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ARTICLE INFO ABSTRACT

Keywords:

Zinc alloys belong to the widely studied materials for applications like medical devices, however, they often

Zinc encounter an inappropriate combination of mechanical/corrosion/biological properties. In this respect, we
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Extrusion

Powder metallurgy

produced the Zn-1Mg and Zn-1Mg-1Si containing biologically friendly elements with potential strengthening
effects on zinc matrix by powder metallurgy methods including mechanical alloying, spark plasma sintering, and
extrusion further enabling the formation of materials with unique extremely fine-grained microstructures. The
systematic study of these materials showed the possibility of reaching homogeneous nano-grain microstructure
and high strength values exceeding 450 MPa in tension. Selected chemical composition and processing methods

led also to slightly decreased wear and corrosion rates and rather uniform corrosion.

1. Introduction

Researchers are currently developing new biodegradable metals to
address the limitations of traditional implant materials. These new
materials aim to mitigate issues such as stress shielding, which can lead
to bone degradation and implant loosening, as well as the release of
potentially harmful ions such as aluminum, vanadium, chromium, and
nickel due to wear or corrosion. The goal is to create materials that
support tissue regeneration and dissolve completely after the regener-
ative process has occurred [1-4]. Additionally, it is important that the
by-products of these materials are able to be metabolized by the body
without causing any harmful reactions [5]. Despite a variety of materials
being studied for these purposes, research has primarily focused on

* Corresponding author.

essential elements such as iron, zinc, magnesium, and their alloys [1-5].

Of the biodegradable metals being studied, zinc has been found to
have ideal corrosion resistance compared to magnesium or iron and
excellent biocompatibility [5]. However, it has been repeatedly found to
have inadequate mechanical properties for medical applications [2]. To
address this issue, researchers have been exploring the use of alloying
elements such as magnesium [6,7], manganese [8], copper [9,10],
lithium [11,12], etc. to improve the mechanical properties of zinc.
Alloying elements may cause the strengthening of the solid solution or
precipitated intermetallic phases. Additionally, thermomechanical pro-
cesses such as rolling [13,14], ECAP (equal-channel angular pressing)
[15], extrusion [16,17], etc. have been used to improve the mechanical
properties of zinc enabling the reduction of grain size and redistribution
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of intermediate phases in the microstructure [18].

In the presented study we tended to improve the mechanical prop-
erties of zinc by combination of alloying with Mg and Si and processing
of materials by powder metallurgy methods. Magnesium was selected as
a key alloying element due to its excellent biocompatibility and its
overall strengthening effect on the alloy through the precipitation of
hard intermetallic phases such as Mg,Zn;; and MgZn, [19]. However, it
was found that the addition of more than 1 wt% of magnesium can lead
to a significant decrease in elongation due to the increased amount of
brittle intermetallic phases [20] making Zn-1Mg a widely studied and
recommended binary alloy [21-23]. Silicon, on the other hand, is a trace
element in the human body that positively affects bone calcification and
the generation of the intracellular matrix [24,25]. Studies have shown
that silicon-doped materials can increase cell surface adhesion and
enhance bioactivity, which is thought to be due to the reaction with
water inside the human body. This leads to the formation of Si-OH
groups that can induce apatite formation [25]. Unlike magnesium, sili-
con does not form a solid solution with zinc or intermetallic phases, but
it may act as a reinforcement within the microstructure, increasing
abrasive properties and creep resistance [26]. Besides, when combined
with magnesium, silicon generates the MgySi intermetallic phase
enabling it to prevent slip at grain boundaries and improving the creep
resistance. The use of hard particles as a reinforcement and preparation
of zinc composites containing SiC [27], SiC whiskers [28], and ZrO, [29]
as reinforcements has been studied in the literature with positive results
on mechanical properties, grain-refinement, and bioactivity. A compa-
rable approach to enhance the mechanical properties was employed for
Mg-based biodegradable glasses by incorporating reinforcements such
as SnZn [30] or pure Fe [31,32]. These composite materials, prepared by
combination of powder metallurgy processes and spark plasma sinter-
ing, exhibit enhancements in both strength and elongation, achieving
improvements of tens of percentages compared to the original [30-32].

Both the alloying elements are poorly soluble (Mg) or not soluble (Si)
in the zinc. Therefore, mechanical alloying has been selected for mate-
rials production allowing to increase the solubility of selected elements
in zinc over equilibrium conditions. Such conditions are more favored
from the point of homogeneous uniform degradation. Furthermore,
extremely fine-grained homogeneous microstructures with various in-
termediate phases may be formed during this process [33-35]. To pre-
serve such conditions of powder precursors also for compact materials, a
fast compaction technique - Spark Plasma Sintering (SPS) [36,37] has
been selected with subsequent extrusion enabling to densifying of the
material and affecting phase distribution. The effectiveness of these
methods has been previously confirmed in studies on Zn-1Mg (wt. %)
alloy, where the microstructure contained grains and intermetallic
phases with a size of several hundreds of nanometers [38].

2. Materials and methods
2.1. Materials processing

In this study, Zn-1Mg-1Si (wt. %) and Zn-1Mg (wt. %, reference
material) were prepared by mechanical alloying using pure zinc powder
(99.9 %, particle size <149 pm, Thermo Fisher Scientific), pure mag-
nesium (99.8 %, particle size <44 pm, Alfa Aesar), and pure silicon (99.5
%, particle size <44 pm, Thermo Fisher Scientific) as the input mate-
rials. To prevent the agglomeration of powder particles during milling,
0.03 g of stearic acid was added to all selected compositions. For longer
milling times (8 h), the process was divided into two segments (4 h + 4
h) with the same amount of stearic acid added in both segments to
prevent sticking of the powder to the milling vessel, decreasing the ef-
ficiency of the milling process. The powder mixtures were mechanically
alloyed under various conditions (Table 1). The weight of the input
powder mixture was 30 g. The milling was performed in ZrO, vessels
under an argon-protective atmosphere (purity 99.95 %) in a Retsch E-
Max milling machine with 800 rotations per minute (RPM). The reverse
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Table 1
Conditions of mechanical alloying.

Composition Rotation speed Time [h] Diameter of the milling balls [mm]
Zn-1Mg-1Si 800 0.5 10

Zn-1Mg-1Si 1 10

Zn-1Mg-1Si 2 10

Zn-1Mg-1Si 4 10

Zn-1Mg-1Si 8 5

Zn-1Mg-1Si 8 10

Zn-1Mg-1Si 8 15

Zn-1Mg 8 15

rotation mode was selected with changes in rotation direction every 10
min. The mill is equipped with a water-cooling system enabling it to
keep the temperature of the process low (the temperature of the cooling
medium was maintained between 30 and 50 °C). The milling balls were
composed of ZrO, while the ball-to-powder weight ratio was equal to
5:1.

In the mechanical alloying process, the size of the milling balls can
impact the amount of energy generated inside the vessels during their
collision. This energy can be calculated for E-max mills using equations
that consider parameters such as the deformation energy for the colli-
sion of grinding balls (E¢ — R1) and the angular speed (op — R2) [37,39].

[7.66.1072 @ R} @ p°© o E*%] @ d} @ )2
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(RD)
c

2emen

0 (R2)
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In these equations, the variable Rq represents the distance between
the center of the disk to the second one (0.11 m), p denotes the density of
the material of the milling balls (5730 g/cm®), E represents the modulus
of elasticity of the material of the milling balls (1,75.10'! Pa), dj rep-
resents the diameter of the milling balls, ¢ reflects the surface density of
the powder that was adhered to the milling balls (approximately 0.1 kg/
mz), and n represents the rotations per minute value [37,39]. The
calculated results are presented in Table 2.

Prepared powders were studied by diffraction methods. The X-ray
diffraction (X'Pert3 Powder instrument in Bragg-Brentano geometry
using a Cu anode - A = 1.5418, V = 40 kV, I = 30 mA) was used for the
determination of phase composition. The particle size distribution was
measured by laser diffraction (MasterSizer 3000, Malvem Panalytical,
UK). The powders were measured in liquid (water). The machine was
equipped with a Hydro LV unit filled with distilled water dispersant, and
the measured suspension was stirred at 3000 RPM. A built-in ultrasound
unit was not used. It was found that its usage during measurement has
negligible effect. Powders were measured by red and blue light of
wavelengths 633 nm (He-Ne laser, 4 mW) and 470 nm (LED, 10 mW)
each for 30 s. Data were evaluated in the Mastersizer 3000 v 3.50
software using the Fraunhofer scattering model.

The selected mechanically alloyed powders were then consolidated
using the Spark Plasma Sintering (SPS) method (FCT System HP-D 10)
under an argon atmosphere (purity 99.95 %) at a temperature of 300 °C
and a pressure of 80 MPa for 10 min using a graphite die. The heating
rate was set at 100 K/min. For comparison of the effect of the alloying
elements, pure zinc powder was also sintered at similar conditions. The
consolidated samples had a cylindrical shape with a diameter of 20 mm.
These compacts were further processed by extrusion at 200 °C, 1 mm/

Table 2
Calculated angular speed and deformation energy based on milling parameters.

Size of milling balls Angular speed wq4 [rad/ Deformation energy Ec

[mm] s] [kJ]
5 84 311
10 84 622
15 84 933
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min, and extrusion ratio (ER) equal to 10.

The designation of the selected alloys used throughout the paper and
their processing parameters are listed in Table 3. The parameters for the
mechanical alloying were selected with the aim of obtaining powders of
fine-grained microstructure, desired particle size, low contamination,
and a minimalized content of intermetallic phases. The conditions for
spark plasma sintering were selected in agreement with our previous
research [37,38].

2.2. Microstructure

The microstructure of the prepared materials was characterized
using optical microscopy (Olympus PME3) and scanning electron mi-
croscopy (SEM — TESCAN VEGA 3 LMU) equipped with an EDX analyzer
(OXFORD Instruments AZtec) and EBSD (OXFORD Instruments Aztec
Crystal). Samples were first ground on SiC grinding papers (P400 —
P2500), and subsequently polished using diamond paste D2 (UR-dia-
mant) and Eposil Non-Dry suspension. For EBSD measurements samples
were further electrochemically polished in solution ethanol and phos-
phoric acid in volume ratio 1:1. Stainless steel was used as a counter
electrode and polishing was performed at a voltage of 4 V at —15 °C for
approximately 10 min. After polishing, the samples were rinsed by
ethanol and demineralized water. During the EBSD measurement, the
binning was set to x4, accelerating voltage was 20 kV and current 32 nA.
The step size was chosen to be 50 nm. EBSD analysis was performed
using an FEI 3D Quanta 3D field-emission-gun DualBeam scanning
electron microscope equipped with an EBSD detector TSL/EDAX Hikari.
The phase composition was determined using X-ray diffraction. The size
of the grains, intermediate phases and Si particles was evaluated using
image analyses in combination with the results from SEM. The distances
between the two parallel lines in the longest and shortest directions that
restrict the object from its edges were evaluated and an average of these
values for each grain, or intermetallic phase is subsequently presented.
At least 200 measurements have been performed for all characterized
components. Grain size was also measured by EBSD analysis. Results
were presented as an equivalent diameter, which is a hypothetical
measure representing the diameter of a particle as if it had a simple,
cylindrical shape with the same characteristics. The microstructure de-
tails were examined using a transmission electron microscope
(TEM—EFTEM Jeol 2200 FS, operating at an accelerating voltage of
300 kV, equipped with LaB6, Jeol GmbH, Tokyo, Japan). Initially, thin
strips with a thickness of <100 pm were created through grinding and
subsequently thinned using Gatan’s PIPS polishing system with Ar ions
(Gatan, Pleasanton, CA, United States).

2.3. Mechanical properties
Mechanical properties of materials were studied through measure-

ments of hardness, tribology and tensile tests. Microhardness (HV1) was
analyzed using a Future-Tech FM-100 machine with a load of 1 kg.

Table 3
Designation of studied materials according to their processing conditions.
Marking Chemical Mechanical SPS Extrusion
composition alloying
Zn’PS? Zn - 300 °C, -
80 MPa
Zn-1Mg5™s Zn-1Mg 800 RPM, 8 h, 300 °C, -
15 mm 80 MPa
Zn-1Mg5Ps + Ex Zn-1Mg 800 RPM, 8h, 300 °C, ER 10,
15 mm 80 MPa 200 °C
Zn-1Mg-1Si°S Zn-1Mg-1Si 800 RPM, 8 h, 300 °C, -
15 mm 80 MPa
Zn-1Mg-1Si°S Zn-1Mg-1Si 800 RPM, 8 h, 300 °C, ER 10,
+ Ex 15 mm 80 MPa 200 °C

@ Spark Plasma Sintering performed on commercial zinc powder (99.9%,
particle size <149 pm, Thermo Fisher Scientific).
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Tensile test were performed on universal mechanical test machine
LabTest Instron 5882. Samples for tensile test were prepared only for
extruded samples with cylinder shape. The specimens had a total length
of 60 mm and specific dimensions are evident from the drawing (Fig. 1).
Strain rate was set at 0.001 s~ 1. Tribology tests were conducted using an
oscillating method on TRIBOtester (Tribotechnic). The samples were
first ground, polished (using diamond paste D2 and Eposil Non-Dry
suspension), and cleaned with ethanol before the wear test. The pa-
rameters for the measurement were selected as: excentre = 5 mm,
sliding speed = 10 mm/s, normal load = 1 N, sliding length = 20 m. An
Al,0O3 ball was used as the static partner.

2.4. Corrosion properties

In order to evaluate the corrosion behavior of the alloys, selected
materials were exposed to Leibovitz medium L-15 (Biowest) simulating
the conditions in human organisms, for a period of seven days. The
medium contains both an inorganic component simulating the ionic
aggressiveness of blood plasma and a biochemical component, including
amino acids and vitamins. The comparison of key components concen-
tration with other corrosion media is shown in Table 4). The buffering
capacity of this electrolyte does not depend on the concentration of CO5
in the atmosphere and was sufficient to maintain a constant pH of 7.4
throughout the whole exposure. The protein component was supplied in
the form of an addition of 5 % fetal bovine serum, and resistance to
microbial contamination was ensured by the addition of 1 % antibiotic/
antimycotic solution (both from Sigma-Aldrich). The measurements
were carried out at 37 °C in a PTFE cell with an o-ring between the cell
and the vertically oriented sample. The materials were ground (FEPA
P2500) and degreased with ethanol immediately before exposure.
Electrochemical monitoring was performed using non-destructive
techniques, including open circuit potential (EOC) and polarization
resistance measurements (Rp, +20mV/Eq¢, scan rate 0.125 mV/s). A
three-electrode setup was used with an Ag-AgCl reference electrode (3
mol/L KCl) and a glassy carbon counter electrode. Gamry Reference 600
potentiostat was used for the measurements. After exposure, the surface
of the sample was washed with water, ethanol, dried, and then studied
using the SEM.

3. Results
3.1. Powder analyses

In this study, powder mixtures were prepared under different process
parameters as listed in Table 5. The processed powders were then
compared based on their phase composition (XRD diffraction) and
particle size. The results indicate that various parameters of milling
(time, and size of the milling balls) significantly affect the refinement of
the powder particles. An increase in milling time leads to a significant
refinement of the powder particles due to the increased number of col-
lisions between powder particles and milling balls, which results in the
breaking of particles into smaller pieces. The results of the laser
diffraction are listed in Table 5 and Fig. 2. Dy(50) percentile value
represents the median of particle sizes obtained during particle size
measurement. The XRD analyses (Fig. 3) indicate the presence of the

sample - tensile test

«—R 3mm*
T T
1 $ 1 [ 5mm
i T T
1 ) | !
' ! : 5 mm !
e € >
15 mm ' 20 mm .

Fig. 1. Sample — Tensile test.
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Table 4
Ion concentration in corrosion media simulating human blood plasma.
¢ [mmol/1] Na* K* Mg+ Ca* cl- HCO* HPO* H2PO% S0F Others
Blood plasma 142 5 1.5 2.5 103 27 1 - 0.5 Amino acids, Vitamins, Proteins
PS (ISO 10993-15) 154 - - - 154 - - - - -
PBS (ASTM F2729) 157 4.46 - - 139.7 - 10 1.76 - -
SBF27 (Muller&Muller) 142 5 1.5 2.5 103 27 1 - 0.5 -
DMEM 155.3 5.3 0.8 1.8 119.3 44 0.9 - 0.8 A.C, V.
EMEM (Sigma M7278) 121.7 5.4 0.8 1.8 103.1 26.2 0.7 - 0.8 A.C, V.
L15 (Biowest L0300) 136.9 5.8 1.8 1.3 141.4 - 1.3 0.4 0.8 A.C, V.

Table 5
Powder characteristics after mechanical alloying.

Composition Milling time [h] Size of milling balls [cm] Dy(50) [pm]

Zn
Zn-1Mg-1Si

110.0 + 1.6
175.0 £ 2.5
91.3+ 2.0
71.7 £ 1.8
56.4 + 1.8
45.1 £ 2.2
68.7 + 2.8
76.7 = 2.6

,5

= T S R = |

1,5

Zn-1Mg 1,5

? Selected parameters for further material processing.

Mg,Zn;; intermetallic phase in prepared powders. We observed that the
increase in milling time leads to an increase in the solubility of mag-
nesium in the zinc matrix. After 4 h of milling, the content of the
Mg,Zn;1 phase was 4 wt % while after 8 h of milling, it was even below
1 wt %. Silicon, on the other hand, does not form any phases with zinc.
The combination of magnesium and silicon could potentially lead to the
formation of the MgsSi phase, but this phase was not identified by
selected analyses. An 8 h of milling led to the finest powders with the
most homogenous particle size distribution. The selected size of balls
equal to 1.5 cm generated the highest deformation energy, which sup-
ported the process of mechanical alloying and led to the dissolution of
the magnesium in the zinc matrix. Increased solubility was also observed
for the smallest (0.5 cm in diameter) milling balls due to a higher
amount of collisions during milling. However, an increased number of
milling balls (to preserve a 1:5 powder-to-ball weight ratio) resulted in
the contamination of powders by ZrO,. The same impurities were
observed for milling with 1 cm in diameter. Based on the results, the
parameters combining the longest milling time and largest milling balls
were selected for further material processing.

The chemical composition of the prepared powders was verified by

100 —
8h_1.5cm
8h_0.5cm
8h_lcm
4h

2h

1h

30min

o
=3
|

1

N
=
|

1

&
=)
|

Cumulative Volume [%]

)
s
|

0 T

X-ray fluorescence analysis and EDS analysis. The results are listed in
Table 6. Minor deviation from planned composition (Zn-1Mg,
Zn-1Mg-1Si) is related to the material losses of the Zn on the milling
vessels and balls.

The phase composition of compacted materials Zn, Zn-1Mg, and
Zn-1Mg-1Si, which were prepared using SPS or a combination of SPS
and extrusion, are presented in Fig. 4 and Table 7. These results indicate
that the phase composition of compacted materials is not affected by the
compaction technique in relation to the mechanically alloyed powders.

3.2. Microstructure

Powders with compositions of Zn, Zn-1Mg, and Zn-1Mg-1Si were
compacted using SPS. The prepared materials were characterized by a
fine-grained microstructure with an oxide shell remaining on the surface
of the original powder particles (Fig. 5). Both Zn-1Mg (Fig. 5A) and
Zn-1Mg-1Si (Fig. 5B) alloys displayed a fine, homogenous microstruc-
ture with minimal porosity. The microstructure was dominated by
equiaxed with the equivalent diameter below 1 pm. Silicon was pre-
served in the pure form with a wide range of particle size (ranged from
300 to 3000 nm with the peak values of particle size distribution close to
730 nm, Fig. 5B, white arrows) without the formation of any kind of
intermediate phases or the tendency to dissolve in the zinc matrix.

The distribution of elements in the Zn-1Mg-1Si alloy prepared by
spark plasma sintering (SPS) is shown in Fig. 6. Magnesium is homo-
geneously distributed throughout the sample in the form of a solid so-
lution in Zn or fine intermetallic phases (MgyZn11). Silicon is observed as
partially rounded particles that are rather randomly distributed within
the bulk material. However, the local concentration of particles may
slightly differ which decreases the overall material inhomogeneity.

The microstructure of samples prepared by a combination of spark
plasma sintering (SPS) and extrusion are displayed in Figs. 7-9. These
results are further supported by EBSD analyses (Figs. 11 and 12)
enabling confirmation of the grain size and orientation. During the

0.1

1

IIIIIII[ T

10

100

1000

10000

Size Classes [pm]|

Fig. 2. Particle size distribution of powders after mechanical alloying.
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Fig. 3. The X-ray diffractogram of powders prepared by mechanical alloying.

Table 6

Chemical analyses of prepared powders - X-ray fluorescence.
Composition Zn (wt. %) Mg (wt. %) Si (wt. %)
Zn-1Mg 98.8 1.2 -
Zn-1Mg-1Si 97.4 1.1 1.5

extrusion process the oxide shells are partially broken and intermetallic
phases (Mg2Znj;), oxide particles redistributed and arranged in rows
parallel to the extrusion direction (ED). The fine oxides generated by the
deformation of oxide shells and the once formed as in-situ oxide parti-
cles during mechanical alloying were spread within the material,

A\
A\Y

Intensity [a.u.]

primarily at the grain boundaries (Fig. 7 - white arrows, Fig. 9 — white
particles). Contrary to the zinc matrix and Mg,Zn1;, pure silicon did not
show any deformation or refinement during extrusion (Fig. 8) and
therefore achieved a similar particle size (peak values of particle size
distribution close to 700 nm) in extruded material like in the material
prepared by SPS. Overall, the microstructure of the extruded materials
was slightly different. The grain size evaluated from EBSD measure-
ments in the plane parallel to the extrusion direction ranged from 148 to
646 nm (249-867 nm) with the peak values of grain size distribution
close to 397 nm for Zn-1Mg-1Si (558 nm for Zn-1Mg), respectively
(Fig. 10). For both materials, slightly elongated grains in the extrusion
direction were observed indicating some deformation and stress

Position [°Theta]

Fig. 4. The X-ray diffractogram of compacted samples.
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Table 7
Phase composition of studied materials after compaction by SPS and extrusion.
Materials Processing Zn Mg2Zny; Si
Zn SPS 100 - -
Zn-1Mg MA + SPS 100 <1 -
Zn-1Mg-1Si MA + SPS 98 1 1
MA + SPS + Ex 98 1 1

preserved in the material. Materials also locally contained grains of
higher size (several micrometers), which were coarsen due to the
increased temperature during extrusion and insufficient number of ob-
stacles (oxide particles, intermetallic phases, Si) in specific areas
restricting the grain growth. Grains in extrusion direction could locally
have up to 3 pm in length, in perpendicular direction up to 0.8 pm.
Further analysis of Zn-1Mg alloy by TEM (Fig. 9) showed the existence
of small oxide particles at grain boundaries, suggesting the positive ef-
fect on the lower grain size. These particles contained also increased
amount of Mg compared to the matrix. Therefore, we expect that ma-
terial contains both MgO and ZnO oxides.

EBSD measurements have been used to analyze the grain size and
orientation of the zinc matrix (Figs. 11 and 12). The non-indexed points
(black areas) reflect the remaining phases presented in the microstruc-
ture. Obtained results indicated the weak texture of processed materials
which is not generally observed for extruded zinc alloys. The main
components were {0001}, {10-10} and {10-12} fiber textures.

3.3. Mechanical properties

The mechanical properties of prepared materials were evaluated
using Vickers hardness measurements (HV1) and tensile tests. The re-
sults of the tensile tests are presented in Fig. 13, with one tensile curve
shown as a representative. Three measurements were performed for all
materials and are used in statistical results. The obtained data were
evaluated in the form of average values and standard deviations
(Table 8.)

The addition of alloying elements, in combination with grain
refinement, led to the improvement of the hardness of studied materials
compared to the pure zinc. Results showed significant increase in HV
from 44 + 1 HV1 (Zn) to 129 + 2 HV1 (Zn-1Mg prepared by combi-
nation of mechanical alloying and spark plasma sintering). Addition of

Journal of Materials Research and Technology 29 (2024) 3626-3641

silicon or further extrusion of SPSed products didn’t improve hardness of
the material significantly. The effects of extrusion on the tensile me-
chanical properties of selected alloys are further listed in Table 8. Sig-
nificant improvement in the TYS (tensile yield strength), UTS (ultimate
tensile strength) was observed. TYS and UTS increased from 74 + 2 and
109 + 5 MPa for zinc to 227 + 6 and 412 + 4 MPa for Zn-1Mg,
respectively and to 296 + 24 and 422 + 12 MPa for Zn-1Mg-1Si.
However, the plasticity of materials observed during tensile tests is
reduced for extruded materials (Fig. 13) probably due to the redistri-
bution of oxides and Si in the microstructure. Elongation of extruded
alloys reached 2.0 £ 0.2 % for Zn-1Mg and 1.8 & 0.6 % for Zn-1Mg-1Si.
Obtained results also indicate that there is only a minor effect of silicon
addition on the measured mechanical properties of extruded Zn-1Mg.

3.4. Tribological properties

The tribological properties of the prepared Zn and its alloys were
measured on a pin-on-disc tribometer with an Al,O3 ball. The results
describing abrasion during wear are the friction coefficient, track area,
and average wear rate, (Table 9). All measurements show an intense
increase in the friction coefficient at the beginning of the measurements,
due to the damage to the surface oxide layer. After a few seconds, the
values stabilized (as visible in Fig. 14). The average value is listed in
Table 9. The presented results indicate a significant effect of the mate-
rial’s microstructure conditions on the tribological properties. The
selected materials show lower hardness than Al,Os3, leading to adhesive
wear and distortion of the surface of the alloy, followed by metal frag-
ments breaking off and sticking to the surface of the test ball. After the
breakage of the oxide layer and contamination of the surface of the
Al,03 ball, the mechanism of wear changed to an abrasive one.

The results of wear testing indicate that materials were plastically
deformed, leading to the formation of grooves (as depicted in Fig. 15). A
comparison of pure Zn to the Zn-1Mg alloy prepared by SPS and SPS +
Ex revealed differences in track morphology. Pure zinc (Fig. 15A) was
covered by visible local particles that were generated by the accumu-
lation of zinc oxides during the movement of the Al;O3 ball and were
primarily located at the ends of the track. Larger particles located in the
center of the track were probably released from the surface of the Al,O3
ball in the last stage of the measurement.

The results in Table 9 document a positive effect of MgsZn;; inter-
metallic phases on the increased wear resistance in Zn-1MgSs.

Fig. 5. The microstructure of prepared samples (Scanning electron microscopy): A) Zn-1Mg5"S, B) Zn-1Mg-1Si"5. The black particles in white circles represent the
Si-disrupting oxide shells that remain on the surface of the original powder particles.
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Fig. 6. Distribution of elements in Zn-1Mg-1Si alloy prepared by SPS (Scanning electron microscopy-Energy dispersive spectroscopy).

Extrusion direction

Fig. 7. Microstructure of Zn-1Mg alloy prepared by SPS and extrusion — dis-
played in the longitudinal plane parallel to the ED (Scanning elec-
tron microscopy).
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Furthermore, there is a difference in the morphology of tracks for
Zn-1Mg5"S and Zn (Fig. 15). Figs. 15B and 16 indicates bonded layers of
oxides that are almost continuously distributed throughout the entire
center of the track for Zn—1MgFS. It is suggested that all original powder
particles with oxide shells on their surface in the material are ripped out
of the surface by the Al,O3 ball and subsequently deployed and
deformed on the surface of the track, which leads to an overall increase
in the friction coefficient and decrease of wear rate (Table 9). A similar
effect of oxides on friction coefficient was described by Guezmil et al.
[40], where different thicknesses of surface oxidation on anodized
Al5754 aluminum alloy were compared.

Fig. 15C (Zn-1Mg%"® * %) appears to be similar to pure zinc, indi-
cating a significant effect of extrusion on tribological behavior. Breaking
the oxide shells into finer and individual particles is suggested to prevent
the bonding of oxides on the surface (Fig. 16). The addition of silicon led
to the generation of similar tracks (Fig. 15D) for Zn-1MgS?s * Ex
although slightly higher wear rate and lower friction coefficient. This is
attributed to the release of Si particles during wear measurement, while
these particles further work as an abrasive medium increasing the wear
rate.

3.5. Corrosion properties

Corrosion behavior was estimated based on the 7-day immersion
tests. In terms of the open circuit potential (Fig. 17A), all materials are
quite comparable for the first 3 days, with potentials below - 1.1 V/
SSCE; around day 4, both the silicon-doped alloys and the non-extruded
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Fig. 9. The detail of the microstructure of the Zn-1Mg alloy prepared by SPS
and extrusion (Transmision electron microscopy-Energy dispersive
spectroscopy).

binary alloy exhibited a sharp increase of 0.18 V to approximately the
standard zinc potential (—0.97 V/SSCE) and stabilized at this value. This
trend is followed by the Zn-1Mg®"S = ¥ alloy over the next day. This
change did not occur for the pure zinc prepared by SPS. Due to the
considerable hydrogen overvoltage on zinc and the Mgy;Zn;; phase,
oxygen depolarization can be expected as the dominant cathodic reac-
tion even in the initial exposure phase [41]. Changes in the open circuit
potential are preceded by several hours by changes in the trend of the
polarization resistance, which again increases for the alloys. The effect
of the sample preparation method is evident here, where the increase is
approximately two or three times for materials prepared by SPS only but
is of the order of magnitude for alloys subjected to subsequent extrusion.
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Fig. 10. Grain size distribution of Zn-1Mg and Zn-1Mg-1Si prepared by
combination of SPS and extrusion.

The polarization resistance was approximately 0.1 Q m?, which, when
converted (using the Stern-Geary coefficient of 0.026 mV) to a uniform
corrosion rate, corresponds to 0.4 mm per year. These values in the final
exposure phase are 0.5 mm/y for Zn3"5, 0.2 mm/y for Zn-1Mg%%S, 0.1
mm/y for Zn-1Mg-1Si’*S, 0.03 mm/y for Zn-1Mg%"® + ®* and 0.05
mm/y for Zn-1Mg-18i°"S * EX,

From a macroscopic view (Fig. 17B), all materials prepared by SPS
corroded over almost the entire surface. The less attacked areas were
located below the O-ring. A detailed view shows that dissolution
occurred primarily along the boundaries of the oxide envelopes. Fibrous
deposits of probable protein origin are evident on the magnesium-
containing samples. In the samples with subsequent extrusion, the sur-
face was mostly covered by a uniform layer of corrosion products,
however, at the interface with the PTFE holder, fibrous deposits were
evident, and a distinct layer replicating the original surface morphology
was observed in their vicinity.

The EDS analysis (Table 10) showed that in all cases there was a
significant increase in carbon and oxygen - more than three times higher
values than in the unexposed surface. Furthermore, alloying elements -
especially silicon - are presented on the corroded surface in a higher
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Fig. 11. The IPF maps of material prepared by SPS and extrusion: a) Zn-1MgS™s * B* b) Zn-1Mg-18i5*S + EX,
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Fig. 12. The IPF plots of material prepared by SPS and extrusion: a) Zn-1Mg®"® * X b) Zn-1Mg-18i5*S + Ex,

proportion. Phosphorus and calcium are also presented in the surface
layer (i.e. elements occurring mainly on the bone tissue side during in-
vivo exposure), but their ratio indicates the presence of phosphates other
than calcium apatite, which is consistent with the characteristics of the
corrosion products of zinc alloys in-vivo [42]. Away from the surface, i.e.
on fibrous deposits, the Ca/P ratio increases. The layer around the
fibrous deposits on the extruded materials shows a decrease in magne-
sium and calcium content, and to a lesser extent phosphorus, and higher
amounts of chlorine.
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4. Discussion
4.1. Powder analyses and microstructure

The results of the X-ray diffraction (XRD) analyses revealed that the
mechanical alloying of Zn-1Mg-1Si led to the precipitation of the
Mg,Zn1; intermetallic phase. Similar results have been also observed in
previous work dealing with Zn-Mg binary alloys [37], however in the
presented study we pushed the milling parameters towards higher
deformation energy necessary for preparation of non-equilibrium
microstructure conditions (e.g. extended solubility of alloying ele-
ments in Zn). The powder particle size was affected significantly by the
dimensions of milling balls (Table 5) with the lowest particle size after
milling with balls 0.5 cm in diameter. Furthermore, the particle size of
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Fig. 13. Engineering stress-strain diagrams of studied materials.
Table 8
Results of mechanical properties measurements.
Comp. Orys 0,2 [MPa] oyts [MPa] Elongation [%] HV1
ZnSPS - - - 44 +1
Zn-1Mg5?s - - - 129 + 2
Zn-1Mg-1Si°S - - - 130 + 2
ZnSPS + Ex 74 +2 109 +5 183+ 4
Zn-1Mg5Ps + Ex 227+ 6 412+ 4 2.0 +0.2 135+ 3
Zn-1Mg-1Si*S B 296 + 24 422 + 12 1.8+ 0.6 137 + 2

Table 9
Tribological properties of Zn, Zn-1Mg, and Zn-1Mg-1Si materials prepared by
SPS and extrusion.

Sample HV1 Average wear rate Track area Friction
[mm?®/N-m] [pm?] coefficient
7nPs 44 + (13.2 + 0.9)-10° (53.8 + 0.84 + 0.03
1 3.6)-10°
Zn-1Mg5™s 129 (4.7 + 0.5)-10° (18.6 + 1.04 + 0.02
+2 2.2)-10°
Zn-1Mg-1Si°S 130 (4.1 +0.5)-10° (16.4 + 0.95 + 0.01
+2 1.1)-10°
Zn-1Mg5Ps + Ex 135 (6.5 + 1.3) -10° (26.1 0.97 + 0.07
+3 5.2)-10°
Zn-1Mg-1Si% = 137 (10.7 + 0.8)-10° (42.8 + 0.86 + 0.01
Ex +2 2.7)-10°

the prepared powders decreased hyperbolically with milling time from
0.5 to 4 h. A similar trend in particle size distribution was observed for
Mg—2Zn and Mg-27Zn prepared by mechanical alloying [43]. On the
contrary, a milling time of 8 h led to the increased particle size due to the
prevailing effect of cold joining. Effect of powder size on mechanical and
corrosion properties was studied by Li et al. [44] on MgggZnzgCay bio
glasses prepared by SPS, which authors observed positive effect of finer
powders on higher compressive strength. The similar conclusion was
presented by Krystynova et al. [45], who studied pure zinc prepared by
powder metallurgy using hot isostatic pressing (HIP). Also, the distri-
bution of alloying elements and intermetallic phases in the microstruc-
ture was significantly affected by milling conditions. The content of
MgyZn; decreased from 4 to 1 wt % for powder milled for 4 and 8 h,
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respectively. Such results indicate that using mechanical alloying, part
of the Mg entered the zinc matrix and existed in the form of a solid so-
lution as described already for the preparation of meta-stable alloys [46,
47]. Besides, Mg has a high tendency to form MgO, so part of it is
incorporated in the oxide shells of powder particles furthermore, some
dispersed oxides are formed due to the reaction of Mg with residual
oxygen in Ar or the oxygen absorbed on the surface of the powder
particles. Silicon remained always in the form of fine particles in the zinc
matrix. These particles were oxidized on their surface.

It is worth mentioning that impurities such as ZrO, were generated
by the friction of the milling vessel’s walls and milling balls. The use of
milling balls with a larger size (diameter = 1.5 cm) decreased the
contamination due to a lower amount of impact between components
(fewer grinding balls at a similar weight ratio to milled powder).

The selected methods and parameters of mechanical alloying were
found to be effective for the preparation of nano-grained materials
(Zn-1Mg and Zn-1Mg-1Si). The intensive deformation energy gener-
ated by mechanical alloying led to intensive grain refinement (grain size
in hundreds of nm). Furthermore, SPS as a fast compaction technique
was selected to maintain the fine-grained microstructure, however
extrusion led to some extent to the grain size and shape redistribution.
As a consequence, the material Zn-1Mg-1Si prepared by mechanical
alloying (8 h), SPS and extrusion was characterized by the smallest
observed average grain size (peak values of grain size distribution close
to 397 nm), which represents a significantly reduced value compared to
the Zn-1Mg alloy prepared by high-energy milling for a shorter time of
1 h with subsequent compaction by SPS (618 nm) [37]. Although there
was observed local grain coarsening inside the microstructure of
Zn-1Mg alloy, the majority of these coarsen areas contained still grains
about 1 pm in size and their content was rather small, assuming they had
no adverse effect on material properties. Occasionally larger grains were
presented in the microstructure. Their existence is attributed to the
inhomogeneous distribution of fine dispersed oxide particles in these
regions leading to the limited blocking of grain boundaries and
concomitant coarsening of the grains. This local coarsening was not
observed for Zn-1Mg-18Si alloy due to the increased amount of blocking
particles in the form of Si reinforcements.

It is known that thermomechanical processing of zinc alloys leads
generally to grain refinement although, it is difficult to obtain grains
sizes lower than several micrometers due the easy coarsening of Zn-
based materials like in the case of Zn-0.4Mn-0.8Li prepared by hot
rolling with grain size up to 2 pm [13] or Zn-0.8Mg-0.2Sr prepared by
extrusion with grain size up to 2.1 pm [16]. It’s worth mentioning that
even using methods of intensive plastic deformation, such as Equal
Channel Angular Pressing and High-Pressure Torsion was insufficient to
reach similar values of grain sizes, indicating the average grain size of 2
pm [48] and 590 nm [49], respectively. On the contrary, the overall high
homogeneity of the materials prepared in this study was negatively
affected by the surface oxides on the original powder particles, which
were transferred after compaction by SPS into a net of oxide shells
throughout the whole material. The negative effects of these structures
(intercrystalline fracture, lower elasticity of materials, etc.) were dis-
cussed in our previous research [37,38]. Our purpose was to partially
prevent these conditions by further thermomechanical processing using
extrusion. This enables to redistribution of these shells into finer parti-
cles inside the structure that could act as reinforcement, resulting in a
composite-like material with improved properties (Fig. 8).

Various zinc-based composite materials have been studied, although
they generally suffer from an inhomogeneous distribution of fine re-
inforcements. Gao et al. [27] studied zinc combined with different
amounts of SiC (50 nm in size). The mixture of zinc and carbide was
mechanically milled for 2 h at 250 RPM, which generated a layer of SiC
on the surface of Zn particles. The prepared powders were compacted by
selective laser melting. When the authors compared the microstructure
of pure zinc with the prepared composite, they observed a significant
decrease in grain size from 250 pm for Zn to 15 pm for Zn-2SiC. This
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Fig. 14. Time dependence of friction coefficient during wear test: A) Materials prepared by SPS, B) Materials prepared by SPS and extrusion.

Fig. 15. Track after wear tests (Scanning electron microscopy): A) Zn, B)
Zn-1Mg®*®, C) Zn-1Mg5"® * B D) Zn-1Mg-1SiSPS + B,

suggests that the addition of carbide promotes heterogeneous nucleation
and blocks the grain growth in heat affected zone. Similar conclusions
are suggested in the presented work although the suppression of grain
growth by the presence of oxides particles is even stronger. Unfortu-
nately, we did not observe further effects of silicon, probably due to the
relatively coarse character of these particles. Another study of a zinc
composite prepared by milling and SPS was published by Yang et al.
[50]. In this work a zinc-hydroxyapatite (Zn-HA) material was prepared
by milling for 1 h at 300 RPM and then compacting using sintration at a
temperature of 380 °C, a pressure of 40 MPa, and a time of 6 min. The
microstructure of the prepared composite contained hydroxyapatite
concentrated on the edges of the original zinc particles, leading to a net
structure like oxide shells in our alloys, deteriorating further material
properties.

Various zinc-based alloys containing Mg as the main alloying
element have been prepared by casting and extrusion (Zn-0.8Mg-0.2Sr
[16,51], Zn-1Mg [22], and Zn-1.2 Mg [52], etc.). These materials are
distinguished by different microstructures with grain sizes higher than 2
pm and rather coarse intermetallic phases (=1-10 pm in size) arranged
in rows parallel to the extrusion direction. For example, in
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Zn-0.8Mg-0.2Sr alloy, Mg,Zn1; and ZnSri3 phases (1-3 pm in size) were
arranged in rows 5-15 pm apart from each other [16]. On the contrary,
materials presented in this study achieved significantly finer micro-
structure with grain size below 1 pm and size of homogeneously
distributed intermediate phases even below 500 nm. Furthermore, the
extrusion caused partial disruption of the oxide shell making other oxide
particles useful for blocking grain growth while not affecting other
microstructural characteristics compared to the products of SPS.

Interesting results were observed in the case of material texture after
extrusion. Both Zn-1Mg and Zn-1Mg-1Si were characterized by several
texture components like {0001}, {10-10} and {10-12} fiber textures.
However, very weak texture was observed. It is known that zinc-based
alloys prepared by extrusion are in the majority cases characterized by
strong basal texture with basal planes oriented parallel to the extrusion
direction. This is related to the dominance of basal slip during the
deformation of materials leading to the reorientation of basal planes to
the position parallel with extrusion direction. Besides, the (1010) and (
1012) crystallographic directions are often aligned closely to the
extrusion direction, which is associated with a non-basal slip in the
prismatic slip system [53-55]. Week texture is a bit surprising because
the grains are slightly elongated in the extrusion direction, which is
generally also related to the preferential reorientation of grains, and
therefore, stronger texture formation.

4.2. Mechanical properties

The presented results in Fig. 13 and Table 8 illustrate a compelling
enhancement in mechanical properties, particularly strength values,
through a combination of mechanical alloying, spark plasma sintering
(SPS), and extrusion. The Zn-1Mg alloy, prepared using these tech-
niques, exhibited an increase in ultimate tensile strength (UTS)
compared to pure zinc. The addition of silicon as a reinforcing element
further improved the alloy’s strength, reaching a maximum value of 422
+ 12 MPa for the Zn-1Mg-1Si composite. The heightened strength in
these materials can be attributed to several factors. Primarily, me-
chanical alloying induced significant grain refinement. Subsequently,
the breaking of oxidic shells, formed during SPS compaction, by extru-
sion led to a formation of oxide particles that acted as reinforcement and
barriers for dislocation slip, similarly as addition of silicon. Additionally,
the presence of intermetallic phases, particularly MgsZn;;, and the
microstructure redistribution through extrusion, leading to the week
texture generation, played crucial roles in the strength increase. Despite
achieving one of the highest tensile yield strengths (TYS) and UTS
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Fig. 16. Distribution of elements on the alloys after wear test (Scanning electron microscopy-Energy dispersive spectroscopy): A) Zn-1Mg®"S, B) Zn-1Mg-18iS"S + EX,

compared to other Zn-Mg alloys prepared by various techniques
(Table 11), studied materials exhibited low plasticity. The oxide parti-
cles (generated during the extrusion of SPS materials and redistributed
at grains boundaries) were primarily consisted of ZnO and MgO (Fig. 9).
These hard and brittle particles or their localized aggregations could act
as crack initiators within the soft surrounding matrix. Crack after
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initiation could easily propagate through the material, resulting in
reduced overall ductility.

Table 11 provides a concise comparison of the mechanical properties
of selected Zn-based materials for biodegradable applications prepared
by casting, extrusion, and rolling, alongside our prepared alloys. The
Zn-1Mg casted alloy achieved inferior overall properties due to a
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Fig. 17. The corrosion properties (Scanning electron microscopy): A) EOC and RP trends during 7-day exposure in L15 with 5% FBS; B) Surface of the samples

after exposure.

coarser microstructure, composed of primary dendritic Zn grains and
eutectic phases. Extrusion of the casted metal, as conducted by Gong
et al. [56], significantly improved mechanical properties through
strengthening mechanisms such as grain refinement and enhanced grain
boundary strengthening. Nevertheless, the tensile strength (252 MPa)
was notably lower than studied alloys prepared by SPS and extrusion.
However, the lack of brittle oxide particles in the extruded material led
to a higher elongation (13 %). Yang et al. [57] prepared Zn-1Mg alloy by
selective laser melting. Microstructure was consisted of eutectics, uni-
formly distributed along the grain boundaries. While it achieved higher
results than pure zinc prepared by SLM due to various strengthening
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mechanisms (grain strengthening, solid solution strengthening and
precipitation strengthening), it did not surpass the results of the casted
state.

The Zn-1Mg-1Si alloy was further compared to other ternary Zn-Mg
based alloys, such as Zn-1Mg-1Ca [14], Zn-1Mg-xSr [14-16] and
Zn-1Mg-xZr [58]. Casted metals alloyed with Sr and Ca achieved low
mechanical properties, like binary Zn-1Mg alloy. The precipitation of
intermetallic phases such as MgZn,, CaZn;3 and SrZn; 3 did not provide
sufficient strengthening, and furthermore caused some brittleness.
Therefore, Li et al. [14] used two types of thermomechanical processing
in order to enhance alloy’s properties: hot rolling and hot extrusion.
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Table 10
Chemical composition of corrosion products after 7 days exposure in L-15 with 5 % FBS, %,, — SEM - EDS.
Sample Site of analysis Cc* o~ Mg Si P S K Cl Ca Zn
Zn*s corroded surface 37.1 15.9 - - 6.5 1.9 - - 4.1 34.5
Zn-1Mg5"s corroded surface 20.1 22.9 1.7 9.2 0.6 - - 6.2 39.3
fibrous deposit 23.7 32.1 1.8 14.9 0.7 - - 12.2 14.7
Zn-1Mg-1Si°S corroded surface 224 25.1 1.6 6.2 10.7 0.7 - - 7.9 25.4
fibrous deposit 66.2 15.2 1.0 - 7.8 - - 6.3 3.6
Zn-1Mg5Ps + Ex corroded surface 27.4 24.3 1.9 - 12.7 1.5 0.4 0.6 8.1 22.9
surroundings of fibers 34.7 25.3 0.9 - 7.1 0.8 0.2 3.6 3.8 23.6
Zn-1Mg-18i5Ps + Bx corroded surface 27.4 21.2 1.2 6.7 8.2 1.1 0.3 - 4.6 29.4
surroundings of fibers 20.8 30.7 0.4 3.8 7.2 0.8 - 4.0 2.9 29.3

* light element analysis is only approximate, however, for the unexposed surface, both C and O are between 6.6 and 7.3 at. %

Table 11
Mechanical properties of selected zinc materials prepared by casting, hot rolling, extrusion, ECAP and selective laser melting.
Comp. Preparation Grain size [y m] orys 0,2 [MPa] oyrs [MPa] e [%] HV1 Reference
Zn C 500 - 20 0.3 30 [23]
HE 34 55+ 8 97 £10 7.7 £ 2.7 44 +6 [59]
HR 122 85 118 26.7 33 [60]
SLM 104 + 30 43+ 3 61 £5 1.7+0.1 50 £ 6 [571
Zn-1Mg C - 94 +5 138 £ 5 0.5+ 0.1 - [56]
HE 10 180 + 4 252+ 6 13+2 -
SLM 10 + 2.8 74+ 4 126 + 4 3.6 £0.2 93 +8 [571
Zn-1Mg-1Ca C 10-50 80+9 131 £ 16 1.0 £ 0.3 92+ 10 [14]
HE 10-50 205 £+ 10 257 £13 5.1+1.0 -
HR 10-50 138+ 9 198 + 20 85+1.3 107 + 10
Zn-1Mg-1Sr C - 87 +7 138 £9 1.3+0.2 85+2
HE - 202+ 5 253 £ 18 7.4+1.3 -
HR - 140 £ 10 201 £ 10 9.7 +£ 1.0 92+5
Zn-0.8Mg-0.2Sr HE 3.1 243 + 2 315+ 3 10.3 £0.3 - [16]
ECAP 2.5 200 £ 5 272+ 5 12 - [15]
7n’PS + Ex - 74+2 109+ 5 183+ 4 - This work
Zn-1MgSsPs + Bx SPS + Ex 0.6 +0.3 227 + 6 412+ 4 2.0 +0.2 135+ 3
Zn-1Mg-1SiSFS + Bx 0.4+0.2 296 + 24 422 + 12 1.8+ 0.6 137 £ 2

C = casted, SLM = Selective Laser Melting, SPS = Spark Plasma Sintering, HE = Hot Extrusion, HR = hot rolling.

After hot rolling the grain sizes of prepared alloys became smaller and
more homogeneous compared to their as-cast counterparts. This led to
the increased ultimate compressive strength up to 201 MPa. Much better
results were achieved by extrusion, which supports our intention to
strengthen zinc materials using this process. Final mechanical properties
achieved tensile yield strength of 205 + 10 and 202 + 5 and ultimate
tensile strength of 257 + 13 and 253 + 18 for Zn-1Mg-1Ca and
Zn-1Mg-18r alloys, respectively. Such values were still almost half of
the strength achieved for the Zn-1Mg-1Si composite suggested in the
presented paper.

Significant grain refinement was achieved for Zn-0.8Mg-0.2Sr pre-
pared by extrusion or equal channel angular pressing (ECAP) but with
the final grain size still above 1 pm. Works of Kubasek et al. [16] and
Pinc et al. [15] shown significant effect of thermomechanical processing
on microstructure, leading to the improvement of both strength and
elongation. Alloy achieved UTS of 272 + 5 MPa when prepared by ECAP
and 315 + 2 MPa when prepared by extrusion. This underscores the
notable strengthening effect imparted by the extrusion method. How-
ever, it is important to note that, despite these achievements, these al-
loys did not attain the strength levels observed in presented materials.

4.3. Tribological properties

The tribological properties of zinc materials have been modestly
described in the literature [61-63]. The friction coefficient indicates a
relationship between normal and frictional force. Normal force is the
force that surfaces exert to support objects and counteract the force of
gravity, while frictional force is the force that opposes the motion or
attempted motion of objects along surfaces due to interactions between
surfaces. The value 0 means minimal friction between two materials. On
the contrary, value 1 means that the frictional force is equal to the
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normal force. When the friction coefficient is over 1, the frictional force
is stronger than the normal one additional force is necessary to initiate
motion (overcome the friction [64]).

The friction coefficient of prepared materials is higher compared to
pure zinc, while the wear rate is perceptibly reduced. Such behavior is
related to the presence of intermediate phases (MgyZn11, oxides), which
increase the material hardness and therefore its wear resistance. Silicon
addition in ternary alloys resulted in slightly faster loosening of the
material during measurement. We believe that silicon particles are
partially released from the zinc matrix and further support abrasive
behavior at the interface of material and Al;Og ball causing the increase
of wear rate. Surprisingly the wear rate is increased for extruded ma-
terials compared to the materials prepared by SPS. This is related to the
presence of oxide shells in the microstructure of SPS products. Oxide
shells are deformed under the pressure of an Al,O3 ball and spread over
the surface of the central part of the track (Figs. 15B and 16). The
presence of Si partially disrupts this effect due to the interruption of the
continuity of oxide shells in microstructure leading to the formation of
individual islands of oxides on the surface instead of compact layer.
Similarly, the extruded product does not contain a continuous network
of oxide shells. Therefore, traces were covered by separated oxide
fragmentations which may support abrasive behavior between the ma-
terial and the AlyO3 ball instead of sliding of ball on large areas of
deformed oxide shell. Unfortunately, it is difficult to compare tribolog-
ical results from different tests due to the variations in setups generating
incomparable results. Wang et al. [65] described the tribological and
tribo-corrosion properties of Zn-Ti alloys prepared by casting or hot
extrusion in Hanks solution on a high-speed reciprocating friction tester.
The authors observed severe plastic deformation formed by abrasive
wear with band-shaped debris formed by adhesive wear. Overall, the
friction coefficient and wear loss decreased with the higher amount of
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the alloying element (from 0.05 to 0.2 wt% of Ti) due to the precipita-
tion of the hard TiZn;¢ intermetallic phase. After hot extrusion, wider
grooves were observed compared to the as-cast condition, indicating
higher wear loss. Similar effects of processing on wear rate were re-
ported by our results where SPS samples achieved better properties
(lower friction coefficient and wear rate) compared to
thermo-mechanically processed samples by extrusion.

In our research, we have observed a correlation between hardness
and some tribological properties. Archard’s law expresses the volume
loss through equation (1), indicating that higher hardness corresponds
to lower volume loss. Here, V represents the wear volume [m3], k is the
constant referred to as the coefficient of wear (specific to the materials
and conditions), F is the normal load [N] (set at 1 N in our research), s is
the sliding distance in [m] (in our case 20 m) and HV is the hardness of
the material (Table 9). Based on the obtained results, it is evident that as
hardness increases, wear rate and footprint area decrease. However,
considering equation (1) the value of “k” would be different for extruded
and SPSed materials indicating differences in wear mechanism and
comparability of materials according to the stated Archard’s law.
Comparable outcomes as in our case have been observed for Zn-Al alloy
by Purcek et al. [66].

_keseoF
~ HV

% (€D)

4.4. Corrosion properties

Corrosion tests in a complex body environment simulation verified
the material’s tendency towards relatively uniform degradation. A
change in the corrosion reaction occurred during the exposure resulting
in a significant slowing of dissolution. This was particularly the most
evident for extruded materials (highest increase in the Rp). The extent of
this slowing down is controlled by the presence of primary dissolution
sites, such as the oxide shell region in non-extruded SPS-prepared ma-
terials. Alloying with magnesium leads to improved corrosion resistance
and an increase in its concentration in the surface layer of the material,
which is consistent with the proposed mechanism of limiting oxygen
depolarization in the more complex layer of corrosion products [67,68].
The corrosion attack is primarily observed at the interface of zinc matrix
and oxide shells containing a mixture of Zn and Mg. This leads to the
dissolution of both Zn and Mg in the corrosion environment and the
precipitation of corrosion products slightly enriched in Mg over the
surface. Finally, the OCP is increased, and the corrosion rate decreases
due to the change of the surface nature. Based on the analyses of
chemical composition using EDS, corrosion products contained P, O, C,
Cl, Zn, Mg and Ca, Si. The addition of silicon no longer significantly
affects the dissolution rate, but the element appears on the surface at an
even higher level than magnesium. In sum, carbonates, phosphates,
chlorides, hydroxides, oxides, and their mixed compounds are expected
on the material’s surface after 1-week exposure (according to the liter-
ature [69-73]).

5. Conclusions

Zn-1Mg and Zn-1Mg-1Si materials were successfully prepared by
powder metallurgy techniques including mechanical alloying, SPS, and
extrusion. The obtained results indicated several key results:

1) The specific conditions of mechanical alloying including 800 RPM, 8
h of milling, ball to powder ratio equal to 10, and a ball diameter of
15 mm have been shown as optimized for the preparation of ho-
mogeneous powders with uniform distribution of Mg in the form of
very fine intermediate particles (MgsZn;;, MgO).

2) Silicon is presented in the Zn-1Mg-1Si in the form of homogeneously
distributed particles.
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3) The product compacted by both SPS and extrusion contained
extremely fine grains with an average grain size below 0.5 pm.
Extruded Zn-1Mg-1Si is distinguished by superior tensile strength
exceeding 400 MPa which is related to the combined strengthening
effect of MgyZn1, Zn(Mg)O, and Si.

Both Zn-1Mg and Zn-1Mg-1Si reached lower wear rates compared
to the pure zinc, although additional extrusion caused the increased
wear rate of the materials compacted by SPS.

The corrosion rate of Zn-1Mg, Zn1Mg-1Si is slightly decreased after
initial corrosion onset as a consequence of the formation of corrosion
products enriched in Mg, C, P, O, Ca, and Si.

Studied materials could be used for a variety of low-load-bearing
orthopedic applications that are stressed primarily in compression.
Due to their similarity to bio-ceramics, applications like augmenta-
tion, fillings inside the human bone or screws are suggested.
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