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ARTICLE INFO ABSTRACT

Handling editor: P.Y. Chen Pure Zn is well-known for its appropriate corrosion rate, making it suitable for use as future absorbable implants.
Yet, it suffers from insufficient strength, thus, both plastic deformation and alloying are required. Hydrostatic
extrusion has proven to be an efficient technique, providing high mechanical properties for zinc alloys. However,
its effect on degradation rate and biocompatibility of Zn alloys remains unknown. Thus, within the present study,
an attempt to evaluate those properties has been made on hydrostatically extruded pure Zn, Zn-Mg and
Zn-Mg—Cu alloys. The materials were characterized by advanced microscopy techniques and uniaxial tensile
tests. Corrosion properties were assessed based on electrochemical and static immersion tests. Finally, the
cytotoxic effect of zinc extracts on endothelial cells were examined by standard MTT assays combined with
confocal imaging.

The results showed that hydrostatic extrusion results in significant refinement of a-Zn grains and the inter-
metallic phase MgsZn1; for the investigated alloys. The alloys exhibited ultimate tensile strength exceeding 300
MPa and elongation higher than 20%. Corrosion tests demonstrated that all the materials showed a similar level
of degradation rate. Moreover, the uniform distribution of the intermetallic phase contributed to homogeneous
corrosion of Zn alloys. Biological studies indicated that the least cytotoxic response in endothelial cells was
obtained for the Zn-Mg alloy. Such an effect was caused by the limited amount of released Zn ions in the favor of
Mg ions.

The refinement of a-Zn grains and intermetallic phases caused by hydrostatic extrusion were key factors
determining the performance of Zn-based materials.

Keywords:
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Hydrostatic extrusion
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1. Introduction making it a promising candidate for a new generation of absorbable

implants. Moreover, zinc is an essential element in the human body,

The right method to improve the mechanical properties of pure zinc
is of great importance since they are the bottleneck for biomedical ap-
plications, e.g., as absorbable cardiovascular stents [1]. Unlike magne-
sium and iron, zinc is characterized by an optimal corrosion rate,
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involved in a vast number of biological functions like cell growth, DNA
formation or protein synthesis [2]. Therefore, on many different levels
zinc is attractive for the production of temporary implants, once its
mechanical properties are improved. Alloying with various elements is
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the most common approach for strengthening zinc. Depending on the
chosen element, different improvements can be obtained. In the case of
absorbable stents, providing high strength of a material is not sufficient
as high ductility is necessary too [3]. Zn-Mg and Zn-Li alloys belong to
the group of high-strength materials, while Zn-Mn and Zn—Cu alloys are
high ductility materials [4]. Thus, creating multicomponent alloys is a
promising strategy increasing both strength and ductility [5,6].

As the criteria imposed on absorbable implants are very demanding
[3], alloying itself may be insufficient and needs to be supported by
plastic deformation [7]. A remarkable increase in both strength and
plasticity can be obtained by using severe plastic deformation (SPD)
processes like equal channel angular pressing (ECAP) or high-pressure
torsion (HPT). So far, room-temperature ECAP led to one of the high-
est mechanical properties ever reported for low-alloyed zinc (Zn-0.1 Mg)
i.e., yield strength (YS) of 329 MPa, ultimate tensile strength (UTS) of
383 MPa and elongation of 45.6% [8]. An even more spectacular
improvement has been obtained with HPT applied to Zn-1Mg as it
yielded YS of 374 MPa, UTS of 459 MPa and elongation of 6.3% [9].
Another very effective technique of enhancing mechanical properties of
Zn-Mg alloys is hydrostatic extrusion (HSE), an unconventional SPD
method. Due to the triaxial stress state provided by the surroundings of a
pressurized medium, it is possible to deform materials at high speed and
at room temperature, which positively affects microstructural features.
The fact that the billet is surrounded by a medium and pushed through
the die, not by a punch itself, helps minimize friction between the parts.
This in turn promotes high deformation to be obtained and differs the
technique from conventional extrusion [10]. Pachla et al. showed that
by optimizing HSE parameters and chemical composition of the zinc
alloys various mechanical properties can be obtained. For instance, the
Zn-0.5 Mg alloy hydrostatically extruded in the four consecutive passes
reached UTS of 514 MPa, with 10.5% of elongation, while in the case of
the Zn-1.5 Mg alloy, deformed in the same way, UTS of 463 MPa and
elongation of 38.6% were achieved [11]. The authors also presented,
that lowering the numbers of deformation passes to two resulted in
decreasing of strength of the materials, regardless of the chemical
composition. Meanwhile, the plasticity of the zinc-based materials was
improved. Thus, three passes of HSE were applied in present work to
obtain compromise between optimal strength and plasticity of zinc
alloys.

Improvement in strength and plasticity during HSE is ascribed to
substantial microstructural changes. Significant refinement of a-Zn
phase even up to 700 nm [12] and eutectic mixture to the nanoscale [10]
are the main cause of strengthening of Zn-Mg alloys processed by HSE.
Moreover, redistribution of the intermetallic phase into elongated bands
and the creation of composite-like microstructure are crucial factors
inducing to the improvement in mechanical properties. Another
important feature is that HSE induces to creation of structural defects,
which also take part in strengthening of the materials. Apart from sub-
stantial microstructural refinement of the Zn-Mg alloys, the HSE also
leads to the formation of a unique crystallographic texture, making
deformation with secondary slip systems possible. As a result, higher
plasticity of materials is achieved as seen for Zn-Mg alloys [10-12].
Such notable microstructural changes are difficult to obtain by
commonly applied methods of plastic deformation, like hot extrusion or
hot rolling [13]. It is due to the fact that such techniques are limited in
providing large amount of plastic strain [13]. In the case of the Zn-Mg
alloys deformed via conventional processes, grain size is usually in the
range of 10-50 pum [14]. In order to further reduce the grain size, the
addition of another alloying elements or application of cold deformation
processes are needed. For example, Wang et al. showed that Zn-0.02 Mg
alloy obtained by hot extrusion with subsequent multi-pass drawing at
room temperature can result in grain size of 1 pm [15]. Similar results
were also achieved for Zn-5Cu processed by hot extrusion with subse-
quent cold rolling up to 90% [16].

The microstructural refinement not only strengthens the material but
can also affect its other properties including corrosion resistance or
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biocompatibility [17]. It is believed that, in the environment which fa-
cilitates material oxidation, grain refinement can promote the formation
of an oxide layer, improving corrosion resistance [18]. Ye et al. [19]
indicated that grain refinement which occurred in the Zn-0.3 Mg alloy
may delay ion diffusion and in consequence decrease its degradation
rate. Besides, in Zn-0.5Mn alloys grain refinement may suppress local-
ized corrosion and lead to uniform degradation [20]. In the same work,
the authors showed that an implant having refined microstructure was
characterized by satisfactory histocompatibility and no inflammation or
damage of rat liver and kidney were observed. The other microstructural
features i.e., secondary phases, may result in micro-galvanic corrosion
and initiate the degradation processes [21]. However, Guillory et al.
showed that a uniform distribution of fine Mn/Zr-rich intermetallic
phases may bring about more homogenous degradation of the multi-
component zinc alloys. Moreover, the authors also believed that this
correlates with superior biological response as tailoring microstructure
in terms of chemical composition might decrease the cytotoxicity effect
of zinc-based materials on cells. The quinary alloy the authors developed
exhibited superior biocompatibility than binary alloys, since reduced
neointimal growth and a more uniform biological response during in vivo
studies were observed [22].

Considering the possibilities of microstructure refinement down to
the sub-micron scale by hydrostatic extrusion as compared to the con-
ventional methods of plastic deformation, it is crucial to investigate its
impact on the functional properties of zinc alloys with potential
biomedical applications. Therefore, the goal of this work was to study
the effect of alloying of HSE-treated Zn-based materials on their corro-
sion behaviour and cytotoxicity with simultaneous correlation with the
microstructure. The initial attempts to evaluate in vitro degradation rate
based on static immersion as well as electrochemical tests and cyto-
toxicity with the use of MTT assay supported with confocal imaging
were made by investigating pure Zn and two different alloys — binary
with Mg addition and ternary containing Mg and Cu.

2. Experimental procedure
2.1. Materials preparation

In this study, pure Zn and two alloys, Zn-Mg and Zn-Mg-Cu were
investigated. The materials were obtained by melting high-purity zinc,
magnesium (99.99%) and M60 brass at 650 °C under argon atmosphere
and subsequently cast into steel moulds. The resulting as-cast pure Zn,
Zn-Mg (0.8 wt % of magnesium) and Zn-Mg-Cu (0.8 wt % of magne-
sium and 0.2 wt % of copper) were subjected to hot extrusion at 250 °C
with a reduction (R) of 5.8. Finally, the materials were processed by
multi-pass HSE realized in three consecutive steps at room temperature,
resulting in a cumulative true strain e of 3.6. The materials were
comprehensively studied to analyze the effect of SPD on microstructure,
mechanical properties, corrosion properties as well as biological prop-
erties. Fig. 1 shows schematic diagram of the materials preparation for
further investigations.

2.2. Microstructural characterization

To investigate microstructure changes triggered by plastic defor-
mation, the Electron Backscattered Diffraction (EBSD) technique was
implemented by using a FEI Quanta 3D FEG scanning electron micro-
scope. Sample surfaces were prepared by grinding up to 7000 gradation
abrasive papers, followed by polishing with diamond suspensions, and
finally, electropolished. EBSD scan sizes were individually adjusted for
each material to ensure appropriate grain statistics. In the case of pure
Zn, a step size of 0.2 pm and a map size of 250 pm x 250 pm were
chosen. For alloys, a step size and a map size of 0.075 pm and 85 pm x
85 pm, respectively, were selected. Microstructural analysis, encom-
passing information about grain size, grain boundary density was pro-
vided from the longitudinal cross-sections to the extrusion direction
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Fig. 1. Schematic diagram of sample preparation.

(ED). The EBSD data was analyzed using Matlab and MTEX toolbox. For
the purpose of the grain size, and grain boundary density analysis, the
EBSD data was filtered to remove incorrectly indexed data points,
associated mostly with areas of intermetallic phase, or pattern overlap at
grain boundaries. Grain reconstruction was carried out on the assump-
tion that a grain is represented by a cluster of measurement points,
surrounded by the boundary segments with misorientation angle of at
least 15°. Clusters composed of less than 5 points were removed before
further analysis. The grain size analysis was carried out using the above
grain definition. The grain diameter was estimated as the diameter of a
circle with equivalent surface area. Reported average grain diameters
and standard deviations, are area weighted. The weights for average,
and standard deviation values were calculated as surface area of grain,
divided by total surface area of all grains after data filtering. For the
grain boundary analysis, a grain boundary segment was defined as linear
boundary segment between two indexed data points with misorientation
angle of at least 2°, and length equal to s/ \/ 3, where s is the step size in a
hexagonal grid map. Boundary segments with misorientation angle of at
least 15° were classified as high angle grain boundaries (HAGB), and
boundary segments with misorientation angle below 15° were classified
as low angle grain boundaries (LAGB). Boundary density was calculated
as total length of given boundary type divided by a total surface area
represented by the analyzed EBSD scan.

Nanoscale observations were performed with a ThermoFisher Titan
Themis G2 200 Probe Cs-Corrected transmission electron microscope
(TEM) equipped with CetaTM CCD camera for the acquisition of
microstructure images and electron diffraction patterns, Fishione
HAADF/STEM detector and ChemiSTEM system for chemical analysis
(EDS method). Prior to TEM observations, a set of thin foils from the
longitudinal cross-sections was carefully prepared. In doing so, elec-
tropolishing in 5% HClO4 mixed with methanol was realized. The
investigated materials were also the subject of TEM-assisted phase
analysis and chemical analysis. The former was carried out through
indexing of the SAED patterns with CSpot software [23], whereas the
latter was conducted with the help of the Velox software.

2.3. Mechanical properties

The mechanical behavior of the materials was assessed by a series of
uniaxial tensile tests performed by using a Zwick/Roell Z250 kN ma-
chine. Three cylindrical samples from each of the studied materials were
tested. They were 3 mm in diameter and had a gauge length of 15 mm.
During tension, a constant strain rate of 1 x 1073 s~'was maintained.

2.4. Corrosion properties

The electrochemical tests were used first to determine the corrosion
rate of the investigated materials. These tests were performed with the
use of an AUTOLAB PGSTAT302 N potentiostat/galvanostat and
controlled with the commercial NOVA 2.1.4 software. The electro-
chemical measurements were carried out in c-SBF solution, mimicking
blood plasma [24], at 37 °C in a Pine thermostatic cell, using a standard
three-electrode system. The system consisted of a working electrode -
investigated material, a reference electrode - a saturated calomel
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electrode (SCE) (placed in a Luggin capillary), and platinum auxiliary
electrodes. The working area of the samples equalled approximately 0.2
cm? and was prepared by grinding with the use of SiC-based papers up to
7000 gradation and then polishing with diamond suspensions. The
open-circuit potential (OCP) was measured as a function of time during
3600 s in order to obtain a stable value. Subsequently, the polarization
measurements were carried out at a scan rate of 0.001 V/s, ranging from
—120 mV to +120 mV with respect to the corrosion potential (E¢orr). The
corrosion rates were estimated by extrapolating the polarization curves
according to the ASTM-G102-89 standard. The measurements were
repeated at least five times to guarantee the data precision. The corro-
sion rates were computed from the corrosion current density using the
following formula:

CR=327 10" forEW

p
where CR is the corrosion rate (mmoyearfl), icorr is the corrosion current
density (pAecm~2), EW is the equivalent weight of a metal (32.7 for pure
zinc) and p is the material density (gocm’g’).

Additionally, the corrosion rate was supported by static immersion
tests performed for 336 h. The exposed surface of the immersed samples
was ground on abrasive papers up to 7000 gradation. Subsequently, the
samples were ultrasonically cleaned in n-Hexane, acetone and ethanol,
dried in air and weighted. The prepared samples with the volume-to-
sample area ratio equal to 50 mLecm 2, were immersed in c-SBF solu-
tion at 37 °C. In order to keep the pH value constant around 7.4, the
medium was refreshed every two days. After 336h of immersion, the
samples were washed with distilled water, dried in air and subjected to
corrosion product removal with chromic acid (180 g-Lfl) for 10 min
and then their mass loss was weighted. Based on the mass loss, the
corrosion rates were calculated according to following formula:

CR=8,76 % 104(’"55;"”)

ip

where CR is the corrosion rate (mmoyear’l), mg (g) is the sample mass
prior to immersion, m¢ (g) is the sample mass after immersion and
removal of corrosion products, S (cm?) is the sample area exposed to c-
SBF, t (h) is the immersion time and p (gocm’3) is the material density.
From each material 9 samples were prepared, among which 6 were used
for calculating CR average value and 3 were taken for further observa-
tion of corrosion products.

The corrosion products were characterized through the cross-
sectional observations and mapping of chemical elements with the use
of ThermoFisher Scios 2 Dual Beam electron microscope equipped with
a ThermoFisher EDS detector. A Ga + ion beam was used for sputtering
and final polishing of both the substrate material and layer of corrosion
products to secure the proper condition for imaging and elemental
mapping. The EDS maps were collected with the use of accelerating
voltage of 10 kV.

2.5. Biological properties

Biocompatibility of investigated samples was evaluated according to



A. Jarzebska et al.

the ISO 10993-5:2009. Human umbilical vein endothelial cells
(HUVECs, CC2519, Lonza) obtained by courtesy of the UMCG Endo-
thelial Cell Facility were used for in vitro cytotoxicity analysis of all the
investigated materials. EGM-2MV solution (CC3202, Lonza), consisting
of EBM-2 basal medium (CC3156, Lonza), supplements as well as growth
factors (CC4147, Lonza) was used for HUVECs culturing. The cells were
incubated at 37 °C in a humified atmosphere of 5% CO3/95% air until
90% confluency was reached. Indirect contact cytotoxicity studies were
carried out to evaluate how zinc and its alloys affect HUVECs. In doing
so, the so-called extracts i.e., cell culture media containing ions that
have diffused from the surface of a specific material were tested. The
extracts were prepared by placing fresh medium onto samples at a ratio
of 1.25 ml/cm? and their subsequent 24-h incubation at 37 °C and 5%
CO». Then, solutions were harvested and stored at —20 °C until further
use. Even though three different materials are described within the
present study, henceforth we only use the term “zinc extracts”.

The standard MTT assay was performed to determine the metabolic
activity of zinc extracts-treated HUVECs. The cells were seeded in a 96-
well plate at the density of 2.1 x 10* cells/ml and incubated for 24 h at
37 °C and 5% CO,. Consequently, they were immersed in the collected
extracts and incubated anew for 4 h. Each of the extracts was tested in
six replicates and the cells cultured in normal medium i.e., without any
extract additions, were regarded as the negative control. Upon

w

—eqCircle, mean: 8.6; std dev: 3.9

—eqCircle, mean: 1.6; std dev: 0.8
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incubation, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) dissolved in the culture medium at a concentration
of 5 mg/ml was poured onto HUVECs and incubated at 37 °C and 5%
CO., for additional 3 h. Afterwards, the MTT-containing medium was
decanted as dimethyl sulfoxide (DMSO) was put in each of the wells.
Finally, the plate was gently and quickly shaken, and a microplate
reader (Biotek Instruments) was used to measure the spectrophoto-
metric absorbance at 570 nm. The results were referenced to the nega-
tive control and expressed as percentage metabolic activities.

The MTT assay was additionally supported by confocal laser scan-
ning microscopy (CLSM) studies. For this purpose, HUVECs were first
seeded onto 12-well plates at a density of 1 x 10° cells/ml and incubated
at 37 °C and 5% CO,. When confluent, they were immersed in extracts
and incubated again for 4 h. Then, the cells were washed with phosphate
buffered saline (PBS) and fixed with 4% (wv-1) paraformaldehyde so-
lution for 10 min. Subsequently, 1 mg/ml DAPI (Sigma) and 2 mg/ml
FITC-phalloidin (Sigma) were employed to stain nuclei and actin. Af-
terwards, all of the wells were flushed with PBS and imaged by using a
Stellaris 8 Leica Microsystems. In doing so, a series of at least 6 images
taken for all of the investigated groups was captured.
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Fig. 2. Grain size distribution maps calculated based on EBSD measurements for a) pure Zn, b) the Zn-Mg alloy and c) the Zn-Mg-Cu alloy after HSE and d)

measured values of average grain size and density of HAGB and LAGB.
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3. Results
3.1. Microstructure observations

SEM/EBSD observations revealed that all investigated materials
possessed a refined microstructure (Fig. 2.). The microstructure of pure
Zn after multi-pass HSE in 3 consecutive steps was composed of fine,
equiaxed o-Zn grains with an average size of 8.6 + 4 pm. Alloying

Journal of Materials Research and Technology 30 (2024) 283-294

additions significantly intensified the effect of grain refinement, as the
average grain size, calculated only for the zinc matrix, was 2.2 + 1 and
1.6 + 0.8 pm for the Zn-Mg and Zn-Mg-Cu alloys, respectively. More-
over, the maps of grain size distribution indicate that the use of alloying
elements led to the formation of a more homogeneous microstructure,
with a lower spread of grain size was noticed for Zn-Mg and Zn-Mg-Cu
alloys as compared to pure Zn. The grain size distribution map in the
case of Zn-Mg—Cu alloy had the most uniform color (blueish), indicating

Fig. 3. TEM/BF images together with SAED pattern taken from the regions of the intermetallic phase for a) the Zn-Mg alloy and with corresponding for the alloy map

element distribution b) and ¢), d) for the Zn-Mg-Cu alloy.
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that both Mg and Cu addition support the microstructural homogeni-
zation. At first sight, the microstructures of both alloys appeared very
similar, possessing a band-like character with small equiaxed grains of
a-Zn alternating with the eutectic mixture (removed from calculations in
Fig. 2) arranged along the ED. It is a detailed, nanoscale TEM/BF
microstructure observations coupled with SAED phase analysis that
confirmed the presence of the ultra-fine grains of a-Zn and MgsZny;
intermetallic phase in the eutectic mixture for both binary and ternary
alloys with an emphasis that for Zn-Mg-Cu alloy copper was found to
dissolve within n-Zn structure without formation of any other interme-
tallic phases (according to the EDS chemical analysis) (Fig. 3.). More-
over, it was also observed that alloying substantially affected the
substructure formation. With an increasing number of elements, a linear
increase in the share of LAGB fraction was noticed. In the case of the
ternary alloy, more than 2- and 20-fold increase in the density of the
LAGB fraction was calculated as compared to binary alloys and pure Zn,
respectively. Based on the SEM/SE observations combined with image
analysis, the area fraction of the intermetallic phase was calculated,
indicating another difference between the alloys. The binary alloy was
characterized by a slightly larger area fraction of the Mg»Zn;;, However,
the bands of the intermetallic phase were thinner in comparison with the
Zn-Mg-Cu alloy. The calculated parameters describing the intermetallic
phase are presented in Table 1.

3.2. Mechanical properties of plastically deformed Zn alloys

Based on static tensile tests, the mechanical properties of the mate-
rials were evaluated, and the results are listed in Table 2. The cumulative
HSE realized in 3 passes contributed significantly to the strengthening of
the materials. The Zn-Mg alloy exhibited the highest values of YS and
UTS, reaching 298 MPa and 375 MPa, respectively. Ternary alloys
showed similar properties i.e., YS of 262 MPa and UTS of 339 MPa.
Obviously, the lowest YS (165 MPa) and UTS (167 MPa) were obtained
in the case of pure Zn. However, this material demonstrated the greatest
ductility, with an elongation at break assessed at 55%. Both binary and
ternary alloys possessed elongation on a comparable level of 30-40 %.
The analysis of the stress-strain curves, illustrated in Fig. 4, indicates
that pure Zn after HSE is characterized by different mechanical
behavior, yet the alloys behave similar. Zn-Mg and Zn-Mg-Cu alloys
showed distinct yielding points with a rather low strain hardening effect.
A large range of non-uniform strain was observed on stress-strain curves,
after which necking occurred. Whereas, in the case of pure Zn, a distinct
transition from elastic to plastic region and bigger range of uniform
plastic strain were manifested as compared to the alloys.

3.3. Corrosion properties of plastically deformed Zn alloys

Corrosion properties of pure Zn as well as the Zn-Mg and Zn-Mg-Cu
alloys were established through both electrochemical and static im-
mersion tests. Fig. 5 shows representative potentiodynamic polarization
curves recorded for the investigated materials. Open circuit potential
(OCP) and corrosion parameters obtained from potentiodynamic po-
larization curves: the corrosion potential (Ecor), the corrosion current
density (jeorr), the corrosion rate (CR) and the anodic (b,) and cathodic
(bo) slopes are listed in Table 3. Regardless of chemical composition, the
curves exhibited similar behavior. The cathodic region of all studied
materials was almost linear, suggesting that the reaction was controlled

Table 1
Average area fraction and average width of intermetallic phase Mg>Zn;; in the
HSE-treated Zn-Mg and Zn-Mg-Cu alloys.

Material Average area fraction of Mg»Zn;; Average band width of Mg»Znq;
[%] [um]

Zn-Mg 13+1 23+1

Zn-Mg-Cu 10+1 6.4 +4
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Table 2
The average values of mechanical properties of plastically deformed pure Zn and
the alloys.

Material YS [MPa] UTS [MPa] E [%]

Pure Zn 165 + 4 167 + 3 55+2
Zn-Mg 298 + 6 375+ 6 35+ 4
Zn-Mg-Cu 262 + 17 339+1 36 +5

by oxygen diffusion [25,26]. On the other hand, the anodic branch was
controlled by activation, followed by a sudden increase of the anodic
current, which was more pronounced in the case of zinc alloys. This may
be associated with the breakdown of the passive layer [27]. Interest-
ingly, the Zn-Mg alloy demonstrated the highest electrochemical po-
tential, the intermediate value was obtained for the Zn-Mg-Cu alloy and
the lowest corrosion potential was recorded for pure Zn. Moreover, no
direct relation between potential and current density was observed, as
seen in Table 3. The differences in current density were negligible. Thus,
the calculated corrosion rate stayed on the comparable level.

To further investigate the corrosion behavior of the examined ma-
terials, a static immersion test in c-SBF solution for 336 h was conducted.
The corrosion rates calculated based on mass loss are consonant with the
current densities derived from the potentiodynamic curves and are
shown in Fig. 6. No significant differences in corrosion rates between the
materials could be noticed. This indicates that neither the presence of
the intermetallic phase nor differences in chemical composition between
the examined specimens have an impact on their corrosion properties.
However, conducted SEM analysis of corrosion layers and material
surfaces without corrosion product (after removal with chromic acid)
indicate that pure Zn and the alloys possessed different degradation
modes. It is clear that it is affected by the intermetallic phase Mg,Znj;
which facilitates the corrosion process. SEM observations revealed that
both pure Zn and alloys were covered with a dense layer of corrosion
products at the whole surface exposed to the c-SBF solution, however,
the alloys exhibited a more pronounced tendency to create agglomerates
than pure Zn. We observed a greater diversity of corrosion products for
the alloys and different morphologies of the layer (Figs. 7 and 8). The
EDS analysis of the corrosion layers performed with the use of FIB cross-
sections allowed to detect the presence of Zn, O, Ca, P and Cl in the layer
and additionally Mg in case of the alloys (Fig. 8). The distribution maps
of elements revealed that Zn and O uniformly covered the area of
corrosion product layers, while Ca, P and Mg demonstrated more
favored distribution in the form of round-shaped products. This may
suggest that initially, ZnO and/or Zn(OH), formed on the surface,
leading to the formation of different corrosion products containing Ca
and P later on. Due to the Mg content in the alloys, the development of
Mg(OH), was also possible [28]. The creation of a greater number, and
more diversified products on the alloys seems reasonable since more
corrosion pits were observed on the surface after the removal of corro-
sion products. SEM observations of the pure Zn surface without corro-
sion products implied that most of its area stayed intact during
immersion and only a few, but rather large pits were present (Fig. 6).
This suggests that corrosion is more localized for pure Zn and more
uniform for the alloys.

3.4. Cytotoxicity of plastically deformed Zn alloys

Fig. 9 depicts the results coming from the MTT assay performed upon
4-h incubation of cells with zinc extracts. The replacement of normal cell
culture media with the those containing metal ions significantly reduced
the metabolic activity of cells (100% extracts). In fact, zinc and its alloys
tend to greatly affect HUVECs. The only 100% extract that resulted in
almost a non-cytotoxic response to endothelial cells was the one taken
from Zn-Mg, as indicated by the red dotted line representing the ISO
standard for cytotoxicity of materials (i.e., 70%). Interestingly, despite
obvious differences in the content of Zn and Zn-Mg-Cu alloys, the
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Table 3
Electrochemical parameters of the hydrostatically extruded pure Zn, the Zn-Mg
and Zn-Mg-Cu alloys calculated based on the Tafel extrapolation.

Material OCP [V] Ecorr [V] jeorr CR b.[V/  be[V/
[pA/ [mm/ dec] dec]
em?] year]

Pure Zn —1.034 —1.044 31.4 + 0.46 + 0.06 0.19

+0.01 + 0.02 0.2 0.03 + 0.01 + 0.03

Zn-Mg —-0.976 —0.988 332+ 0.49 + 0.08 0.25

+ 0.03 + 0.03 0.4 0.06 + 0.01 + 0.03
Zn-Mg-Cu —-1.019 —1.026 36.1 £ 0.54 + 0.08 0.22
+ 0.01 + 0.01 0.1 0.02 + 0.01 + 0.02

discrepancies in metabolic activity of cells treated with the respective
extracts were statistically insignificant. It may be postulated that once
zinc is alloyed with magnesium, cell viability slightly increases. How-
ever, additional alloying with copper leads to lowering of cell viability
back to the level of pure zinc. This may suggest that magnesium and
copper ions have positive and adverse impact on the biocompatibility of
zinc, respectively. This observation is even more evident when
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Fig. 6. Corrosion rate obtained for the hydrostatically extruded pure Zn, the
Zn-Mg and Zn-Mg-Cu alloys after static immersion test for 336h in c-SBF.

examining diluted extracts. In the case of 60% extracts, cell viability for
Zn-Mg-Cu remained below 70% of control. However, diluted extract
positively affected metabolic activity of HUVECs cells and its significant
increase for pure Zn up to the level of Zn-Mg alloy was observed. Further
dilution of the extract up to 20% resulted in lowering the cytotoxicity of
all investigated materials. These findings allow us to conclude that
lowering the content of Zn ions results in better metabolic activity of
HUVEGCs cells [29].

The morphologies of zinc treated HUVECs captured with the use of
CLSM are depicted in Fig. 10. Exchanging normal cell culture medium
with different zinc 100% extracts led to substantial changes in HUVECs’
morphology. At first glance, no discrepancies in the number, size and
shape of cells were observed while analyzing HUVECs exposed to
different zinc 100% extracts. The presence of a monolayer was no longer
seen as in the case of the reference sample. Most of the HUVECs were
assembled into a characteristic network and a great number of single
cells. When it comes to cell morphology, the processes of cytoskeleton
condensation as well as nuclei fragmentation were observable.
Regardless of the extract type, some HUVECs started to shrink and, at the
same time, cellular blebbing occurred. However, despite the consider-
able impact of zinc extracts on cell morphology, HUVECs exhibiting
normal size and shape were also present. Moreover, when analyzing
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Fig. 7. SEM/SE images of the corrosion products formed after 336h exposition to c-SBF on the surface of the hydrostatically extruded a) pure Zn, b) the Zn-Mg alloy,
¢) the Zn-Mg-Cu alloy and the corresponding surfaces after removal of corrosion products d), e), f).

morphology of HUVECs exposed to diluted extracts of all investigated
materials, the roughly compact monolayer was observed. Overall, the
data obtained by confocal imaging is consistent with the MTT assay.

4. Discussion
4.1. Microstructure of plastically deformed Zn alloys

In this work, binary and ternary zinc alloys were prepared and
subjected to a two-stage plastic deformation process, composed of hot
extrusion, and 3-pass hydrostatic extrusion. Characterization of the
material including microstructure, mechanical, corrosion and biological
properties, aimed at finding correlation between microstructure and
performance of heavily deformed zinc-based materials.

EBSD measurements revealed that the microstructure exhibited
typical characteristics of HSE-treated zinc-based alloys [30]. Significant
grain refinement as well as the increase of structural defects were
observed [10]. Reduction of the number of HSE passes, while main-
taining the same true strain (¢ = 3.6) did not induce notable changes in
the microstructure. For instance, in the case of Zn-1Mg after 4-passes of
HSE, an average grain size of 1.5 pm was achieved for Zn-1Mg alloy
[10], whereas with 3-passes HSE for Zn-0.8 Mg, a grain size of 2.2 pm
was obtained. Moreover, similarity can also be found in behavior of the
intermetallic phase, where 3-passes are also enough to fragment the
Mg,Zn;; phase and arrange it into elongated bands along the extrusion
direction [12]. When comparing our results obtained for Zn-Mg alloy
with other SPD techniques, the ECAP process can be more efficient in the
reduction of grain size as average values of 1.1-1.4 pm were obtained [8,
31]. The best grain refinement was achieved by HPT, where for Zn-1Mg
alloys the average grain size was 0.9 pm [9].

The minor addition of copper to the Zn-Mg alloys resulted in better
grain refinement with more homogeneous microstructure in terms of
grain size and significantly higher amount of LAGBs as compared to pure
Zn and binary alloys (about 20 and 2 times, respectively). This suggests
that solute copper within the matrix contributes to an increase of
recrystallization temperature and thus lowering the impact of dynamic
recrystallization during the HSE deformation process, allowing to pre-
serve smaller grain size with increased number of structural defects.
Similar results, indicating that copper may have an impeding effect on
dynamic recrystallization and thus grain growth, were presented in
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Ref. [16]. A heterogeneous microstructure composed of equiaxed and
elongated grains with a large number of LAGBs was achieved during
cold rolling. Moreover, the addition of copper into Zn-Mg affected
interaction between the matrix and intermetallic, resulting in a more
heterogeneous distribution of bands of Mg,Zn;;. This was evidenced by
measured values of bandwidth. In the case of Zn-Mg-Cu alloy, wider
bands with a greater standard deviation from the average value, as
compared with binary alloy were obtained. Comparable results were
obtained for ECAP-treated Zn-3Cu-0.5 Mg alloy, where the distribution
of bands of intermetallic phase was not uniform [32].

4.2. Microstructural relation with mechanical properties

Significant grain refinement provided by hydrostatic extrusion
executed in 3 consecutive passes contributed to the strengthening of the
Zn-based materials. Decreasing the number of HSE passes had an espe-
cially beneficial impact on pure Zn, where higher YS and UTS were
observed as compared to 4-passes [10], what can be ascribed to smaller
grain size obtained in the present work. Those results are superior to the
other SPD methods like ECAP [33] or HPT [34].

Considering the Hall-Petch relationship, the theoretical contribution
of grain boundary strengthening can be calculated. Based on the formula
[35], the estimated values of grain boundary strengthening were 103
MPa, 201 MPa and 241 MPa, respectively for pure Zn, Zn-Mg alloy and
Zn-Mg-Cu alloy. The obtained theoretical value was the closest to the
measured one for pure Zn (165 MPa). So, it can be assumed that grain
refinement obtained via HSE is the main factor responsible for
strengthening of the materials.

Modified microstructure due to the addition of Mg led to meaningful
improvement of the material achieving the highest mechanical proper-
ties among investigated materials (YS of 298 MPa, UTS of 375 MPa and E
of 35%). Those results, (as opposed to pure Zn) indicated lower strength
than those obtained by 4-passes HSE (YS of 383 MPa, UTS of 482 MPa)
[10]. However, better plasticity of Zn-Mg alloys can be achieved in 3-
than 4-passes of HSE [10]. This is probably due to weakening of the
texture [36,37].

Interestingly in Zn-Mg-Cu alloys, higher stored energy due to
greater density of high and low angle grain boundaries did not
contribute to a better strengthening effect of ternary alloys as compared
to binary alloys. However, this effect is diminished by the less uniform
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Fig. 8. Element distribution in the corrosion layer formed after 336h exposition to c-SBF obtained from FIB cross-sections of the hydrostatically extruded a) pure Zn,
b) Zn-Mg alloys and c) Zn-Mg—Cu alloys.

distribution of intermetallic phase in the case of the Zn-Mg-Cu alloys, 4.3. Microstructural relation with corrosion properties

where wider bands constitute larger obstacles to dislocation movement,

thus impeding plastic deformation [4]. Results showed that grain refinement observed in all materials
contributed to better corrosion resistance, since regardless of the ma-
terials chemical composition the corrosion rate stayed on a similar level.
An increased number of grain boundaries can act as a physical barrier for
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Fig. 9. Metabolic activities of HUVECs exposed to different zinc extracts.

corrosion and can facilitate formation of a protective dense film [19,38,
39]. This can be supported by the higher corrosion potential for both
alloys compared to pure Zn, where the average grain size was about 4
times smaller for the alloys [40]. Fragmentation and uniform distribu-
tion of MgeZn;; within the material can also be responsible for the
improvement of corrosion potential of the Zn-Mg alloy as compared to
the other investigated materials [20,41]. Ye et al. also emphasized the
significance of microstructure in corrosion behavior. The authors proved
that the corrosion potential and hence degradation rate is dependent on
grain size and amount of intermetallic phase [19].

However, the corrosion mode of the investigated materials varied
based on their chemical composition. SEM observations including EDS
analysis revealed different chemical composition of the corrosion layer.
More diverse corrosion products were presented on the alloys’ surface,
suggesting, not only the Zn, but also Mg ions release (Fig. 8) [42].
Moreover, it is also consistent with SEM analysis of the surface without

b)  pure Zn

100%

a)

control

60%

20%

Journal of Materials Research and Technology 30 (2024) 283-294

corrosion products. With an increased number of alloying additions, an
enlarged number of pits was observed. This is due to the intermetallic
phase presence in the microstructure with a different corrosion potential
than the matrix. Thus, micro-galvanic corrosion occurred, initiating
material degradation. Moreover, a larger number of corrosion products
and pits for Zn-Mg-Cu alloy can be related to a more pronounced dif-
ference in electrochemical potential between the matrix and interme-
tallic phase. More positive potential of the Zn-Mg-Cu matrix is
attributed to the solute copper within it [43]. Despite an enlarged
number of pits on the surface of the alloys, they were distributed evenly
on the surface indicating more uniform corrosion, than in pure zinc. On
the other hand, deep, isolated pits were present on the corroded surface
of the pure Zn (seen after corrosion products removal, Fig. 7d). Similar
observations were achieved by Ref. [44], where pure Zn exhibited
localized corrosion related to microstructure. Such localized corrosion
in pure Zn could be related to crystallographic texture, where some
privileged orientation initiates the corrosion process. Due to this local-
ized corrosion causing substantial mass loss of pure Zn, its degradation
rate and Zn-based alloys processed by HSE remain on a comparable
level.

Our studies suggest that corrosion properties depend on micro-
structural features, which may superimpose, when heavy plastic defor-
mation is applied and make it difficult to distinguish the leading cause
affecting corrosion properties, hence requires further investigations.

4.4. Effect of zinc ions on biocompatibility

Although, it is difficult to find a direct link between microstructure
and biological response of Zn-based materials, since the experiments are
typically carried out with the use of zinc extracts, some possible re-
lations with the chemical composition can be found and are proposed
based on the conducted studies. Generally, it is proved that [45] zinc
ions reduce cell viability. Hence, by tailoring chemical composition, the
ion release may be controlled [46] The addition of alloying elements
(forming solid solution with Zn and/or the secondary phases) may alter
the release of ions from biodegradable samples. As a result, the total

©) Zn-Mg d)

Zn-Mg-Cu

Fig. 10. CLSM-derived morphologies of HUVECs a) control, and incubated for 4 h with different extracts harvested from b) pure Zn, c¢) Zn-Mg alloy and d)
Zn-Mg-Cu alloy. The cell nuclei and filamentous actin of the cytoskeleton were stained with the use of DAPI (blue color) and FITC-phalloidin (green color),
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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amount of released Zn?* decreases in favor of the ions from alloying
elements that may have a positive impact on biocompatibility of the
material. The statement is supported by our finding, where the Zn-Mg
alloy elicited almost non-cytotoxic effect on endothelial cells as opposed
to pure Zn and Zn-Mg-Cu alloys. This correlates well with results
derived from corrosion tests. In the corrosion layer, formed on the
HSE-treated zinc alloys, some products containing Mg were observed.
Hence, the presence of Mg ions in the zinc extracts is possible despite
low Mg content in the alloy [47]. Mg is known to exhibit excellent
biocompatibility [48]. Thus, it may lower the cytotoxicity of Zn alloy
[46] Interestingly, the addition of Cu into Zn-Mg decreased cell viability
back to the level of pure Zn. It is probably due to possible Cu ion release,
which could have a negative impact on cell viability. Huang et al.
detected Cu-containing corrosion products on the surface of Zn—-Cu-Li
alloy and observed decrease in viability below the accepted threshold
for 100% zinc extracts [43]. In our studies we did not distinguish any
corrosion products bearing Cu, what may be in fact related to the small
amount of this element in the alloy, being below the limitation of the
EDS method. Some other reports also showed the adverse effect of Cu on
cell viability in 100% extracts for various alloys of different chemical
composition e.g., Zn-Cu-Fe [32,41,49].

Our findings coincide with the trends observed in the literature, as
100% zinc extracts generally lead to lowest cell viability [21]. For
example, Xu et al. examined different cell lines including murine mac-
rophages, HUVECs and mouse pre-osteoblasts and in all cases, the 100%
extracts severely aggravated cell viability [41]. On the other hand, in all
these cultures, when extracts got diluted, better cell response was
observed. It is in accordance with our result, where a correlation be-
tween extract dilution and cytotoxicity was noticed. The lower the
concentration of zinc ions in the extracts, the better metabolic activity of
the endothelial cells was obtained.

Even though we have observed moderate cytotoxicity in the case of
100% extracts for both Zn and Zn-Mg-Cu alloys, the CLSM studies
revealed no differences between all of the analyzed materials when it
comes to cell morphology. A lot of cells of round shape and blebs were
observed in addition to “cobblestone”-like endothelial cells for all of the
tested cultures. However, once the extracts were diluted, the almost a
complete monolayer was achieved for all investigated materials. This
also implies positive effect of lowering zinc ions concentration on better
biocompatibility of the zinc-based materials.

5. Conclusions

Carried out comprehensive analysis of HSE-processed Zn-based al-
loys allowed to conclude that:

1. Alloying addition can enhance grain refinement achieved by plastic
deformation via HSE. The smallest average grain size, reaching 1.6
pm was obtained for the Zn-Mg—Cu alloy. This result can be attrib-
uted to the formation of the Mgy;Zn;; intermetallic phase and an
increased recrystallization temperature due to the presence of Cu in
solid solution within the matrix.

. Three consecutive passes of HSE are sufficient to provide the me-
chanical strength of Zn alloys due to refinement of grain size and
intermetallic phase, which exceeds the design requirements for
absorbable implants.

. HSE combined with alloying additions did not adversely affect the
corrosion rate, as it remained within a similar range for all investi-
gated materials. Moreover, HSE contributed to more homogeneous
degradation of the alloys.

. Alloying also influenced a different corrosion mode, which could
affect biological properties by releasing Mg ions while simulta-
neously decreasing the release rate of Zn ions. This resulted in a
slightly improved cell viability for the Zn-Mg alloy compared to pure
Zn material.
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In summary, hydrostatic extrusion is a suitable method for producing
high-strength materials with uniform degradation and sufficient
biocompatibility, once the chemical composition of the alloy will be
carefully selected. Thus, the HSE-treated zinc alloys can be a promising
candidate for producing absorbable implants.
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