interactions. Fig. 9 shows the cross-sections
of pure Zn, Zn-3Ag and Zn-3Ag-0.5Mg samples after 180-day
immersion, which allow to follow the influence of the corrosion
process on the integrity of the materials’ structure. It can be seen
that the degradation of pure Zn takes place uniformly via corrosion
of whole grains (Fig. 9a). There are no signs of corrosion processes
at the grain boundaries. In the Zn-3Ag alloy (Fig. 9b), intergranular
corrosion can be observed. The inhomogeneous distribution of Ag
within Zn grains, the depletion of Ag near the grain boundaries
and the presence of €-Zn3Ag phase precipitates may result in priv-
ileged corrosion at the grain boundaries and nonuniform corrosion
within the grains. The Ag-rich precipitates were not attacked and
remain within the microstructure. In the refined multiphase
microstructure of the Zn-3Ag-0.5Mg alloy (Fig. 9c¢) enriched in

Zn-3Ag

Fig. 8. Degraded surfaces after 14 days (a-c), 30 days (d-f), and 180 days (g-j) of the immersion tests and removing the corrosion layer from the samples: pure Zn (a, d, g), Zn-
3Ag (b, e, h), Zn-3Ag-0.5Mg (c, f, i) alloys. Pink crosses (k, 1) indicate Ag-rich precipitates remaining on the corroded surface.

9
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Fig. 9. Corrosion mechanisms shown on the cross-sections of pure Zn (a),

the Mg-rich eutectic phase, there are clear signs of intergranular
corrosion. The corrosion process began at the grain boundaries
and developed within the Mg-rich precipitates. Like in Zn-3Ag,
the €-Zns;Ag precipitates remained intact within the Zn-3Ag-
0.5Mg alloy’s microstructure.

While most of the samples’ surfaces uniformly passivated and
slowly corroded during the 180-day immersion test, much thicker
corrosion layers formed in some regions, and the composition of
the corrosion products changed. Fig. 10 shows the cross-sections
and EDS maps of areas with relatively thin (approx. 3.5 um), com-
pact, and homogeneous corrosion product layers (Fig. 10a-c), as
well as more strongly attacked (10-50 pm) areas (Fig. 10d-f). The
corrosion product layers are marked with red arrows. The main
elements found to occur in the corrosion product layer are O, P,
Ca, and Mg, which is in good agreement with what was reported
in Fig. 7. The distribution of C was omitted in the presented results,
as the signal mainly comes from the epoxy resin. In Fig. 10a-c, only
traces of Zn, most probably in the form of ZnO, are visible under
the P- and Ca-based corrosion products. The regions that were
more strongly affected by corrosion correspond to the larger pits
observed after corrosion product removal in Fig. 8. The degradation
in these areas occurred predominantly by localized corrosion and it
is the primary source of the measured weight loss in the investi-
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Zn-3Ag (b), Zn-3Ag-0.5Mg (c) after 180 days of immersion in Hanks’ solution.

gated samples. Two different parts contribute to the developed
corrosion layers. The inner corrosion products formed close to
the substrates surface are mainly composed of Zn and O, with Zn
being the product of substrate dissolution. The outer corrosion pro-
duct layers, characterized by complex morphologies, are composed
of P, Ca, O. It can be seen that the corrosion product layers of Zn
and Zn-3Ag-0.5Mg are more porous than in the case of Zn-3Ag. A
compact layer composed of Mg, Ca, P, O elements can inhibit cor-
rosive medium penetration, limiting the dissolution of the Zn-
based material beneath. This is in good agreement with the calcu-
lated slower degradation rate for the Zn-3Ag alloy compared to
pure Zn and the Zn-3Ag-0.5Mg alloy described previously.

3.4.2. Corrosion products identification

To identify the compounds in the observed corrosion layer, XRD
was performed on pure Zn, Zn-3Ag, and Zn-3Ag-0.5Mg (Fig. 11).
The XRD patterns resemble each other, with slight variations in
the intensity of individual peaks. However, bearing in mind the
complexity of collected XRD patterns, the proposed compounds
should be treated as the most probable, and not the only possible
ones. Apart from the peaks originating from the composition of
the base metals, the main diffraction peaks are related to ZnO, Zn
(OH),, MgCO3 and Zns(OH)sCly-H20. Zn3(PO4),-4H,0 compounds

Fig. 10. EDS elemental distribution maps collected on the cross-sections of the corroded pure Zn (a, d), Zn-3Ag (b, e), Zn-3Ag-0.5Mg (c, f) after 180 days of immersion in
Hanks’ solution. Red arrows indicate the corrosion product layers: thin and compact (a-c), thicker and porous (d-f).
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Fig. 11. XRD analysis of the corrosion products formed on pure Zn (a), Zn-3Ag (b),
and Zn-3Ag-0.5Mg (c, d) after 180-day immersion in Hanks’ solution.

were mainly detected in the thick corrosion layers (XRD presented
on the example of the Zn-3Ag-0.5Mg alloy). In contrast to EDS
results, Ca-containing compounds were not detected via XRD.
However, it should not be excluded that Ca may substitute other
elements in the identified corrosion products without changing
the position of the peaks or can form compounds with too low
intensities to be distinguished.

Further analysis of the corrosion products was performed via
XPS (Fig. 12). The survey scan of all samples, shown in Fig. 12a,
indicates no significant differences in chemical composition
between the surfaces of the corroded samples. The identified peaks
and calculated atomic concentrations of the elements shown in
Fig. 12b reveal that the corrosion products are composed predom-
inantly of C, O, Zn, Ca, P, with trace amounts of Na and Mg. To
obtain more detailed information about the top layer of the corro-
sion products, high-resolution XPS data were additionally collected
for Zn 2p3;, and Ca 2p. The main Zn 2ps; spectra, centered
at ~1022 eV for all samples, are shown in Fig. 12c. They present
slightly asymmetrical features, which indicate the existence of
other compounds included in these peaks. The Zn 2p;, peaks were
deconvoluted to two main components located at ~1023.7 eV
and ~1021.7 eV. The first corresponds to Zns(PO4),-H,0, and the
second peak centered at a lower bonding energy is attributed to
Zn0/Zn(OH), coexisted species. The contribution of Zn3(PO,), in
the Zn 2p;; peak increased from 24.4 % for pure Zn to 31.1 %
and 41.3 % for Zn-3Ag and Zn-3Ag-0.5Mg, respectively. The exis-
tence of Ca in the corrosion product layers was revealed in a nar-
row high-resolution XPS spectrum collected for Ca 2p. As
demonstrated in Fig. 12d, the Ca 2p spectrum was fitted with
two doublet structures. By analyzing the main 2p;/, deconvoluted
peak bonding energies, it can be deduced that the peak’s con-
stituents are attributed to coexisting CaO/Ca(OH), compounds
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and Caz(POy),. The Cas(PO4), compound contribution to the peak,
analyzed in the 354 - 344 eV binding energy range, is 21.4 % for
pure Zn and increased to 32.2 % for Zn-3Ag and 41.1 % for Zn-
3Ag-0.5Mg. Knowing that in the XPS technique the signal is col-
lected from a penetration depth not greater than a few atomic lay-
ers and much smaller than in EDS or XRD techniques, it is possible
that Ca-based compounds are predominantly present in the outer
corrosion product layer and can only be detected on the layers’
surface.

4. Discussion

4.1. Effect of Ag and Mg additions on microstructure and deformation
behavior

The materials’ mechanical properties under tension, compres-
sion and bending were measured to determine their applicability
as biomedical implants, which are subjected to load-bearing forces
and different deformation modes. The obtained stress—strain
(Fig. 2a, b) and stress-deformation (Fig. 2¢) curves indicate that
Ag and Mg additions significantly enhance both the yield stress
and flow stress under all stress conditions, compared to pure Zn.
The limited ductility of pure Zn is a result of its hexagonal close
packed (HCP) crystal structure, while its low mechanical properties
result from its low melting temperature (419.5 °C). The easiest dis-
location slip is activated on basal and prismatic planes, while acti-
vation of pyramidal slips in Zn is not favored, due to the required
high critical resolved shear stress value. Since the deformation by
slip modes activated in Zn is not sufficient enough to satisfy the
Von Mises criterion, deformation by twinning plays a fundamental
role in accommodating plastic strain [50]. The differences in
mechanical behavior observed during tension and compression
are typical for hexagonal metals due to the deformation asymme-
try related mainly to twinning polarity [51,52]. According to
microstructures presented in the supplementary data (Fig. S1a,b),
twinning was activated during tension of pure Zn, while under
compressive force, dynamic recrystallization (DRX), resulting in
significantly smaller, equiaxed grains being observed in the whole
sample’s volume.

The ability to accommodate plastic deformation in Zn is attrib-
uted to the grain size. In coarse-grained HCP materials, twinning is
typically activated, while with increasing grain refinement, the
contribution of dislocation slip and non-slip modes in total defor-
mation increases [53]. The critical stress for twinning increases
with decreasing grain size [54]. It is also possible to form shear
bands during deformation in coarse-grained materials, where
DRX can occur [55]. Twinning activation is correlated with the tex-
ture and loading direction. In contrast to Mg, in which the exten-
sion twins are observed during compression, the contraction

{1 01 2}(1 01 i) twins are readily activated in Zn during ten-

sion [56,57]. In polycrystalline materials, twins nucleate mainly at
grain boundaries (GBs), and under further straining, the twins
propagate into the grains and typically end at an opposing grain
boundary. However, the twin can propagate through the GBs and
initiate at the next grain when straining is continued. It should
be highlighted that deformation via twinning is limited, and this
deformation mechanism is insufficient in accommodating the
forced strain. The strengthening constant related to twinning is
much higher than for dislocation slip, and when plastic strain can-
not be further accommodated by the twinned grains, immediate
fracture occurs [58,59]. Crack nucleation and propagation at twin
boundaries, being high local stress concentration sites, is more
likely to occur during tension than compression [53]. Stress—strain
compressive curves, with visible decreasing stress recorded after
reaching the maximum flow stress, indicate that DRX occurred
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Fig. 12. XPS analysis of the corrosion layer formed on pure Zn, Zn-3Ag, and Zn-3Ag-0.5Mg after 180 days of immersion in Hanks’ solution: XPS full spectra (a); average atomic
concentration of elements occurring on the surface (b); XPS high-resolution narrow scan results for Zn 2ps, (c) and Ca 2p (d).

during further deformation above 10 % of strain. It is supposed that
twin boundaries can act as nucleation sites for DRX grains during
compression, while in tension, they act as crack initiation sites
[60]. Some microcracks have been observed at twin boundaries
during compression of pure Zn, however, that was in the case of
a much larger average grain size in the range of 3 mm [61].
Three-point bending introduces both tensile and compressive
stresses into the sample. It was shown in Fig. S1c,d that at the ten-
sion site of the bent sample, twinning occurred and was observed
up to the neutral axis of the deformed sample, and DRX took place
at the compression site. Thus, brittle fracture observed for Zn
under bending resulted from twinning that cannot further accom-
modate the strain presented in the area of greatest deflection.
According to results presented in Fig. 1 and Figs. 2, 3 % of Ag
refines the grain size, improves the strength, and increases ductil-
ity. The Zn-3Ag alloy presents the most extensive uniform defor-
mation range during tension among the tested samples, after
which an evident necking occurred, producing a ductile fracture
mode. However, strengthening provided by the Ag addition is not
sufficient to obtain the desired strength value for biodegradable
implant material. According to [40], Zn-Ag alloys with higher Ag
additions (up to 7 wt. %) demonstrated higher YS, UTS, and satisfac-
tory plasticity. Besides grain refinement and solid solution
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strengthening, Ag also contributes to the formation of the e&-
ZnsAg precipitate. It has been reported that €-like peritectic precip-
itates and significant grain size refinement can lead to strain soft-
ening and activation of non-slip deformation mechanisms, e.g.,
grain/phase boundary sliding during deformation at room temper-
ature (RT) [21,30,62,63]. Furthermore, the size of the formed e¢-
Zn3Ag precipitates seems to be larger than the Zn matrix grains.
These precipitates are additionally randomly distributed in the
sample’s volume and can be found inside the grains, however,
due to their lack of ordering they do not provide effective strength-
ening, in contrast to Mg- or Li-rich phases in Zn alloys [17]. That is
why the strong necking associated with localized deformation did
not cause sudden fracture at low strains. Void nucleation and coa-
lescence were observed in the deformed area mostly during ten-
sion (Fig. Sle). However, some small voids appeared at the
tension site of bent samples, while grain shape and size indicate
the occurrence of DRX in the compressed areas (Fig. S1f,h, Fig. S2a).

To address the insufficient strengthening effect of Ag and its e-
Zns;Ag phase, the Mg addition was used to strengthen the grain
boundaries within the fine-grained microstructure and limit defor-
mation mechanisms, such as grain/phase boundary sliding [62].
Due to the relatively small grain size < 10 um in the Zn-3Ag-
0.5Mg alloy, twinning may be suppressed to some extent in favor
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of dislocation slip or non-slip deformation mechanisms [64]. Mg-
rich precipitates and strengthened grain boundaries can act as bar-
riers for dislocation movements or inhibit twinning expansion
[65,66]. A narrow uniform deformation range was observed during
the tension of the Zn-3Ag-0.5Mg alloy before fracture at ~5 % of
total elongation. It should be emphasized that before fracture,
some necking was also observed. The applied deformation mode
provides a relatively large strain disproportionately concentrated
in the necking area. Further straining is assisted by the nucleation
of multiple voids within the hard, brittle Mg-rich precipitate bands
present in the Zn-3Ag-0.5Mg alloy and visible in Fig S1i. They act as
stress concentrators during straining, resulting in the fracture of
weakened material via the formed voids [67].

The sudden fracture of the Zn-3Ag-0.5Mg alloy was not
observed during compression and bending, where a wide range
of plastic deformation was accommodated without visible cracks
at the surface. During compression, as the applied strain induces
more uniform deformation in the sample’s volume, it contributes
to the occurrence of DRX (Fig. S1j,1). Furthermore, shear bands or
cleavage cracks did not occur due to the refined microstructure
and relatively homogeneous distribution of second phases. During
three-point bending, the highest local strain on the tension side
must be smaller than the deformation in the neck during tension.
As discovered for the dual-phase 1180 steel with continuous bend-
ing applied during tension, uniform depletion of ductility pre-
vented localized strain concentration, resulting in increased
elongation to fracture [68]. It can be seen in Fig. S2b that the voids
nucleated at the tension site did not propagate into the neutral axis
of the sample nor toward the sample’s surface, but disappeared
towards the compression site. The weakening of the tensile site
did not result in fracture as the compressed and neutral center
parts maintain sample integrity.

The Zn-3Ag-0.5Mg alloy after hot extrusion demonstrated the
highest mechanical strength (UTS = 362 MPa, YS = 287 MPa), how-
ever, the ductility was not sufficiently high enough to fulfill the
mechanical requirements for materials tested under tension condi-
tions for use as biodegradable implants. Nevertheless, in our previ-
ous studies [27,30], it was presented that using additional cold
deformation steps, such as severe plastic deformation or cold roll-
ing inhibits the brittleness of high-strength Zn-based alloys with-
out a significant drop in strength, resulting in the optimal
combination of mechanical properties: UTS = 432 MPa,
YS = 385 MPa, &r = 34 %. This indicates a high potential of the
Zn-3Ag-0.5Mg alloy to be considered as a biodegradable implant
material.

4.2. Corrosion mechanisms in Zn and Zn alloys

A series of chemical processes occur during the biodegradation
process of Zn-based materials, when immersed in Hanks’ solution
that simulates the physiological fluids in a human organism after
implantation. The most common corrosion modes for Zn alloy
degradation are uniform corrosion, pitting corrosion, and galvanic
corrosion, often associated with intergranular corrosion. The num-
ber of occurring (competing) corrosion mechanisms may increase
with increasing Zn alloy chemical composition complexity.

It can be noticed that the corrosion process in pure Zn began
predominantly at the GBs, as well as partially within the grains
by creating shallow pores. The pit morphologies have a hexagonal
crystallographic characteristic, confirming preferential attacks on
particular crystal orientations with lower work functions. In Zn,
the (0 0 0 1) basal plane is a close-packed plane attributed to a
larger work function leading to higher corrosion resistance. These
differences contribute to the formation of micro-galvanic couples
between adjacent grains and higher electron transport at grain
boundaries. Thus, their higher activity favors the dissolution of
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grain boundaries observed in pure Zn [7,44]. The standard elec-
trode potential of the alloying elements in the examined materials
is the following: 0.799 V for Ag, —0.762 V for Zn, and —2.372 V for
Mg [69], and can affect the corrosion behavior of Zn alloys.

In the Zn-3Ag and Zn-3Ag-0.5Mg alloys, the ZnsAg, Zn, Mg,/
Zn,Mg precipitates affect the corrosion behavior in two ways.
Firstly, Ag-rich or Mg-rich precipitates act as a cathodic or anodic
site, respectively, during micro-galvanic corrosion with Zn-based
matrix grains due to the difference in corrosion potential. In such
a system, the anodic site dissolves faster. During 180-day immer-
sion in Hanks’ solution, €-Zn3Ag precipitates enrich the surface,
which was confirmed by SEM-EDS analysis of the bright precipi-
tates visible in Fig. 8k, 1. Precipitates of the €-Zn;Ag phase act as
cathodic sites in the micro-galvanic coupling with Zn-based matrix
grains and remain undissolved within the analyzed immersion
time range. Meanwhile, Mg-rich precipitates in the Zn-3Ag-
0.5Mg alloy demonstrate a more electronegative potential, there-
fore they act as anodic sites and dissolve faster than adjacent Zn-
based matrix grains [70]. Simultaneously, the dissolution of Zn-
based matrix grains may occur more slowly. According to SEM
observations, the Mg-rich grains are distributed uniformly in the
alloy. For this reason the corrosion process initiates at many sites
and corrosion gradually develops, resulting in the higher weight
loss and accelerated degradation rate after 6 months of immersion
in Hanks’ solution. Micro-galvanic corrosion also accelerates the
intergranular corrosion of Zn, especially when there are precipi-
tates or some element enrichment or depletion in the grain bound-
ary vicinity [41]. SEM images (Fig. 4f, 8) of the surface morphology
after electrochemical experiments and corrosion product removal
indicate that the dissolution is initiated within the Mg-rich grains
and the pits tend to develop through the precipitates’ entire vol-
ume. In contrast, the pit visible in Fig. 4e reveals more the dissolu-
tion of Zn-based matrix grains adjacent to the Zn3;Ag phase than
the degradation of the precipitates. It is consistent with the corro-
sion process observed in the as-cast Zn-4Ag alloy [41], where the
predominant dissolution of the Zn grains was noted.

The second type of observed corrosion behavior is related to the
influence of phase presence on reducing the material’s degradation
rate. The phases form an effective physical barrier against progres-
sive corrosion of the Zn matrix [71,72], especially when they are
uniformly distributed throughout the microstructure. This partially
explains why the degradation process in Zn-3Ag samples decreases
with extended immersion duration. Additionally, as Ag is not only
present in the precipitates but also forms a solid solution with Zn,
the corrosion potential of the Zn-based matrix is shifted to a more
anodic range compared to pure Zn, therefore the alloy exhibits
decreased surface reactivity in the matrix area, which ultimately
results in lower corrosion rates.

4.3. Corrosion reactions

According to the Pourbaix diagram, Zn undergoes passivation in
a neutral or alkaline environment [73]. However, when the corro-
sion product layer breaks down, the substrate material is pene-
trated by the solution through the formed cracks, allowing the
corrosion process to continue. The process is more aggressive in
the presence of CI~ ions occurring in Hanks’ solution [74]. Knowing
that the degradation process of Zn in Hanks’ solution occurs
through anodic and cathodic reactions, leading to the formation
of corrosion products identified based on SEM-EDS, XRD and XPS
results, the biodegradation process can be described by the follow-
ing reactions [12]:

Anodic reaction : Zn — Zn** + 2e-

3)

Cathodic reaction : 2H,0 + 0, +4e~ — 40H" (4)
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As a result of Zn dissolution, the pH of the solution increases,
associated with a larger amount of OH™ ions present in the corro-
sive medium, leading to the formation of ZnO, according to
reactions:

Zn(OH), formation : Zn** 4+ 20H™ — Zn(OH), (5)

(6)

It is believed that ZnO is a more dominant and thermodynami-
cally stable compound than Zn(OH), under physiological condi-
tions. However, Zn(OH), can redissolve when in contact with Cl~:

Zn(OH), + 2C1~ — Zn*" +20H™ + 2CI (7)

The presence of HCO; , Cl™, HPOZ™ ions in Hanks’ solution may
be responsible for the formation of other phases along with the
ZnO passive layer, such as zinc chloride hydroxide, zinc carbonate,
or calcium phosphate. Other possible corrosion product formation
reactions are the following:

2M*" + 2HCO; 4 20H™ — 2MCO; + 2H,0, M = Zn or Mg

ZnO formation : Zn(OH), — ZnO + H,0

8)

Zn** +2C1" + 4Zn0 + 6H,0 — Zns(OH),Cl, - 2H,0 (9)

3Zn** + 2HPO] +20H +2H,0 — Zn;(POy), - 4(H:0)  (10)

The main advantage of Zn- over Mg-based materials is the
absence of gas formation, especially hydrogen, during the degrada-
tion process in physiological fluids, as a high overpotential needs to
be applied to Zn to induce the hydrogen evolution reaction.

According to Eq. (4), the reduction of H,O leads to OH™ ions for-
mation, shifting the solution’s pH to the alkaline range. After elec-
trochemical tests (Hanks’ solution had primary pH of 7.4), the pH
was 7.61 + 0.02, 7.61 + 0.02, 7.63 % 0.04 for pure Zn, Zn-3Ag, and
Zn-3Ag-0.5Mg alloy, respectively. The change of pH was not signif-
icant due to the formation of Zn(OH), from the released OH™ ions
and further transformation to ZnO and H,0 compounds. However,
it can also be related to relatively low corrosion rates and, in turn,
low ion release rates.

The composition of the corrosion products, mainly consisting of
Zn, O, P, Ca and Mg, is similar for all investigated materials and is
consistent with other reported results for in vitro corrosion of other
alloy systems [11]. For instance, according to results presented for
pure Zn immersed in simulated body fluid (SBF) (similar composi-
tion to Hanks’ solution), the concentration of Zn in the corrosion
layer decreases with immersion time in the presence of elements
such as P, Ca, Mg, Cl detected in the corrosion product layer during
chemical microanalysis what is in line with our observations [75].
In terms of long-term immersion in Hanks’ solution, the composi-
tion of the corrosion product layer depends on its thickness. Based
on the obtained results and available literature, the corrosion pro-
duct layer consists of ZnO, Zn(OH),, Zn/Mg(CO)s, Zns(OH)sCly-H,0,
Zn3(P04),-4H,0 that forms close to the substrate, while Ca-based
compounds are found on the top of the corrosion products’ surface.
The effect of the corrosion products can be twofold, e.g., ZnO is
known to accelerate the corrosion process due to the formation
of the micro-galvanic cells with Zn, while Mg-based compounds,
Zn/Mg(CO)s3, and Zns(OH)sCly-H,0, may inhibit the degradation
process of the substrate.

4.4. Biodegradation behavior and corrosion rate

The biodegradation behavior, including corrosion rate and cor-
rosion product morphology, does not differ significantly between
pure Zn and the investigated alloys. The only statistically meaning-
ful difference was found between the two Zn alloys after 180 days
of immersion, where Zn-3Ag degraded at half the rate of Zn-3Ag-
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0.5Mg. The final corrosion rate will depend on the particular corro-
sion products ratio, medium pH, substrate microstructure, implan-
tation site, and post-implantation period. For instance, the
corrosion rate of a pure Zn implant in the femoral shaft was three
times higher [76] than for the implant placed in the abdominal
aorta [77]. This means that fabricated Zn alloy that corrodes at a
rate ~20 pm/year under in vitro conditions should not be dedicated
only to cardiovascular application and excluded from research as a
potential material for bone-fixations, where the corrosion is
required to be much faster, <500 um/year. As there are different
factors influencing the material’s final degradation rate, in vitro
experiments should only be used as a tool to evaluate and compare
the behavior of alloying elements under corrosive conditions
against pure Zn.

When comparing the various literature reports concerning
alloying addition effect vs corrosion rate for the selected Zn-Ag-
Mg system, it is difficult to determine any clear trends or definitive
correlations between chemical composition and biodegradation
behavior. Considering the potential application of the investigated
Zn-based materials and fundamental requirements for cardiovas-
cular stents or fracture bone fixations, the results, including tensile
strength vs. corrosion rate of certain materials, were gathered in
Fig. 13. To reference results presented in current studies, only
materials from the Zn-Ag-Mg system (binary and ternary alloys)
after plastic deformation tested in a corrosive environment
(in vitro or in vivo) for more than 7 days, were selected for the com-
parison. As can be seen, even small additions of Ag and/or Mg,
combined with proper plastic deformation processing, significantly
enhance the mechanical properties of Zn alloys. This shows that
the investigated Zn-3Ag-0.5Mg alloy exhibits one of the highest
tensile strengths among the referenced materials. Considering
the same experimental conditions, neither Mg nor Ag additions
drastically change the corrosion rate of Zn alloys compared to pure
Zn. The differences between the results originating from various
papers are more related to the experimental conditions, under
which the biodegradation behavior of Zn alloys was studied, rather
than alloying addition concentration. Therefore, it can be con-
cluded that the biodegradation process of Zn-Mg alloys may be
accelerated (lower wt. %) or slowed down (higher wt. %) depending
on the Mg concentration, while Zn-Ag alloys seem to corrode faster
with increasing Ag content. The corrosion rate in the Ag-enriched
Zn alloys is below 100 pm/year regardless of the Ag content up
to 7 wt. %. The unambiguous effect of Mg may result from changing
the relation between the corrosion product layer formation that
inhibits the corrosion process, and micro-galvanic material disso-
lution that enhances corrosion development. It indicates that the
investigated Zn-3Ag-0.5Mg alloy exhibits high potential for
biodegradable stent applications. Nevertheless, it should be
emphasized that in vivo conditions or dynamic flow of modified
Hank’s solution applied during in vitro testing can affect the calcu-
lated corrosion rate, therefore bone implant applications should
not be excluded.

4.5. Remaining corrosion products and selective dissolution of
intermetallic phases

Corrosion products similar to the ones described in this study
are likely to occur under in vivo conditions [34,77,85]. They have
been reported to be safe for animal organs, not only for the
adjacent local environment but also for other tissues. Additionally,
Zn tested in a vascular environment exhibited the ability to pro-
duce absorbable corrosion products that do not accumulate exces-
sively at the implantation site [77]. For biocompatibility, the
released ions and formed degradation products should not induce
local or systemic toxicity. Optimally, the released ions would sup-
port the remodeling or healing processes, for instance, as reported
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Fig. 13. Tensile stress vs. corrosion rate of selected materials from the Zn-Ag-Mg system. HE - hot extruded, HS - hot swagged, HR - hot rolled, CR - cold rolled, CD - cold
drawn. The Zn-Ag binary alloys were additionally marked by grey areas. [11,19,21,29,40,66,67,76,78-84]

in the context of the neointimal smooth muscle cell hyperplasia
suppression by activation of caspase-3-dependent apoptosis sig-
naling pathways [86,87].

The presented degradation behavior (Fig. 9) involves two simul-
taneous mechanisms: 1) the dissolution of the Zn-based substrate
through ion diffusion from Hanks’ solution into the material,
including intergranular and pitting corrosion, and 2) the formation
of a corrosion product layer on the samples’ surface, mainly com-
posed of Zn-rich compounds, related to Zn?* ion release. As visible
in Fig. 9b, ¢, the grain boundaries act as highly reactive, easy-
diffusion pathways that enhance ion transport to micro-galvanic
matrix-precipitate sites. The main difference between the investi-
gated samples is the morphology of the corrosion pits, which seem
to be smaller and more uniformly distributed in the Zn alloys,
especially in the Zn-3Ag-0.5Mg alloy, than in pure Zn. The differ-
ence in pit formation can result from the preferential dissolution
of Mg-rich grains in Zn-3Ag-0.5Mg and the Zn-based matrix in
pure Zn and Zn-3Ag. The only concern is related to the Ag content
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and €-ZnsAg phase precipitates that corrode last, enriching the sur-
face throughout the degradation progress. However, it has been
reported that by applying cold plastic deformation followed by
heat treatment results in the precipitation and dissolution the Zns-
Ag phase [21]. This allows to control the corrosion rate of Zn-Ag-
based alloys by the amount of Ag ions released from the degrading
material. When more Ag is dissolved in the Zn-based solid solution,
the anodic activity of the Zn-based matrix decreases, and the dif-
ference between the corrosion potential of the matrix and the sec-
ond phase also decreases, so pitting corrosion caused by the
galvanic coupling effect is reduced.

Moreover, the in vivo research reports no toxic effect of such
small amounts of Ag in the Zn-xAg alloys (x = 0, 0.5, 1.0, 2.0 wt. %),
and relatively slow release of Ag-based degradation products or
ions. Similar to our results, no Ag-based corrosion products were
identified in the corrosion product layer, which may indicate that
Ag is released in an ion form into the surrounding tissue [79]. The
same research revealed that Zn-xAg alloys reduce the chance of



M. Watroba, K. Mech, W. Bednarczyk et al.

infection during degradation by releasing Zn and Ag ions around the
implantinto rat femoral bone. It’s worth highlighting that the degra-
dation products could effectively diffuse into the tissues adjacent to
the implant site without affecting, or even promoting, osseointegra-
tion and inhibiting osteolysis. However, limited studies have been
performed on the behavior of e-Zn3;Ag precipitates during the degra-
dation process should be performed, therefore
further research is required to confirm the high potential of using
Zn-Ag-based alloys for biodegradable applications.

5. Conclusions

In this work, the effect of Ag and Mg alloying additions on the
microstructure, mechanical properties and corrosion behavior of
Zn was investigated. Based on the preformed analyses, the follow-
ing conclusions can be put forward:

1. Ag additions significantly improve the strength and ductility in
the Zn-3Ag alloy, based on the three tested deformation modes.
Mg additions contribute to further strengthening and allow to
fulfill biodegradable implant requirements, however, ductility
deterioration during tension was observed. Under compressive
and bending conditions, the narrow range of uniform deforma-
tion and brittle fracture of Zn-3Ag-0.5Mg alloy is no longer
observed, confirming the deformation asymmetry in HCP
metallic materials resulting additionally from lower amounts
of localized strain under those stress states.

2. Biodegradation behavior studies reveal the corrosion product
layer formation during immersion in Hanks’ solution on the
surface of the samples and report a decrease in degradation rate
from 29.3 £ 4.7 um (14 days) to 14.8 £ 2.7 um (30 days). Ag and
Mg additions in Zn alloys do not significantly affect the
biodegradation rate calculated after 14 and 30 days. However,
6-month immersion caused degradation process acceleration
in the case of pure Zn and Zn-3Ag-0.5Mg.

3. The main difference between the degrading materials is the
dominant corrosion mode occurring during 180-day immersion
in Hanks’ solution. In pure Zn, the corrosion is relatively uni-
form, while the Ag and Mg additions result in intergranular
and micro-galvanic corrosion, contributing to the formation of
pits under the corrosion layer. It is related to 1) the change of
electrochemical potential of the matrix grains by the dissolu-
tion of Ag in Zn, 2) the segregation of alloying additions towards
grain boundaries and, in turn, inducing different electrochemi-
cal potentials at grain boundaries and inside the grains, and 3)
the formation of micro-galvanic cells between the matrix Zn
grains and intermetallic precipitates of Ag-rich and Mg-rich
phases.

4. The presence of evenly distributed, small precipitates of second
phases forming micro-galvanic couplings in the fine-grained
microstructure with a high density of grain boundaries in the
Zn-3Ag-0.5Mg alloy resulted in a uniform corrosion rate of 21.
8 + 0.4 um without substantial localized corrosion after 180-
day corrosion studies.

The presented results indicate that alloying can successfully
address the limitation of pure Zn related to low strength and brit-
tleness. The most relevant conclusion is that small additions of Mg
and Ag, producing many intermetallic phase precipitates in the
microstructure and changing the Zn matrix’s electrochemical
potential, do not lead localized corrosion and do not drastically
affect the corrosion rate compared to pure Zn at the start of the
degradation process. Following the requirements for biodegradable
implant materials, the material should degrade at a rate allowing
for the safe regeneration of the damaged tissue. When the tissue
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is almost healed, the degradation process should accelerate to
completely dissolve the implant in the human organism. The
results indicate that the Zn-3Ag-0.5Mg alloy meets the necessary
requirements. Nevertheless, the problem with the €-Zn;Ag precip-
itates remaining on the corroded surface requires further investi-
gations and should be addressed in further research. Having in
mind our previous mechanical studies [27,30], it means that the
investigated Zn-3Ag-0.5Mg alloy exhibits promising properties
for potential application as a biodegradable implant material.
Low ductility, accompanied by high yield and tensile strength in
the presented hot-extruded state, can be easily eliminated by fur-
ther grain size refinement via cold deformation processes, e.g., cold
rolling, drawing, or severe plastic deformation. The effect of the
applied cold deformation, and subsequent grain size refinement,
on the corrosion properties of the Zn-3Ag-0.5Mg alloy should also
be taken under further consideration.
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