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ARTICLE INFO ABSTRACT

Keywords: The development of bioabsorbable zinc-based alloys with tailored mechanical properties and biocompatibility

Zinc holds great promise for advancing medical implant technology. In this study, Zn-Mg and Zn-Mg-Ag alloys were

Bioabsorbable materials synthesized using mechanical alloying (MA) followed by extrusion to achieve a combination of enhanced

Ig;zcr}lia;]l;arlniugﬁzﬁng strength, ductility, and corrosion resistance. MA for 4 h produced ultrafine-grained powders incorporating

Microstructure MgoZn;; intermetallic phases and oxide particles, which contributed to microstructure stabilization during
subsequent processing. Extrusion consolidated these powders into dense materials with a uniform grain size of
~700 nm, exhibiting ultimate tensile strengths up to 435 MPa and elongation to fracture of ~12 %, representing
a significant improvement over conventional processing methods. The addition of silver further enhanced the
antibacterial properties, demonstrating notable efficacy against Staphylococcus epidermidis, while maintaining
non-cytotoxic behavior in vitro. Corrosion rates remained low, with uniform surface degradation and the for-
mation of protective corrosion layers. This work highlights the efficacy of combining powder metallurgy tech-
niques to bioabsorbable zinc-based alloys with exceptional mechanical performance, corrosion behavior and in
vitro cytocompatibility, providing a pathway for next-generation biodegradable medical devices.

1. Introduction

Zn-Mg alloys are considered perspective materials for applications in
biodegradable stents or for bone fixations, especially in maxillofacial
surgery, due to their reasonable corrosion rate and excellent biocom-
patibility [1-3]. Their function is supposed to be time-limited with
complete replacement by newly healed tissue [2,4], which helps to
prevent long-term issues with inflammations leading, in some cases,
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even to the removal of the implant as observed in other systems
including Mg-based or Fe-based biodegradable materials. Localized
corrosion leads to the premature loss of mechanical integrity and
hydrogen gas (Hy) release casts doubts on the usability of Mg-based
materials [2,4]. Fe-based materials degrade by forming iron oxide-
s/hydroxides, which are not sufficiently soluble in the organism and
may cause serious health issues [2,5]. Zinc and its alloys, on the con-
trary, dissolve slowly in an organism, and the corrosion reactions do not
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form harmful by-products in the human body (no H-release, biocom-
patible corrosion products) [3,5].

Expanding the use of Zn as a bioabsorbable material requires im-
provements in mechanical properties, which can be achieved through
alloying with suitable elements, including Ag, Cu, Li, Mg, Mn. Among
them, Mg seems to be the best candidate for improving the material’s
strength, decreasing the modulus of elasticity [1], and positively
affecting bone mineralization and overall biocompatibility [6]. The
maximum solubility of Mg in the Zn matrix is near 0.3 at.% at 364 °C and
decreases to almost zero at ambient temperature [2,7], leading to the
precipitation of intermetallic phases [8]. These include MgsZnyy,
MgZny, Mg7Zns, Mg,Zn3 and MgZn, which are hard and brittle, thereby
improving strength but decreasing ductility. Zn-Mg materials however
generally exhibit a low biodegradation rate.

Further improvement of the mechanical properties can be achieved
through mechanical alloying (MA). MA causes an intensive plastic
deformation during the process, which leads to the formation of alloy
powders containing metastable phases. These include oversaturated
solid solutions with extremely small particles and grains, reaching nano-
grained materials [9]. However, MA is highly dependent on the pro-
cessing conditions, including the milling media and vessels, their shape
and size, temperature and atmosphere during processing, and also
additional control agents, such as stearic acid, which are added to pre-
vent excessive cold welding [9,10]. Although MA technology is capable
of preparing ultrafine-grained materials, the preserving of such micro-
structure during the consolidation at increased temperatures (>200 °C)
is challenging due to the low recrystallization temperature of pure zinc
(<0 °C) [11], resulting in the materials’ recrystallization and coars-
ening, especially when the milled powder is highly stressed.

Cold isostatic pressing (CIP) and conventional sintering of green
compacts [12,13], hot isostatic pressing (HIP) [13], spark plasma sin-
tering (SPS) [13] and extrusion (E) [13,14] are generally considered for
Zn-based alloys compaction. The resulting materials possess micro-
structures with extensive porosity, oxides and inhomogeneities in
chemical and phase composition, significantly deteriorating mechanical
properties. Classical sintering at an increased temperature usually takes
several hours before sufficient compaction takes place, resulting in
coarse-grained microstructures. A similar problem occurs during hot
isostatic pressing, where materials are exposed to high temperatures for
several hours, affecting the microstructure or phase composition
[15-17]. The materials’ recrystallization and coarsening, may be, to
some extent, prevented using compaction by spark plasma sintering
(SPS). SPS offers the advantage of a fast compaction technique with
short times and low temperatures of the process (0.7 of the melting
temperature of the metal to be compacted) [17,18]. In this technique,
pulses of electric current flow through the sample and generate heat at
the powder particle interfaces due to the local high resistance. Besides,
the process is accompanied by adjustable compression and can produce
materials with a homogeneous nonporous structure without significant
grain coarsening [18-20].

Zn-alloys have also been prepared by additive manufacturing
methods such as laser powder bed fusion (LPBF) [21-23]. However,
based on the alloy composition, the density of the prepared materials
reached a maximum of 98 %. Furthermore, the eutectic microstructure
was formed along grain boundaries, and at higher magnesium concen-
trations (>7.7 at.%), the inhomogeneous microstructure was generated
due to local precipitation of the MgZn, phase. Those issues negatively
affect mechanical properties [21].

Here, we prepared materials by combining MA, SPS and extrusion, to
develop a fine-grained microstructure in Zn-based alloys. As a starting
material, we have selected Zn-2.6Mg (at.%) corresponding to the
Zn-1Mg in wt.%, which repeatedly showed, after a conventional way of
production, a good compromise between strength and ductility [3,24].
Due to the uniqueness of the materials preparation route, a main
emphasis was placed on the study of the microstructure, which has
subsequently serious impact on both mechanical and corrosion
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properties. To provide morphological, crystallographic and composi-
tional information from millimeters to nanometers, we combined
scanning-electron microscopy (SEM), transmission electron microscopy
(TEM) and atom probe tomography (APT). In particular, APT provides
detailed information about the material’s nanoscale composition in 3D,
though serving as a very helpful complementary technique for conven-
tional 2D imaging techniques such as electron microscopy. Furthermore,
we investigated how the addition of Ag affects the microstructure, me-
chanical performance and dissolution of the material. Here, we discuss
the details of the microstructure-property relationships in these alloys
and demonstrate their high potential for direct application as bio-
absorbable metals.

2. Materials and methods
2.1. Materials synthesis

The Zn-2.6Mg and Zn-2.6Mg-0.6Ag alloys were prepared by me-
chanical alloying (MA) for 4 h using 800 rotation per minute (RPM) in a
Retch E-max mill equipped with a water-cooling system capable of
maintaining a temperature below 50 °C. The powders used were pure Zn
(99.9 %, particle size <149 pum, Alfa Aesar), Mg (99.8 %, particle size
<44 um, Alfa Aesar) and silver (99.9 %, particle size <20 pm, Safina a.
s.). The ball-to-powder ratio (B/P ratio) was selected as 5:1. The
grinding process was carried out using zirconia balls in a 125 ml ellip-
tically designed vessel with zirconia coating. To prevent powder
agglomeration during the mechanical alloying, 0.03g stearic acid was
added to the powder mixture before milling. Materials were mechani-
cally alloyed under a protective Ar atmosphere (99.96 %). The MA pa-
rameters were selected based on several experiments documenting the
effect of various parameters on powder properties. Two methods of
compaction of alloyed powders were selected. Firstly, the fast compac-
tion method - spark plasma sintering (SPS - FCT Systeme HP-D 10) was
performed at 300 °C, 80 MPa pressure for 10 min in graphite tools under
a protective Ar atmosphere (99.96 %). Secondly, the Zn-2.6Mg alloy
was compacted by hot extrusion at 200 °C with an extrusion ratio (ER)
equal to 25. Before extrusion, “green compact” from powders were
produced in the form of cylinders with 30 mm in diameter and 50 mm
high by vacuum hot pressing (HVP) at 200 °C for 2 h. The designation of
the synthesized materials is shown in Table 1. The chemical composition
of the prepared powders and compacted materials was verified by
atomic absorption spectrometry AAS (Agilent 280 FS AA
spectrometer).

2.2. Microstructure

The prepared samples were first ground on SiC papers P400 — P2500,
then polished on diamond paste D2 (UR-Diamant), and finally polished
on the Eposile NonDry suspension (QATM) for 20 min. The micro-
structure was characterized using an SEM (TESCAN VEGA 3 LMU) with
an EDS analyzer (OXFORD Instruments AZtec). Additionally, electron

Table 1
The materials designation and processing conditions.
Materials Alloy Alloy Mechanical Compaction
designation composition composition alloying method and
[at. %] [wt. %] conditions
Zn- Zn-2.6Mg Zn-1Mg 800RPM, 4h, -
2.6Mg“M BP = 5:1
Zn-2.6Mg- Zn-2.6Mg- Zn-1Mg-1Ag  800RPM, 4h, -
0.6Ag“M 0.6Ag BP = 5:1
Zn- Zn-2.6Mg Zn-1Mg 800RPM, 4 Extrusion,
2.6Mg“M h, BP = 5:1 200 °C, ER25
+ Ex
Zn-2.6Mg- Zn-2.6Mg- Zn-1Mg-1Ag 800RPM, 4h  Extrusion,
0.6Ag“M 0.6Ag 200 °C, ER25

+ Ex
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backscattered diffraction (EBSD) analyses were performed on an Apreo
2 SEM using an acceleration voltage of 15 kV with a probe current of 13
nA after final polishing was performed using OPS for 20 min. EBSD
Kikuchi patterns were measured with a Symmetry S3 camera (Oxford
instruments) using AZtec software. Samples were tilted 70° for mea-
surements and an acceleration voltage of 15 kV of used. The data were
processed using AZtecCrystal software. Observation and documentation
of the microstructure at a nanoscale was performed using a FEI Tecnai
TF20 X-twin field emission gun transmission electron microscope (TEM)
operated at 200 kV and equipped with an EDS detector. Particularly,
scanning transmission electron microscopy (STEM) mode was used for
the microstructure observation. For STEM, Z-contrast imaging was
performed using a high-angle annular dark field (STEM-HAADF) de-
tector. Samples for TEM analyses were prepared using a JEOL ION
SLICER EM 09100 IS with a voltage of 5 kV and a current of 120 pA. The
phase composition was measured by X-ray diffraction (X’ Pert® Powder
instrument in Bragg-Brentan geometry using a Cu anode (A = 1.5418, U
=40 kV, I = 30 mA). Quantitative phase analysis was carried out using
the whole pattern Rietveld refinement software MAUD [25]. The theo-
retical porosity was calculated from the prepared samples’ weight,
volume, and density. Image analyses in ImageJ software measured the
grain size.

A 2.5 pm x 20 pm region of the polished sample was coated with 1
pm of platinum carbon (Pt-C) using a gas-injection system inside a dual-
beam scanning electron microscope/focused ion beam (SEM/Ga FIB)
(FEI Helios Nano-Lab 600i) (FEI Company, Hillsboro, OR, USA) at 3.0 kV
and 1.4 nA. A trench was milled using a voltage of 30 kV and a current of
2.5 nA on each side of the Pt—C-coated lamella. Next, 3 pm x 3 pm of the
lamella edge was milled at 30 kV and 0.23 nA to attach the 2.5 pm x 20
pm lamella to the OmniProbe 200 Nanomanipulator (Oxford In-
struments, Abingdon, UK) with Pt-C. Lamella (2.5 pm x 2 pm) were
mounted onto Presharpened Microtip™ Coupons (PSM M36) (CAMECA
Instruments, Madison, WI, USA) and sharpened into needle-like shapes
with a diameter of 30-100 nm. The Zn-1Mg“" * BX sample was
analyzed in the LEAP™ 5000 XR (CAMECA Instruments, Madison, WI,
USA using a laser pulse energy of 50 pJ, a base temperature of 50 K, and
a repetition rate of 125 kHz, and the detection rate was fixed at 5 ions
detected per 1000 pulses on average. The Zn—lMg(sh) + BX sample was
analyzed in the LEAP™ 5000 XR (CAMECA Instruments, Madison, WI,
USA using a pulse fraction of 20 %, a base temperature of 50 K, and a
repetition rate of 200 kHz, and the detection rate was fixed at 5 ions
detected per 1000 pulses on average. The Zn-1Mg-1Ag™*" + EX sample
was analyzed in the LEAP™ 5000 XS (CAMECA Instruments, Madison,
WI, USA using a pulse fraction of 20 %, a base temperature of 50 K, and a
repetition rate of 500 kHz, and the detection rate was fixed at 5 ions
detected per 1000 pulses on average. The reconstruction of all datasets
and analysis were performed in CAMECA Instruments APSUITE (version
6.3.0.90).

2.3. Mechanical properties

The mechanical properties of the prepared alloys were characterized
by Vickers hardness and tensile tests. HV1 was measured on a Future-
Tech FM-100 at a load of 1 kg for 10 s. Tensile tests were performed
using an Instron 8802 instrument on “dog bone” specimens (Fig. S1 —
supplementary file), respectively, at a strain rate of 0.003 s7L

2.4. Corrosion behaviour

To describe the corrosion properties of the material, a 7-day expo-
sure was performed, extended by non-destructive electrochemical
measurements: open circuit potential (OCP), electrochemical imped-
ance spectroscopy (EIS) and polarization resistance (Rp). Measurement
was performed in a complex body simulation, i.e. in EMEM M7278 with
5 % FBS (Foetal Bovine Serum, Sigma Aldrich) and the necessary
addition of 1 % antibiotics/antimycotics (all Sigma Aldrich) at 37 °C.
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Cylindrical samples 10 mm high and 4.3 mm in diameter were ground
(to FEPA P2500), washed with demi-water and degreased in ethanol.
Samples were further, mounted on a PTFE (Polytetrafluoroethylene)
holder immediately before measurement. Subsequently, the samples,
together with glassy carbon rods and a 75 ml polymethylpentene cell,
were sterilized using UV-C (ultraviolet light in the wavelength range of
100-280 nm (nm). Afterwards, the measuring cell was assembled and an
ethanol-washed silver-chloride reference electrode (SSCE - Silver/Silver
Chloride Electrode, 3 mol/KCl) was added. During the subsequent
exposure, OCP was acquired, intermittently by Rp measurement (+-15
mV/OCP, 0.125 mV/s) or EIS (60 kHz — 0.01 Hz, 7 points per decade,
Eac 15 mV.rms, Epc=0CP). Measurements were performed on a Gamry
Reference 600 potentiostat, the correctness of the impedance data was
verified by Kramers-Kronig transformation in Gamry Echem Analyst
software, and subsequent evaluation was performed in ZView software.
The material was also analyzed after exposure using SEM/EDS Tescan
Vega 3 and OXFORD Instruments AZtec and a light microscope Olympus
SZX10 (LM).

2.5. In vitro biological behavior

2.5.1. In vitro cytotoxicity test - test on extracts

Human foetal osteoblasts hFOB 1.19 (ATCC® CRL-11372™) were
maintained in DMEM/Ham’s F-12 (Sigma, D6434) medium with 10 %
FBS (Foetal bovine serum - Sigma F7524), 2.5 mM t-glutamine in the
form of stable dipeptide (Sigma, 8541) and selection reagent G418
(Sigma, G8168) at a permissive temperature of 34 °C, with 5 % CO; and
100 % relative humidity. Cells were passaged regularly using a trypsin-
EDTA solution without phenol red (Gibco, 15400054). Cells were used
from the 3rd passage after thawing and only until the 15th passage.

On day 1, hFOB 1.19 cells were trypsinized and resuspended in the
cultivation medium to obtain a suspension with a concentration of 2-10°
cells per mL. Subsequently, 100 pl of the cell suspension was seeded in a
96-well plate, which means the seeding density of 2-10* cells per well.

Cylindrical samples (height 10 mm, diameter 4 mm) of the alloys
(Zn-2.6Mg™M + EX and 7Zn-2.6Mg-0.6Ag™™  BX) were weighed, sterilized
by 70 % ethanol (2 h) and by UV light (2 h). Thereafter, samples were
transferred to a cultivation medium L-15 (Leibovitz’s L-15 medium)
supplemented with reduced concentration of FBS (5 %, as suggested by
ISO 10993-5 standard) without G418 and agitated (130 RPM) at 37 °Cin
closed vessels for 24 h. The surface-to-volume ratio stated in the ISO
10993-12 (1.25 ecm? mL™!) was adjusted as recommended for degrad-
able metals [26] i.e. the volume was five times higher. Three replicates
were used for the alloys tested.

On day two, the medium in 96-well plates was replaced by the ex-
tracts prepared as described above. The extracts were used undiluted
(100 % extracts) and twice diluted (50 % extracts). Six technical repli-
cates were used for each sample. Sole cultivation medium L-15 served as
negative (unaffected) control. The concentration of released ions in the
extracts was measured by AAS.

On day three, after 24 £ 1 h of incubation with the extracts at 37 °C
without COy, the cell metabolic activity was evaluated by a resazurin
assay. Resazurin is metabolized to resorufin by living cells. The extracts
were removed and a resazurin solution (final concentration 25 g mL ™)
in Hank’s balanced salt solution (HBSS) was added. After 2 h, fluores-
cence at 560/590 nm (excitation/emission) was measured (Fluoroskan
Ascent FL, Thermo). Cytotoxicity of the extracts was calculated as a
percentage of the metabolic activity of the negative control. Extracts
causing a decrease below 70 % of the activity of the negative control
were considered cytotoxic, as described in the ISO 10993-5 standard.

2.5.2. Antibacterial tests

Antibacterial tests were performed with Escherichia coli (DBM 3138)
as a representative of Gram-negative bacteria and Staphylococcus epi-
dermidis (ATCC14998 CCM21245) representing Gram-positive bacteria.
The test conditions were adopted from Ref. [27].
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A bacterial suspension was prepared the day before the test. The
bacteria were inoculated into the liquid Luria-Bertani (LB) medium
(Lennox) and incubated at 37 °C overnight. On the day of the experi-
ment, the bacterial suspension was diluted with phosphate-buffered
saline (PBS) to a turbidity of 1 McFarland standard (which corre-
sponds to approx. 3-10% colony forming units, CFU/mL for E. coli).
Subsequently, a serial dilution was prepared; the sixth decimal and
fourth decimal dilutions were used for E. coli and S. epidermidis,
respectively. The specimens Zn—2.6Mg(4h) +Eand Zn—2.6Mg—0.6Ag(4h) *
Ex (height 3 mm, diameter 4 mm) were sterilized in 70 % ethanol (2 h)
and under UV light (2 h) and then submerged in 0.5 ml of bacterial
suspension (the surface to volume ratio was 1.25 cm? per mL). The
samples were incubated in bacterial suspensions for 4 h at laboratory
temperature. Three replicates were used for each type of material.
Copper was used as a positive (antibacterial) control. The negative
control (suspension without samples) was used as a control of bacterial
growth.

After 4 h, the drip test was performed by transferring 25 pL of sus-
pension into each field of Petri dish (LB agar for E. coli and plate count
agar, PCA for S. epidermidis) divided into twelve squares. A Petri dish
contained four drops (of 25 pL) of each triplicate of one specimen. Thus,
every type of sample was applied on one plate. Blank (pure PBS) and a
control dish (bacterial suspension without samples) were prepared using
the same drip method. Furthermore, a subsequent 1:1 dilution of each
suspension was performed with PBS to ensure the countability of the
colonies in the case of too large number of colonies in the original sus-
pensions. The plates were then left at laboratory temperature and, if
necessary, the next day transferred to 37 °C until the colonies on the
control plate were visible and suitable for counting. Colonies on plates
were counted using the Schuett Count device. The colonies counts were
compared to the count in the control dish. Furthermore, the same set of
samples was sterilized and incubated for 4 h in the same volume of PBS
as for the antibacterial test. The concentration of released Zn was
measured by AAS.

3. Results
3.1. Microstructure

3.1.1. Processing of powders by mechanical alloying

Electron micrographs of the supplied powders are displayed in
Fig. S2 (supplementary file). These powders were combined in appro-
priate volumes in the milling vessels to produce mechanically alloyed
powders.

Firstly, we have studied the effect of long-term high-energy MA on
the microstructure development of the Zn-2.6Mg alloy, including phase
and chemical composition. Both MA powders were very fine, without

Journal of Materials Research and Technology 37 (2025) 4345-4361

agglomerates, due to controlled milling parameters and the addition of
stearic acid (Fig. 1). The powder particles were further characterized by
sharp edges and a layered structure, which is caused by the repeated
cold welding of the input particles and their subsequent breakage. The
individual particles were up to 90 pm in size; however, the main fraction
was 30 + 17 pm for Zn-2.6Mg™™ and 24 + 12 pm for Zn-2.6Mg-
0.6Ag“Y. The final size of the alloy powders is reduced compared to the
input zinc powder. We expect that this is affected by two main factors.
Firstly, prolonged exposure to temperature-controlled MA crushes the
powder by the impact of the grinding balls. Secondly, due to the low
magnesium solubility in zinc, it is likely that brittle intermetallic phases
precipitate during the milling and support the disintegration of larger
particles. Such behavior is supported by the identification of the
Mg,Zn;; phase in the milled powder by X-ray diffraction (Table 2 and
Fig. 4).

Furthermore, the XRD results of MA powders (Table 2, Fig. 2)
revealed no MgZn, although metastable conditions could lead to its
formation. Our previous work has shown that mechanical alloying at
800 RPM leads to the formation of alloy in a shorter time (4 h) than at
lower RPM values [28]. Increasing the milling time to 8 h led even to the
dissolution of almost all the input magnesium in the Zn matrix. Subse-
quent AAS analyses of the MA powders confirmed that the composition
is as designed, proving there were no selective losses of Mg in the milling
vessels during the process.

3.1.2. Consolidated materials

Fig. 3 shows the phase composition of compacted Zn-Mg-(Ag) ma-
terials with the evaluated results reported in Table 2. The compacted Zn-
2.6Mg“Y + B and Zn-2.6Mg-0.6Ag™™ * B materials exhibited compa-
rable phase composition as the powder precursors. The slight increase in
the content of MgyZn;; in the extruded products can be attributed to the
further precipitation of MgsZn;; during the consolidation process. Be-
sides, traces of MgO were observed by detailed analyses in similar
amounts in powder precursors and compacted materials indicating some
preferential oxidation of Mg. It is worth mentioning that MgO diffraction

Table 2
The phase composition of prepared MA powders and compacted products ac-
cording to XRD.

Material conditions Phase composition [wt.%]

Zn Mg2Znin Agoi2Znoss  MgO
Zn-2.6Mg“M Powder 93.0 6.2 - 0.8
Zn-2.6Mg®M Powder 99.3 - - 0.7
Zn-2.6Mg-0.6Ag“M Powder 92.8 6.4 <0.1 0.7
Zn-2.6Mg“ + Bx Compact 91.9 6.9 - 1.2
7n-2.6Mg-0.6Ag"M * B Compact 922 7.0 <0.1 0.8

Fig. 1. Mechanically alloyed powders: A) Zn-2.6Mg“® B) Zn-2.6Mg-0.6Ag“™.
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Fig. 3. XRD patterns of the Zn-2.6Mg-(0.6Ag) extruded materials.

peaks partially overlap with the Mg,Zn;; phase at 36.9 and 42.9 °260
positions, making them difficult to observe in XRD patterns. ZnO was not
detected, although its presence under the detection limit cannot be
excluded. It is worth mentioning that the alloy milled for 8 h suffered
from extensive cracking during extrusion. This happened even with the
processing temperature up to 400 °C. Therefore, Zn-2.6 Mg(gh) +EX s not
further studied in the paper.

3.1.2.1. Microstructure analyses using SEM with EDS and EBSD. As
shown in the scanning electron micrographs in Fig. 4., both successfully
synthesized (Zn-2.6Mg™™ * B¥ and Zn-2.6Mg-0.6Ag™™ * ) materials
prepared by extrusion have an ultrafine-grained microstructure with a
typical arrangement of intermediate phases in the rows parallel to the
extrusion direction (Fig. 4a—d). Further figures of microstructure are
shown in Fig. S3 - supplementary file. Firstly, the microstructure of both
materials contained phases enriched by Mg with a size in the range of
0.3-1 pm (Fig. 4b and d). These phases were analyzed using SEM-EDS
and contained about 14.6 at. % of Mg, which corresponds to the
MgyZn; phase. Due to the size of these phases, their arrangement and
confirmation of their presence in the powder precursor by XRD
(Table 2), it is believed that they were formed during mechanical
alloying. Indeed, the estimated content of MgoZny; in Zn-1Mg“ using
Rietveld analyses of XRD was 15.1 at.%. Simple recalculation shows us
that it corresponds to the 2.5 at.% of Mg in the alloy, indicating that Mg
would be dissolved in the matrix in a very low concentration (=0.1 at.
%), further confirming that these phases are not formed during extru-
sion. Other smaller phases were observed in the microstructure mainly
at the grain boundaries. Due to the existence of oxide shells on the
surface of powder particles breaking during MA, these phases are ex-
pected to be oxide particles incorporated inside the microstructure
during extrusion. This will be further discussed below.

The in-plane inverse pole figure (IPF) maps (Fig. 5) obtained by EBSD
reveal the grain size and orientation. Both materials have comparable
grain size distribution (Fig. 6) with the average grain size of 0.74 and
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0.72 pm for Zn-2.6Mg and Zn-2.6Mg-0.6Ag, respectively. Both materials
have very low texture strength with signs of (0110) and (1210) fiber
texture (Fig. 7) and with the preferential orientation of basal planes
parallel to the extrusion direction. However, the texture is much weaker
compared to the Zn-based alloys prepared by conventional casting and
wrought techniques (eg. hot extrusion, rolling, ECAP) [2,29,30]. Both,
the presence of ultra-fine grains and more random distribution of crys-
tallographic orientations are believed to be affected by the presence of
intermediate phases in the size from tenths to hundreds of pm. To
confirm this assumption further detailed analyses of the microstructure
using APT and TEM were performed.

3.1.2.2. Detailed microstructure analyses using APT and TEM. The results
of the APT analyses on the extruded materials are shown in Fig. 8 and
Table 3. The Zn—lMg(4h) *+ EX sample contains mainly the Zn matrix and
finely dispersed but unevenly distributed particles (Fig. 8a). The
composition (at. %) of the different phases was obtained using profiles
along a 5x5x4 nm cylinder with a bin size of 0.3 nm. Subsurface inter-
metallic particles show a Zn/Mg ratio consistent with the Mg,Zn;; phase
as reported in Table 3. Precipitate I (Fig. 8b), which intersects the
specimen’s surface is enriched in oxygen, mostly in the form of ZnO/Zn
(OH); ions in the APT analysis. Due to surface contamination during
sample preparation and the presence of residual gas in the APT analysis
chamber, accurate quantification of O and H is a known challenge and
contributes to the variation of O and H on the surface layer [31-33]. Yet,
this enrichment compared to the Zn phase, can be considered as indic-
ative of preferential oxidation. The second intermetallic phase con-
taining mostly Zn and Mg has Zn/Mg ratio inconsistent with equilibrium
phases known in the Zn-Mg system and probably corresponds to the
presence of an intermediate metastable phase. Fig. 8c is a composition
profile using a 10x10x10 nm cylinder and a bin size of 0.3 nm showing a
clear increase in Mg composition. These could be the formation of
Guinier-Preston (GP) zones or clusters precursor to the intermetallic
phase.

The results of APT analysis of the Zn-2.6Mg-0.6Ag*™ * EX shown in
Fig. 8d indicate the presence of a Zn phase and an intermetallic phase
with tenths of nm in size. The bulk composition (at%) of the phases was
obtained by an analysis of a 5x5x4 nm cylinder and a 10x10x4 nm
cylinder. The intermetallic phase corresponding to precipitate I-III
(Fig. 8d) contains mostly Zn and Ag. Precipitate III has a composition
consistent with the Agg 12Zng gg e-phase. No Ag-containing intermetallic
phase was observed using XRD for the milled powder, whereas the
presence of the e-phase was confirmed by XRD in the extruded material
indicating the precipitation of these phases during the extrusion. Fig. 8e
and Fig. f, respectively suggest that grain boundaries and dislocations
(Fig. S4 - supplementary file) are attractive segregation sites for Ag. The
grain boundaries enriched with Ag are also decorated by clusters of Mg.
The pattern formed by the assembly of Ag-segregated dislocations can be
interpreted as a low-angle boundary as revealed by APT in other alloy
systems [34-36].

TEM-EDS analyses of the Zn-2.6Mg(4h) + EX revealed that nano-sized
particles both at grain boundaries and inside the grains correspond to
the Mg,Znj; and/or magnesium or zinc-enriched oxides (Fig. 9). These
particles are smaller than the thickness of the lamellae, therefore the
values of chemical composition estimated by EDS are affected by the
surrounding matrix. For this reason, it is difficult to exactly distinguish
oxide particles and the MgyZn;; phase with oxidized surface as sug-
gested by several APT observations. We believe that part of these par-
ticles come from the breakage of the oxide shells (ZnO) located at the
surface of the powder precursors. This can be potentially the main
source of observed ZnO inside the consolidated materials. XRD analyses
of MA powder precursors (Table 2) also revealed the presence of MgO.
This thermodynamically stable phase is preserved also in the consoli-
dated materials. Mg;Zn;; was also observed in the MA powder pre-
cursors, however, its content is slightly increased (Table 2) for
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Fig. 4. Microstructure of the consolidated materials - SEM: a), b) Zn—2.6Mg(‘”‘) TEC ), d) Zn—2.6Mg—0.6Ag(‘”‘) +EX red arrows indicate Mg>Zn,; phase, blue regions

indicate the oxide particles pinning the grain boundaries.

s
-

extrusion direction

Fig. 5. IPF maps of the compacted materials: a) Zn-2.6Mg“" + EX b) Zn-2.6Mg-0.6Ag“™ * BX, extrusion direction is the reference direction of map.

consolidated materials. This may indicate the in-situ precipitation of this
phase during the extrusion process. These results are supported by
almost the extremely low amount of Mg dissolved in the zinc matrix
measured by APT (Table 3). We were not able to distinguish between the
oxides and intermetallic particles reliably, because of the image arte-
facts, low contrast difference and similar shape and size. In general, the
secondary phases form particles of a size ranging between approxi-
mately 10 and 30 nm. The TEM analyses also revealed the Zn-based
matrix contained large number of finer grains/subgrains with a size
ranging between approximately 50 and 150 nm. The particles and pre-
cipitates help pin grain boundaries and, therefore, prevent
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microstructure coarsening. Although the temperature of the pre-
consolidation and extrusion process was relatively high (200 °C), the
presence of these particles is believed to be the main reason for the low
average grain size (below 1 pm) in the extruded products.

3.2. Mechanical properties

The mechanical properties of the studied materials were evaluated
based on tensile tests. The true stress-strain curves are plotted in
Fig. 10a. Due to the similarities of measurements and for clarification,
only one measurement from three is shown. Results considering average
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values and standard deviations are summarized in Fig. 10b and also
supplementary data (Table S1 - supplementary file). Results for an
extruded Zn-2.1Mg-1.15Sr alloy are added for comparison as an
example of a widely studied alloy, with properties fulfilling re-
quirements for integration in medical devices. This material was pre-
pared by a common top-to-bottom approach (melting, homogenization
annealing and hot extrusion), resulting in Zn mean grain size of
approximately 2.5 pm [37,38]. Zn has a low melting temperature
(420 °C), making 37 °C rather high homologous temperature for testing.
To show the effect of temperature on mechanical properties, tensile tests
at 37 °C have been performed for Zn-2.6Mg™» = ™ and also
Zn-2.1Mg-0.15Sr%* as a reference alloy. Due to the limited quantity of
material available following the preparation process, it was not possible
to conduct tensile mechanical property measurements at 37 °C for the
Zn-2.6Mg-0.6Ag“"MEX alloy. The values of TYS (279 MPa) and UTS
(384 MPa) for the Zn-2.6Mg(4h) + EX exceed the performance of a ma-
jority of binary Zn-Mg or more complex alloys produced by conven-
tional techniques like casting, extrusion, rolling [3]. Furthermore, the
Zn-2.6Mg-0.6Ag(4h) +EX 3lloy reached an 11 % higher value of TYS and
13 % higher value of UTS at almost similar elongation to fracture (E).

0001 X = extrusion direction 45 19 0001 %
01-10

0001 x = extrusion direction _12.10 0001

01-10
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Both Zn-2.6Mg“™ * ¥ and Zn-2.6Mg-0.6Ag*? * EX showcase a signif-
icant increase in strength at the expense of their ductility. Minor de-
viations were observed among measurements for TYS, and UTS,
although the ductility of Zn-2.6Mg-(0.6Ag)(4h) + B fluctuated more,
suggesting that the microstructure of the prepared alloys was slightly
heterogeneous and the secondary phases were locally concentrated,
causing the increase in local internal stresses and decreased ductility.

It is evident from Table 2 and Fig. 10 that all Zn-based materials
tested at 37 °C instead of laboratory temperature lose in mechanical
performance significantly. The TYS and UTS values for Zn-2.1Mg-
0.15SrE* representing the reference material are decreased to 222 and
276 MPa which is even below the suggested tolerable values, while due
to the generally higher mechanical strength of Zn-1Mg, the measured
values of TYS and UTS at 37 °C correspond to the 246 MPa and 329 MPa,
respectively. In summary, the decrease in mechanical strength is in both
cases ~14 %.

Comparing the shapes of the individual tensile curves (Fig. 10a), one
can see that the curves of all powder metallurgical materials are of the
same shape. Further data evaluation considering the true stress — true
strain values are shown in Fig. S5 — supplementary file. Obtained results
suggest that the deformation is accommodated by the same deformation
mechanisms independent on the chemical composition and testing
temperature. The reference alloy shows a significant increase in ductility
after the increase in the testing temperature, while maintaining the
general shape of the curve. To obtain more information, we treated the
curves according to Ref. [39] and evaluated strain hardening coefficient
n, strain hardening rate and dislocation storage density (Eqgs. (1) and

2.

c=K-¢" 1
do
9=$ (2

In these equations ¢ is normalized plastic true stress, ¢ is normalized
plastic true strain, n is strain hardening coefficient, K is strength constant
and 6 hardening rate. The dislocation storage rate was evaluated as the
slope of linear part of the hardening rate*normalized plastic stress vs.
normalized plastic stress curves [39]. The plots showing various de-
pendencies of mechanical behavior are shown in Fig. S4 (supplementary
file) and the important values evaluated from those curves are listed in
Table 4.

It is important to note that strengthening part of the curves belonging
to powder metallurgical samples was very short and it was very difficult
to distinguish the elasto-plastic and plastic deformation region, which
could lead to the overestimation of the value of strain hardening
coefficient.

1.75

0.10

01-10 01-10

Fig. 7. The texture of studied materials presented by IPFs: a) Zn-2.6Mg“™ * X b) zn-2.6Mg-0.6Ag“M * X,
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Fig. 8. Detailed analyses of extruded materials using APT: a) Zn—2.6Mg(4h) " EX. b) visualization of Mg»Zny; and Zn phase interface in Zn—2.6Mg(4h) X ¢) visu-

alization of nano-size particle and Zn phase interface in Zn-2.6Mg“" * E* d) Zn-2.6Mg-0.6Ag

(“4h) + Ex. o yisualization of grain boundary (GB) interface with Zn-

2.6Mg-0.6Ag“M * EX with a higher fraction of Mg ions; f) visualization of low-angle grain boundaries (LAGB) interface within Zn-2.6Mg-0.6Ag“® * X matrix with a
higher fraction of Ag ions.

Table 3

Bulk compositional (at %) analysis obtained by APT measurements of Zn-
2.6Mg™W + EX and 7Zn-2.6Mg-0.6Ag“M * EX,

Zn Mg Ag o H
Zn-2.6Mg @ + Ex
Bulk Zn 99.13 0.04 0.52 0.30
Precipitate I 57.80 12.48 19.00 10.72
Precipitate II 73.60 5.50 11.72 9.16
Precipitate III 94.81 2.10 1.74 1.35
Zn-2.6Mg-0.6Ag M + Bx
Bulk Zn I 99.10 0.90
Bulk Zn II 99.09 0.92
Bulk Zn III 99.61 0.01 0.37 0.02
Precipitate I 97.09 0.03 2.79 0.09 0.01
Precipitate II 98.14 1.93 0.03
Precipitate III 88.81 0.05 11.13 0.01
Precipitate IV 97.92 0.98 1.02 0.04
Precipitate V 97.44 1.04 1.15 0.29 0.08
Precipitate VI 98.05 0.96 0.99

3.3. Corrosion

The corrosion behavior of the Zn-2.6Mg™* * FX and Zn-2.6Mg-
0.6Ag(4h) + EX was studied by performing a one-week exposure in an
EMEM - medium simulating blood plasma, both in terms of similar
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inorganic ion content and biochemical component presence. After
exposure, the materials were analyzed by SEM/EDS, then mechanical
removal of bulk corrosion products was performed, and materials sur-
face again analyzed by SEM/EDS (Fig. 11) and by OM (Fig. S6 — sup-
plementary file).

From an overall perspective, there is a noticeable difference between
the materials. The Zn-2.6Mg“® * X alloy shows significantly fewer
changes compared to the original surface, the main ones being long
fibrous deposits occupying a small part of the surface. Their shape in-
dicates their protein origin. Zn-2.6Mg™*" * ¥ surface has observable
furrows after grinding of the material. Their slightly blurred contours,
together with the change in color of the material to blue-grey, indicate
the presence of a thin film. According to the EDS, the thin film compo-
sition can be estimated to be predominantly a mixture of oxide and
carbonate. Looking at the less abundant elements, apart from Mg with a
lower abundance than in the bulk, the presence of calcium and phos-
phorus in approximately equiatomic proportions can be observed. Long
fibrous deposits are also visible and their shape indicates their protein
origin. After mechanical removal of the deposits, a localized attack site is
observed with numerous small sharp-edged crevices and a larger central
pit containing corrosion deposits. Here again, partially sharp edges
referring to both initiation and propagation along the interfaces present
in the material are observable, i.e. probably the Mg,Zn;; phase sur-
rounded by oxides. The composition of the corrosion products in the pit
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Table 4
Strengthening characteristics of the investigated materials.
n K strain at UTS (zero dislocation
(MPa) strengthening rate) storage rate (m’z)
Zn-2.6Mg**+ 019 818 0.048 16139
Ex
Zn-2.6Mg“M 0.20 682 0.059 96030
+ Ex
Zn-2.6Mg- 0.20 402 0.050 13173
0.6, Ag(4h) + Ex
Zn-2.1Mg- 0.05 402 0.090 91340
0.18r™
“Zn-2.1Mg- 0.06 344 0.138 97880
0.18r™

2 tests performed at 37 °C.

indicates their predominantly chloride origin.

In the case of the Zn-2.6Mg-O.6Ag(4h) + B alloy, the frequency of
attack sites is significantly higher, with a significant part surrounded by
deposits. These deposits have only very occasionally a fibrous character.
In addition, a macroscopic view of the less corroded regions reveals
shallow rounded pits, outside of which a slight granulation can be
observed on the surface. According to EDS, there is a higher abundance
of non-silver elements, especially P and Ca, compared to the silver-free
alloy. The concentration of Ag also increases to more than double in the
round pits compared to the surrounding area. The majority of surface
was again blue-grey in colour. After mechanical removal of the deposits,
a larger and deeper pit is observed with sharp straight edges again filled
with corrosion products. These, according to EDS, also contain signifi-
cant amounts of P, Ag and Ca, in addition to abundant oxygen, sup-
plemented by trace amounts of chlorine, sulphur and magnesium. It can
therefore be assumed that the dominant compound is phosphate and,
given the lower Ca/P ratio than 1, largely zinc.

The exposure was also supported by non-destructive electrochemical
measurements whose results are summarized in Fig. 12a. The obtained
spectra were evaluated using an equivalent circuit (Fig. 12b) based on a
simple transmission-line model, with a physical interpretation based on
the surface state observed in the SEM images after exposure (Fig. 11). In
these circuits, the constant phase element (CPE) is used instead of a
capacitor, which considers the non-ideal behavior of the system. The
impedance of the constant phase element is defined as 1/Z = Yy (jo)®
where a = (0; 1); if a = 1, the CPE acts like a pure capacitor and if a = 0,
it acts as a pure resistor. The W (Warburg element) describing semi-

Journal of Materials Research and Technology 37 (2025) 43454361

infinite diffusion was also used for the evaluation.

The OCP for both materials after initial stabilization was around
—0.96 V/SSCE, which corresponds to the standard reduction potential of
zinc. This indicates high activity of zinc ions near the surface. However,
there is a significant difference between the materials in terms of the
corrosion current densities expressed in terms of Rp in Fig. 12a and the
evaluation of impedance data accompanied by the evaluation of
impedance data (Table S3 and Fig. S7 - supplementary file), where the
main component of the total resistance is the charge transfer resistance
(Rco) following the Rp trend, there is a significant difference between the
materials. The Zn-2.6Mg-O.6Ag(4h) *+EX material shows a two-to fourfold
higher rate of reaction in this phase than Zn-2.6Mg“" * B material,
with some fluctuations in the values of the silver-free alloy. In this case,
the fluctuation may be due to two concurrent mechanisms. The first is
the initiation of a local attack, followed by a slowing down of the rate by
the formation of a barrier inside the pit. Under the present conditions, in
agreement with the EDS analysis, the stable products are ZnO/ZnOHj,
ZnCOs3, and ZnCly 4Zn(OH), or ZnCly.6Zn(OH),, whose precipitation is
associated with a decrease in OCP, i.e. Zn** ion activity [40]. The second
is the known transition in zinc oxide from the less protective type I to the
more compact type II, and this change is reflected by a decrease in the
barrier layer capacity to a two-thirds value. Additionally, the slight Rp
fluctuation of Zn-2.6Mg™*" * EX between 36th and 96th hour of exposure
can be attributed to the mechanism of folding of type I ZnO from the
outer interface and is also noticeable in the oscillation of the size of the
left, i.e., higher-frequency semicircle, involving the two outer time
constants [41]. This phenomenon can again be linked mainly to the local
attack sites since it is expressed most by changes in the right,
low-frequency part of the spectrum — in terms of the EIS data evaluation
by changes in the elements Ry and W. From approximately 100 h of
exposure onward, the system had already reached a stationary state,
with the primary change being an increase in the capacitance of the
external layer. Additionally, a decrease in its ideality was observed, as
indicated by a reduction in the alpha parameter, which manifested as
the theoretical higher-frequency semicircle compressing towards posi-
tive values of the imaginary part. The reason for this may be due to the
precipitation of Ca—P-based compounds that are observable on the sur-
face in the EDS analysis.

The higher charge exchange rates of Zn-2.6Mg-0.6Ag in the
initial 36 h are accompanied by smaller sizes of all impedance semi-
circles. This is associated with three phenomena: a) higher frequency of
primary attack sites; b) larger size of the pits formed; and c¢) formation of

(4h) + Ex

slc mo

[ zn Wmg M Ag| |caci P

Fig. 11. a) SEM images after 7-day exposure in EMEM with 5 % FBS, % - after mechanical removal of fibrous deposits; b) EDS analysis of plain surface (Surf.) and
corroded areas (Corr.) after 7-day exposure in EMEM with 5 % FBS: A - total; * - Analysis of light elements is only approximate.
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precipitates around the pit entrance limiting transport between the bulk
electrolyte and the pit. According to EDS analyses (Fig. 12b, Fig. S8 -
supplementary file), this is due to the presence of the silver-containing
phase, which, due to the galvanic effect, promotes the transition of the
base metal to the ionic state. Between 24 and 36 h of exposure, there is a
fivefold increase in Rp, associated with a growth of the right, low-
frequency semicircle, caused mainly by an increase in R. These
changes are accompanied by a decrease in OCP, i.e. a decrease in Zn>*
ion activity. The probable cause, similarly to Zn—2.6Mg(4h) + B s the
formation of stable corrosion products composed of oxygen and phos-
phorus, inside the sites of deep attack. These products were further
transformed between 96 and 144 h, where both R and Rp decreased due
to concentration changes inside the pore. However, subsequently,
around 136 h, this transformation is manifested by an increase in the
barrier effect of the product within the pore. This is reflected in the
spectra measured at 144 h by a significant increase in the low-frequency
semicircle, which in terms of evaluation is related to the transformation
of CPE; to an ideal capacitor with an order of magnitude lower capac-
itance values. This led in the subsequent measurement to a reduction of
the effect of charge exchange and a dominant transition to diffusive
control manifested by a typical straight line with a 45° slope. In terms of
the outer layer, similarly to the silver-free alloy, there was an increase in
capacitance from ca. 100 h, probably associated with the precipitation
of the Ca-P-based layer.

The average surface corrosion rate (calculated using the final Rt
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values and the mean Stern-Geary coefficient for active dissolution of
0.026) is 0.016 mm.a "' and 0.011 mm.a~" for the Zn-2.6Mg“™ * ¥ and
Zn-2.6Mg-0.6Ag™M * EX regpectively. Thus, there are no significant
differences between the materials in this aspect.

3.4. In vitro biological behavior

3.4.1. Invitro cytotoxicity test

Test on extracts was performed using hFOB 1.19 cells in an L-15
medium. The undiluted extracts of the tested samples were not cytotoxic
under the selected conditions (Fig. 13).

3.4.2. Antibacterial tests

Escherichia coli and Staphylococcus epidermidis were used to test the
antibacterial effect of the investigated materials. The example results
from the drip test (12 drops of bacterial suspension on each plate) are
displayed in the supplementary file (Fig. S9 - supplementary file).
Bacterial colonies were calculated in each drop and compared to the
negative (unaffected) control. Fig. 14 shows the bacterial counts (CFU)
of E. coli and S. epidermidis compared to the negative control. Cu used as
a positive (antibacterial) control showed a significant antibacterial ef-
fect after 4 h of incubation. Zn-2.6Mg-O.6Ag(4h) +EX showed a significant
antibacterial effect against S. epidermidis. The set of samples was incu-
bated in sole PBS for 4 h and there were no differences in the concen-
tration of Zn released by AAS (Table S4).



J. Kubdsek et al.

140
120 — 3
= *
2 T —* *
> —
_;100 -
Q _
(]
) —
= 90 70 %
o 0
-Q >
g 60 — g
E n 5
2 40 g g
= i £ Q
© [=2] =]
= = s —
Q 20— o © <)
] o o £
c o =)
N N [3]
0 I T T

Fig. 13. Relative metabolic activity (resazurin test) of hFOB1.19 cells in me-
dium L-15 after 1 day of incubation with undiluted extracts of the materials.
The error bars express the sample standard deviation of 3 replicates used for
each type of material. The normative limit represents 70 % of the metabolic
activity of the unaffected control.

4. Discussion
4.1. Microstructure

Mechanical alloying is a well-known technique to form metastable
alloys with a high volume of a solid solution for elements that exhibit
limited solubility in the matrix [42]. The maximum equilibrium solu-
bility of magnesium in zinc is approximately 0.27 at.% for a temperature
of 364 °C [2] and it declines with decreasing temperature with the
solubility of 0.02 at. % at 25 °C [7]. We found that after high-energy
milling for 8 h at 800 RPM, all magnesium (2.6 at. %) was almost
completely dissolved in the Zn matrix, and no Mg>Znj; or other MgyZny
intermetallic phases were observed in the microstructure of the MA
powder. However, the powder in presented conditions shows itself as
inappropriate for subsequent processing by extrusion leading to strong
cracking and tearing. This is probably related to the accumulation of Mg
at grain boundaries and oxide particles leading to the loss of material
ductility.
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A shorter time of mechanical alloying at 800 RPM for 4h was here
selected as suitable to prepare Zn-2.6Mg(4h) and Zn—2.6Mg—0.6Ag(4h) asa
powder precursor for subsequent extrusion. Such powders contained
thermodynamically stable MgsZn;; phase with a size below 1 pm,
therefore, significantly lower compared to the conditions in conven-
tionally prepared materials.

In the as-cast state, the Mg,Zn;; phase occurs in an eutectic mixture
with Zn and forms a network at the n-Zn grain boundaries. After
annealing, the eutectic phases are separated to decrease the Gibbs free
energy of the system. As a result, particles with a size of several tens of
micrometers distributed at grain boundaries are formed [3,43].
Although such coarse intermetallic phases can be further broken down
by suitable thermomechanical or severe plastic deformation processing
in the particles of a sub-micron size, they usually remain aligned into
bands parallel with the direction of the shear stress applied during the
treatment of the material, which can subsequently result in inhomoge-
neous deformation and environment-caused degradation [11,37,44].
This is important for mechanical properties while generally coarse
Mg,Zny; can be a source of stress accumulation inside the material
facilitating early fracture. The controlled temperature of the milling
process (below 50 °C), the addition of stearic acid, and the incorporation
of oxide particles in the microstructure during the process supported the
creation of powders with a grain size of 480 and 520 nm for
Zn-2.6Mg“? and Zn-2.6Mg-0.6Ag™*Y, respectively (evaluated from XRD
data by Rietveld analyses). This is in good agreement with our theo-
retical predictions based on a literature review, which are explained in
the next paragraph in detail.

Burmeister et al. [45] investigated the characteristics of high energy
ball milling using an Emax mill. Although they used slightly different
powder/balls ratio, batch and different milling times, we can estimate,
according to their results that the normal collision energy between two
balls could be approximately 107> J, collision frequency about 103 s 1.
The total energy (E) introduced by ball collision is further estimated by a
simple equation:

3

This results in the total deformation energy of approximately 7.2 kJ.
Dividing by powder volume (4.2 ml), energy density, which is approx-
imately equal to the deformation stress, is received [46]. Subsequently,
the deformation stress (o) can be substituted in the following equation
for the estimation of minimum grain size obtainable by severe plastic
deformation, where continuous dynamic recrystallization driven by
dislocation slip is expected as the main recrystallization mechanism. The
equation and all used constants are adopted from the work of Pinc et al.
[11].

E = Energy_collision*frequency_collision*N_balls*time

Fig. 14. Antibacterial activity expressed as colony numbers: a) E. coli and b) S. epidermidis (in %) compared to negative (unaffected) control after incubation with the
materials. The error bars represent the standard deviation of three samples of each type. Differences from the negative control are indicated by an asterisk (one-way
ANOVA followed by Dunnett’s test),* stands for p < 0.05, ****stands for p < 0.0001.
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For our estimations, we considered basal slip as the deformation
mechanism and the material constants for pure zinc were used. The
estimated minimum grain size obtained by this approach was approxi-
mately 300 nm. Considering the simplification included in the predic-
tion approach, the obtained value is very close to the experimental ones.
The grain size evaluated by XRD includes the subgrains bounded by
dislocation walls and low-angle boundaries. Therefore, the grain size
obtained by EBSD can be larger. Although, due to the low recrystalli-
zation temperature of zinc and rather close value of grain size evaluated
for compacted materials we consider this value as reliable. Even after
compaction by extrusion, ultrafine-grained materials without porosity
and with an average grain size of 720 and 740 nm for Zn-2.6Mg“*" and
Zn-2.6Mg-0.6Ag™Y, respectively, were achieved. The TEM observations
have shown presence of many grains and subgrains with a size (evalu-
ated in the normal direction to the extrusion axis) in the range 50-150
nm. The size of secondary phases ranged mainly between 10 and 30 nm
and the sum of their volume fractions was approximately 5.7 vol%
(calculated from XRD results and theoretical densities of the individual
phases). Using the following equation (5),

C

f

d= %)

6

where c is dispersoid (secondary particles) diameter and f its volume
fraction and considering the mean dispersoid diameter of 20 nm, the
minimum grain size stabilized by the dispersoids is calculated [47]. This
calculated as called Zenner grain size corresponds to 60 nm, whichisina
good agreement with our observations and further supports our theory
that the secondary particles are responsible for maintaining the fine
microstructure after the processing at 200 °C.

Due to the low recrystallization temperature of zinc, it is challenging
to achieve grain sizes smaller than a few pm by conventional up-to-
bottom techniques. Although a rather high extrusion temperature of
200 °C was selected, no significant coarsening of the grains was
observed due to the procedures’ short duration and the pinning of the
grain boundaries by the presented oxides and Mg2Zn;i; intermetallic
phases. The particle (Smith-Zener) pinning is a common phenomenon in
polycrystalline materials containing secondary phases and assuming
some simplifications, it can be described as follows. In a closed system,
the growth of certain grains must be accompanied by the shrinkage of
other ones. If the grain boundary meets two precipitates, it stacks in
those two points, while its rest is further moving to decrease the inter-
face energy of the system and resulting in the straightening of the grain
boundaries between the precipitates, reaching a stable state and sup-
pressing further grain growth or shrinkage. As a result of a such process,
equiaxed grains of a bimodal grain size distribution can be expected in
the microstructure [48]. As is clearly visible in Fig. 4, both materials
consisted of equiaxed grains with a bimodal size distribution and fine
particles at the grain boundaries (Fig. 9) were observed by TEM and
APT. This strongly supports our claim that particle pinning plays a very
significant role in maintaining the ultra-fine microstructure after the hot
extrusion.

Concerning other manufacturing techniques, only hydrostatic
extrusion has been used to reach highly fine-grained material with a
grain size of approximately 700 nm in the transverse direction and 1 pm
in the extrusion direction [49]. The extrusion is also known to produce
an anisotropic, directional, and highly textured microstructure in zinc
alloys. In our case, no sharp texture components have been obtained for
both extruded materials (Fig. 7). In crystallographic terms, a value of
maximum intensity below 2 suggests that the grains have only a slight
preference for certain orientations compared to a completely random
distribution, where the maximum would be close to 1. We expect that
the main reason is the presence of fine intermetallic phases and oxide
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particles, which enable particle-stimulated recrystallization and, at the
same time, block the movement of the formed grain boundaries (Fig. 9).

To verify the recrystallized condition of the microstructure of
extruded samples, the grain necessary dislocation map (GND) has been
calculated using AZtecCrystal software and considering the slip in basal
planes, which is the dominant slip system in hep Zn (Fig. 15). These
observations confirm that the grain interiors exhibit minimal strain, as
evidenced by a low geometrically necessary dislocation (GND) density,
approximately 10'* m~2, In contrast, the grain boundaries demonstrate
significant dislocation accumulation, represented by green regions,
indicating that the grain interiors remain largely undeformed.

There exist technologies to form extremely fine-grained microstruc-
tures of Zn-based alloys, which rely on the effect of severe plastic
deformation and dynamic recrystallization with the necessity of block-
ing particles to prevent grain coarsening. However, these materials were
generally characterized by poor homogeneity, high porosity, excessive
coarse oxide particles or strong texture. Zn-7.7Mg (at. %) alloys pre-
pared by melt spinning technique using hot extrusion are characterized
by non-homogeneous grain size distribution in the range from 100 nm to
4 pm and a network of oxides, which negatively affected mechanical
behavior, especially the ductility of these materials [43]. Significant
grain refinement can also be achieved by severe plastic deformation
methods, including equal channel angular pressing (ECAP) [11,44],
where the material is repeatedly pressed through a specific angle leading
to intense plastic deformation. A Zn-4.2Mg (at. %) alloy produced by 4
ECAP passages at 150 °C resulted in zinc grain size and MgeZny; size of
about 390 nm and 510 nm, respectively; however, the alloy possessed
relatively poor elongation to fracture (5 %) related to the extremely
strong material’s texture [49]. The nano-grained (grain size 590 + 60
nm) Zn-Mg alloys prepared by high-pressure torsion (HPT) are limited
to a small volume of the resulting material and have high inhomogeneity
of chemical and phase composition [50]. In the presented work, we have
shown that an appropriate plastic deformation by the combination of
MA and extrusion may lead to materials with dense and
ultrafine-grained microstructure, where both Mg,Zn1; and oxide parti-
cles help to increase microstructure stability and suppress the strong
texture formation.

4.2. Mechanical properties

The mechanical properties of the prepared materials are affected by
several main factors — the strengthening effect of grain boundaries, solid
solution strengthening of zinc matrix by magnesium, the strengthening
effect of intermediate phases (oxides, MgoZny;, e-phase in Ag-Zn sys-
tem), material texture, and residual stresses.

Both extruded materials were characterized by very similar average
grain sizes close to 700 nm suggesting this contribution to be equivalent.
The relationship between yield strength and grain size may be described
based on the unified model considering grain boundary sliding [51]. In
this equation, G represents the shear modulus, k is the Boltzmann’s
constant, b is the Burgers vector, & is the grain boundary width, ¢ is
deformation rate, Dgp, represent grain boundary diffusion coefficient, T is
thermodynamic temperature, and d; is the grain size.

éd?

In (25ng + 1)

To a first approximation, we can consider the behavior of materials
according to the formula for pure Zn. This is reasonable due to the
almost negligible content and low concentration of Mg and Ag, respec-
tively, in solid solution. Subsequently, the calculated value for
strengthening by grain boundaries would be approximately 186 MPa for
both extruded alloys [51].

According to Chen et al. [52] Mg has a low strengthening effect in
zinc. Therefore, the strengthening contribution by solid solution is
considered to be 38 MPa representing an intrinsic value for pure zinc. In
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Fig. 15. Geometrically necessary dislocation (GND) map for: a) Zn-1.6Mg“" * EX; a) Zn-1.6Mg-0.6Ag“M + EX,

Zn-2.6Mg-0.6Ag alloy, Ag is further dissolved in zinc solid solution,
however the strengthening effect with Ag content below 0.6 at % is
rather small (=15 MPa) [52].

The role of the residual stresses and texture is expected to be minor.
As it was shown in Fig. 15, the materials are in recrystallized conditions,
and therefore, no strong effects of internal stresses can be expected.
Furthermore, a rather weak texture was observed. Therefore, residual
strengthening contribution (55 MPa for Zn-1Mg and 72 for
Zn-1Mg-1Ag) is assessed to the effect of phases (oxides, MgsZny,
e-phase in Ag-Zn system). These phases can be divided into two groups.
The first group is represented by phases predominantly distributed at
grain boundaries and also bigger Mg»Zn;; phases of similar size
compared to the grains (<1 pm). In these cases, the strengthening effect
can be overlapped with grain boundary strengthening. Although other
intermetallic phases exist in the Zn-Mg system - MgZn, MgZny, Mg7Zns,
and Mg,Zng [53], none of these were observed in the microstructure or
identified using XRD and APT. MgyZn;; (space group - Pm-3, 330
HVO0.01) [50] has a cubic structure, but the surrounding zinc matrix is
hexagonal and the lattice parameters are highly different. For these
reasons, we expect that the interface between Zn and MgsZn;; will be
semi-coherent or incoherent and the Orowan bypassing mechanism will
contribute to the strengthening [54]. Another group is characterized by
the presence of small MgyZny intermetallic precipitates (<35 nm) het-
erogeneously distributed within the Zn grains. These precipitates could
not be crystallographically assigned to any known phases in the Zn-Mg
system and may represent a metastable state during the formation of the
thermodynamically stable Mg,Zn,; phase. The presence of these meta-
stable phases may induce localized stress variations across different
grains under mechanical loading [55], potentially contributing to the
observed variations in elongation to fracture under specific sample
conditions.

The extrusion of Zn-2.6Mg resulted in the redistribution of oxides
initially presented on the surface of the powder particles into the bulk
material as finer oxide particles, with sizes in the range of hundreds of
nanometers. XRD analysis confirmed the presence of MgO as a primary
oxide phase, while advanced characterization techniques, such as TEM
and APT, revealed the presence of Zn coexisting with Mg and O in
specific microstructural features. This observation suggests the potential
formation of mixed MgO/ZnO phases, as well as intermetallic phases
with oxide layers on their surfaces.

The presence of MgO can be attributed to the high chemical affinity
of magnesium for oxygen, driving Mg atoms from the solid solution
towards oxygen atoms or molecules during the processing. This leads to
the formation of MgO and potentially mixed Mg/Zn oxide phases. The
mechanical contributions of these oxides remain challenging to quantify
due to the complexity of their distribution and interactions. However,
their preferential localization at grain boundaries is hypothesized to
play a critical role in inhibiting excessive grain growth and stabilizing
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the ultrafine-grained microstructure.

In reaction to the state-of-the-art mechanical performance and
microstructure analyses of Zn-Mg-based alloys, we bring the powerful
material with one of the smallest stable grain sizes observed for zinc
alloys and high elongation (~12 %) together with high UTS (435 MPa).
It is worth mentioning that this was even overcome by Jarzg¢bska et al.
[49] by processing as-cast Zn-2.6Mg by hydrostatic extrusion (Table 5.).
Furthermore, Lin et al. [56] used novel way of Zn-Mg production while
combining small Zn sheets with Mg powder in layers with subsequent
accumulative rolled bonding (ARB). This procedure with 15 repetition
of ARB led to the highest combination of TYS (540 MPa), UTS (560 MPa)
and elongation to fracture (13 %) observed up to date for Zn-based al-
loys. These materials strongly differ in microstructure form studied
materials by specific elongated grains and sharp texture in rolling di-
rection, which may affect the mechanical properties. Mechanical prop-
erties of further Zn-Mg alloys with nominal content of Mg close to 2.6 at.
% are shown in Table 5, while detailed information about other close
materials with more complex chemical composition can be find in the
review performed by Ji et al. [3].

The promising concept of our technology lies in the weaker mate-
rial’s texture and more uniform distribution of intermetallic phases and
oxides in the microstructure. Because of those differences, more uniform
and isotropic deformation and suppression of grain coarsening during

Table 5
Comparison of mechanical properties of Zn-Mg alloys prepared by different
procedures.

Material (composition in at. oTYS oUTS & [%] Source
%) [MPa] [MPa]

Zn-2.6Mg“M + B 280 386 12 This

work

Zn-2.6MgR 190 240 12 [49]
Zn-2.6Mg" 180 340 6 [49]
Zn-2.6Mg"E 316 435 35 [49]
Zn-2.6Mg® - 147 1.5 [571
Zn-2.6Mg° 114 138 1 [58]
Zn-2.6MgR 217 226 12.5 [58]
Zn-2.6Mg" 236 315 6.7 [59]
Zn-2.6Mg" 180 215 18.5 [60]
Zn-2.6Mg" 222 311 0.9 [29]
Zn-2.6Mg" 289 320 32 [61]
Zn-2.6Mg"® 383 482 23 [29]
Zn-2.6Mg" * } 222 260 11.0 [62]
Zn-2.6Mg"E 365 480 249  [63]
Zn-2.6Mg"P5F 74 126 3.6 [64]
Zn-2.6Mg-*5F - 381 4.2 [65]
Zn-2.6Mgt™ ARB 540 560 13 [56]

C - casting, E — extrusion, R - rolling, RS - rapid solidification, HE — hydrostatic
extrusion, MA — mechanical alloying; LPBF — laser powder bed fusion; CM, ARB —
composite materials, accumulative roll bonding.
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the loading at elevated temperatures can be expected. In the case of fine-
grain materials, the fine particles at the grain boundaries can also hinder
deformation by grain boundary sliding. These together can help to
suppress the anisotropy of mechanical properties and low-temperature
creep.

Mechanical behavior of zinc and its alloys is very sensitive to tem-
perature changes due to their low melting point. For pure Zn, the body
temperature is about 0.45 of melting point and especially in the case of
the materials with grain size in the submicron range, grain boundary
sliding should be considered as a possible deformation mechanism [66].
Therefore, we performed the tensile tests at 37 °C, which is a tempera-
ture of human body environment. As a reference material, we used a
Zn-Mg-Sr alloy prepared by a common, up to bottom way and pos-
sessing grain size of several micrometers. Such grain size was found to be
fine sufficiently to suppress twinning, while maintaining resistant to the
grain boundary sliding [37]. It is obvious in Fig. 10a, Fig. S5 — supple-
mentary file and Table 3, that the strengthening behavior of all materials
and at both temperatures followed the same trends. This suggests that
the main deformation mechanisms are the same in all cases. The main
difference was observed in the value of strain hardening coefficient of
powder metallurgical and commonly prepared alloys. This coefficient
ranged between 0.05 and 0.06 for the Zn-Mg-Sr alloy, while it reached
values near to 0.2 for the materials produced by powder metallurgy.
Strain hardening coefficient of several hundredths is commonly
observed for Zn-based extruded alloys [67]. The high strain hardening
coefficient of the powder metallurgical materials should be treated with
a care, because it was very difficult to evaluate it due to the narrow
interval of plastic strengthening. Although to describe the deformation
mechanisms in the individual materials is beyond the scope of this
article, the shapes of the obtained curves and their quantitative simi-
larity suggest that in all cases dislocation slip is the main deformation
mechanisms; however, a contribution of grain boundary sliding, re-
covery or recrystallization cannot be excluded.

4.3. Corrosion behavior

The addition of silver has a significant effect on the corrosion
response of the material. When the rate of degradation in the initial part
of the exposure is compared, the addition of silver leads to an order of
magnitude increase, which results in more preferentially corroding sites
and in a more uniform attack with increased silver content in these sites.
In the case of Zn-2.6Mg-0.6Ag“™ * EX surface dissolution also occurred
in areas that were otherwise likely to be completely blocked by a barrier
layer composed of corrosion products and adsorbed biochemical com-
ponents. However, due to the gradual blocking of preferential sites both
externally by fibrous deposits and internally by the formation of insol-
uble barrier products, there was a slowing of the overall corrosion rate to
11 pm/year, which is low for millimeter-sized implants used in bone
implantology but may be sufficient for biodegradable stents. Based on
data from the literature, EDS and EIS results supported by thermody-
namic simulations (Table S3, Figure S6 and Figure S10 - supplementary
file), a very complex system of possible insoluble zinc corrosion products
in a complex body medium is evident under static conditions, where
oxides/hydroxides, hydrated chlorides/hydroxides, carbonates, phos-
phates can be formed [40]. This effect also applies in the case of the alloy
containing 0.6 at% of Ag, where there is an increase in the frequency of
attacked sites. This results in a uniform attack, associated with a shift in
the equilibrium of corrosion products from basic chlorides to phos-
phates, which is associated with the precipitation of Ca-P based com-
pounds known for their biocompatibility. This effect is likely attributed
to a different initial interfacial response, where in the silver-containing
alloy the formation of more substantial degradation products based on
oxides/hydroxides is promoted, thereby limiting the potential blocking
effect of the adsorbed organic component. When comparing the surface
appearance of the alloys after corrosion testing, it is evident that the
silver-free alloy exhibits only a slightly altered grinding pattern across
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most of the surface, whereas the silver-containing alloy shows a more
pronounced modification of this pattern. This is related to the presence
of corrosion products, both over the general surface and frequently in
the form of macroscopic deposits. Such observation is consistent with
degradation experiments on zinc and its silver-containing alloys in the
presence of organic components — typically under in vivo conditions —
where a significantly greater amount of corrosion products is observed
for silver-containing zinc alloys. According to EDS mapping, these
products predominantly consist of zinc and oxygen [53,54].

4.4. In vitro biological behaviour

Materials synthesized via powder metallurgy were evaluated for
cytotoxicity and antibacterial efficacy. In a previous study, extracts of
these materials were tested in various media using two cell lines, L929
and hFOB 1.19, using a surface-to-volume ratio of 0.875 cm? mL™. The
undiluted extracts demonstrated significant toxicity, nearly eliminating
the metabolic activity of both cell lines. However, a two-fold dilution of
the extracts restored metabolic activity in hFOB 1.19 cells to levels
exceeding the normative threshold [68].

In this study, the L-15 medium was employed as an alternative
environment for investigating the corrosion behaviour and biological
response of biodegradable zinc-based alloys. The extracts prepared in L-
15 medium, using a reduced surface-to-volume ratio of 0.25 cm? mL ™},
showed no cytotoxic effects. This observation is attributed to the lower
concentration of Zn?* ions in the medium, as well as the high amino acid
content of L-15, which binds Zn®' and mitigates direct cellular
interactions.

The antibacterial activity of the materials was assessed using
Escherichia coli (Gram-negative) and Staphylococcus epidermidis (Gram-
positive) as representative microorganisms. Notably, the Zn-2.6Mg-
0.6Ag™M + EX sample exhibited a significant reduction in the colony
count of S. epidermidis. This effect may be due to the higher sensitivity of
S. epidermidis to Ag, as observed in our prior studies [68,69]. Further
investigations into the behaviour of zinc alloys in L-15 medium
compared to other environments are ongoing and will be reported
separately.

5. Conclusions

Zinc-magnesium-(silver) materials were successfully prepared by
powder metallurgy methods, including MA and extrusion. Combining
these methods significantly affects materials’ properties, leading to the
following conclusions.

1) Mechanical alloying of Zn-Mg and Zn-Mg-Ag for 4 h led to the
formation of ultrafine-grained microstructure with Mg,Zn;; phase
and oxide particles containing both Mg and Zn.

2) Prolonged mechanical alloying (8 h) leads to the enhanced dissolu-
tion of Mg in zinc solid solution.

3) Ultrafine-grained microstructure preserved for Zn-1Mg and

Zn-1Mg-1Ag“M * EX consolidated materials with a grain size of

~700 nm. Mg»>Zn1; phases were observed as particles with size below

150 nm and larger ones below 1 pm.

Extruded materials contained fully recrystallized microstructure and

weak crystallographic texture located on the right side of the inverse

pole figure triangle.

The extruded materials demonstrated a balanced combination of

mechanical properties, with Zn-1Mg and Zn-1Mg-1Ag alloys

achieving yield strengths of 279 MPa and 311 MPa, ultimate tensile

strengths of 376 MPa and 435 MPa, and elongations to fracture of 12

% in both cases.

The TYS and UTS of Zn-1Mg dropped about 12 and 15 % at 37 °C,

respectively. Obtained values of 246 MPa and 329 MPa still make the

material interesting for further corrosion and biological studies
related to applications like bioabsorbable medical devices.
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7) Silver presence in alloy supports the antibacterial effect towards
S. epidermidis.
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