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In this study, binary zinc-based alloys (Zn—1Mg, Zn—1Li, Zn—-2Mn, wt.%) were synthesized by performing
mechanical alloying (MA) of elemental powders, followed by consolidation using spark plasma sintering
(SPS). The processing parameters were optimized to obtain homogeneous powders with controlled par-
ticle size. X-ray diffraction and SEM analyses confirmed the presence of secondary intermetallic phases
(Mg2Zn11, Zn;sMn, ZnLi; phases) formed during milling, which were preserved after SPS. Microstructural
examination revealed a fine-grained microstructure with residual oxide networks originating from
powder surfaces. Mechanical testing demonstrated significant strengthening effects after Mg and Li ad-
ditions, with Zn-1Mg alloy reaching the highest hardness (128 HV1) and compressive strength (526.7
MPa), attributed to uniformly disttibuted Mg,Zny precipitates. However, this strengthening was accom-
panied by reduced ductility. Zn—1Li exhibited the most balanced combination of strength and plasticity,
while Zn—2Mn provided only a limited improvement over pure zinc. These results confirm that mecha-
nical alloying combined with SPS is a promising route for developing biodegradable Zn-based biomate-

rials with enhanced properties.
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1 Introduction

In this work, the possibility of preparing Zn-based
binary alloys from high-purity elemental powders was
investigated using mechanical alloying (MA), followed
by densification via spark plasma sintering (SPS). Mag-
nesium is considered one of the most favourable all-
oying elements for zinc due to its excellent biocompa-
tibility and significant strengthening effect, which is
attributed to the formation of intermetallic phases
with zinc. The maximum solubility of Mg in Zn is ap-
proximately 1 wt.% at the eutectic temperature, but it
decreases to neatly zero at ambient conditions. Based
on previous studies, the Mg content was therefore fi-
xed at 1 wt. % in order to achieve an optimal balance
between strength and plasticity [1-3]. Lithium repre-
sents another promising alloying addition for zinc-
based materials in biomedical applications. It is bio-
compatible and has demonstrated therapeutic poten-
tial in the treatment of several conditions, including
brain injury, stroke, Alzheimer’s disease, and Hunting-
ton’s disease [4, 5]. Manganese, an essential element in
the human body, has been reported to facilitate cellu-
lar processes associated with bone metabolism and he-
aling,

This property is particularly advantageous for biode-
gradable implants designed to promote osteogenesis
and integration with surrounding tissues [6]. Due to
the higher solubility of manganese in the zinc matrix

(0.8 wt.% at 405 °C [7, 8]), the concentration was
increased to 2 wt.%. Improvements in the mechanical
and corrosion behaviour of Zn alloys are expected to
arise primarily from precipitation strengthening due to
secondary phases (e.g., Mg2Zni |9, 10], LiZng [11],
Zn3Mn [8, 11]), combined with solid-solution streng-
thening, which is strongly influenced by the solubility
limits of the individual alloying elements.

MA was employed to produce a homogeneous,
fine-grained microstructure consisting of solid soluti-
ons and metastable intermetallic compounds. The re-
sulting powders were subsequently consolidated by
SPS, enabling rapid densification while suppressing
grain growth [12-15].

2 Materials and methods

2.1 Material processing

In this study, Zn-1Mg (wt.%), Zn-1Li (wt.%),
and Zn—2Mn (wt.%) were prepared by MA using pure
metals. Input materials were in the form of powder for
pure zinc powder (99.9 %, particle size <149 pm,
Thermo Fisher Scientific), pure magnesium (99.8 %,
particle size <44 pm, Alfa Aesar), and manganese
(99.3 %, particle size <44 pm, Thermo Fisher Scienti-
fic). Lithium was added in the form of bulk pieces
(0.125 cm?). To prevent the agglomeration of powder
particles during milling, 0.03 g of stearic acid was ad-
ded to all selected compositions.
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Based on process optimization performed on the
Zn—1Mg alloy, a milling time of 4 h was selected.
For Zn—1Li, the milling was carried out in two stages
to break down the bulk lithium: 2 h using 15 mm
milling balls, followed by 2 h with 10 mm milling balls.
In both stages, the same amount of stearic acid
(0.03 g) was used to minimize the sticking of powders
to the milling vessel. The total weight of each powder
batch was 30 g. Milling was conducted in ZrO> vessels
under an argon atmosphere (99.95% purity) using a
Retsch E-Max mill operated at 800 rpm in reverse ro-
tation mode, with direction changes every 10 min.
A water-cooling system maintained the process tem-
perature between 30 and 50 °C. ZrO; balls were used
with a ball-to-powder weight ratio of 10:1. The speci-
fic milling parameters for each alloy composition are
summarized in Tab. 1.

The MA powders were consolidated via spark
plasma sintering (SPS) using an FCT System HP-D 10
under an argon atmosphere (99.95% purity). Consoli-
dation was carried out at 300 °C under a uniaxial pres-
sure of 48 or 80 MPa for 10 min, using a graphite die.
The heating rate was set to 100 K/min. For compari-
son, pure zinc powder was also sintered under the
same conditions. The sintered compacts had a cylin-
drical shape with a diameter of 20 mm.

The alloy designations used throughout this work
and the corresponding processing parameters are pro-
vided in Tab. 1. The milling conditions were chosen
to obtain powders with a fine-grained microstructure,
controlled particle size, low contamination, and a re-
duced fraction of intermetallic phases. SPS parameters
were selected in line with previous studies to achieve
dense, homogeneous compacts [16, 17].

Tab. 1 Designation of studied materials according fo their processing conditions

Marking Chemical composition Mechanical alloying SPS

Zn—1Mg Zn, 1 wt.% Mg 800 RPM, 4 h, 1 mm 300 °C, 80 MPa
Zn—1Li Zn, 1 wt.% Li 800 RPM, 2+2 h, 1 + 1.5 mm 300 °C, 48 MPa
Zn—2Mn Zn, 2 wt.% Mn 800 RPM, 4 h, 1 mm 300 °C, 80 MPa

2.2 Phase and microstructure analyses

The prepared powders and bulk samples were ana-
lyzed using diffraction and microscopy methods.
Phase composition was determined by X-ray di-
ffraction (XRD, PANalytical X’Pert> Powder, Brage—
Brentano geometty, Cu Ko radiation,
A = 1.5418 A, 40 kV, 30 mA). Optimization of MA
parameters was performed by particle size distribution
analysis using laser diffraction (Malvern Mastersizer
3000), and the median particle size (Ds) is reported.
Chemical composition was verified using atomic ab-
sorption spectroscopy (AAS, Agilent 280FS AA,
flame atomization).

Microstructural characterization was carried out
using optical microscopy (Olympus PME3) and scan-
ning electron microscopy (SEM, TESCAN VEGA 3
LMU) equipped with an energy-dispersive X-ray
(EDX) analyzer (Oxford Instruments AZtec). Prior to
observation, samples were ground with SiC papers
(grit sizes P400-P2500) and polished with diamond
paste (2 um, UR-diamant) and Eposil Non-Dry sus-
pension.

2.3 Mechanical properties

Mechanical properties were evaluated through
microhardness and compression testing. Vickers
microhardness (HV1) was measured using a Future-
Tech FM-100 tester under a load of 1 kgf. At least ten
indentations were made for each condition, and
average values wete reported. Compression tests wete
performed on three specimens (3 X 3 X 5 mm?3) using
an Instron 5882 testing machine at a crosshead speed

of 1 mm/min at room temperature. Statistical evalu-
ation was conducted from the collected data.

3 Results and discussion

3.1 Optimization of mechanical alloying para-
meters

MA is a complex process governed by two compe-
ting mechanisms: cold welding and particle fracture.
The balance between these mechanisms is strongly in-
fluenced by the milling parameters, with milling time
being the most critical factor (Tab. 2). Other parame-
ters were optimized based on our previous
studies [16].

Results of the particle size distribution in Table 2
show that at the initial stage of milling, cold welding
dominates, resulting in the formation of coarse agglo-
merates and a significant increase in particle size com-
pared to the starting powders. The maximum particle
size (395 pm) was reached after 30 minutes of milling.
After 1 hour, the process shifts, with particle fracture
prevailing over cold welding. This transition is typi-
cally associated with the precipitation of hard and
brittle intermetallic phases, which are readily fragmen-
ted under milling impacts. The finest patticle size (69.3
um) was obtained after 2 hours of milling. Further ex-
tension of milling time did not lead to additional refi-
nement. Instead, a slight increase in particle size was
observed, suggesting secondary agglomeration. This
phenomenon can be explained by the progressive re-
finement of intermetallic phases and the dissolution of
alloying elements into the zinc matrix, which decreases
the extent of particle fracture during milling.
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Tab. 2 Changes in particle size distribution [um] with different times of MA for various milling equipment

Milling time [hours]

Parameters
018 | 05 1 2 4 8
Zn-IMg Emax B0ORPM, 1:10, 1199 4 15| 305+ 1.6 | 854430 | 69.3+26 | 728430 | 822+ 30
1 cm, Z1Op)

An important parameter of the prepared powders
is the width of the particle size distribution, expressed
by the span. The span of the produced alloys is given
as a deviation in Tab. 2, calculated using Equation (1)
and illustrated in:

Span = M M
Dso

Where:

Dyj. .. Particle size below which 90% of the powder
volume is present,

12 =

Zn-1Mg_Emax_0.18h_Icm
p Zn-1Mg_Emax_0.5h_lcm
Zn-1Mg_Emax_1h_lem
Zn-1Mg_Emax_2h_lem
Zn-1Mg_Emax_4h_lcm
Zn-1Mg_Emax_8h_lem

Volume density |%]

-

Dyo. .. Particle size below which 10% of the powder
volume is present,

Dso...Median particle size (mean of distribution).

The results indicate that MA produces powders
with a broad particle size distribution, as a conseque-
nce of the competing processes occurring during
milling. The graph (Fig. 1) shows that with increasing
milling time, the distribution curve shifts towards
smaller particle sizes, while simultaneously broade-
ning, reflecting the greater spread of particle
dimensions.

0=t =TT l_;lll'

0.1 1 10

-
lllllll L} lllllll' |

T
100 1000 10000

Size Classes [pm]

Fig. 1 Particle size distribution of Zn-1Mg alloy prepared in Retsch Emax

Based on these results, MA for 4 hours was se-
lected as the best compromise between particle size
distribution, phase composition, and minimal contam-
ination from the milling equipment.

3.2 Phase composition

The results of the XRD analyses for the consolida-
ted materials are shown in Fig. 2. The patterns obta-
ined for both powders and compacted materials were
similar, confirming that SPS is an effective method for
preserving the structural characteristics developed du-
ring MA. For each alloy system, distinct localized ma-
xima were recorded, corresponding to zinc-based se-
condary intermetallic phases. For the Zn—1Mg alloy,
the precipitation of the Mg>Zny; intermetallic phase
was identified, which is typical for this composition.
Semiquantitative analysis estimated its concentration
at approximately 8 wt.%. In the case of the Zn-Li

alloy, MA led to the formation of an unidentified
phase consistent with ZnLi>. However, its concentra-
tion was very low, as indicated by weak diffraction
peaks and semiquantitative calculations below 1 wt.%.
This phase is not usually recorded for Zn-Li alloys
with such a low concentration of alloying element. Re-
searchers often record for alloys with a concentration
below 1 wt.% of Li phase LiZn4, for example, in the
work of Zhao et al. [18]. Such a difference can be jus-
tified by local increases in concentration during MA.
The Zn—2Mn alloy consisted of a zinc matrix and the
Zn;sMn intermetallic phase, with an estimated con-
centration of about 3 wt.%. Additionally, traces of
contamination (<1 wt.%) from ZrO, originating from
the milling equipment were calculated, although no
clear peaks of this phase were visible in the diffraction
patterns.
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Fig. 2 X-ray diffraction results of prepared alloys
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Fig. 3 Detailed X-ray diffraction results of prepared alloys

3.3 Microstructure of prepared materials

The microstructures of all alloys were examined
using scanning electron microscopy (SEM) equipped
with an EDS detector. The results, presented in

Fig. 4-6, show different magnifications and the distri-
bution of alloying elements. The lithium-based alloy
was not analyzed for chemical composition due to the
low atomic weight of lithium. However, the presence
of lithium in the microstructure was confirmed by
AAS (with the recorded value of Li 0.92 wt.%).

Fig. 4 shows the microstructure of the Zn—1Mg
alloy prepared by a combination of MA and SPS.
The results indicate that the selected compaction pa-
rameters were appropriate. The microstructure exhibi-
ted only a minimal amount of porosity or defects, as
visible in Fig. 4A. The original surfaces of powder par-
ticles can still be observed in the form of an oxidic
network structure (oxidic shells). A more detailed
image in Fig. 4B reveals individual grains several
micrometers in size, along with small, localized pores.
These pores most likely formed during sample prepa-
ration, as less noble phases may have corroded during
polishing. Grains appearing darker in contrast were
identified as the Mg>Zn1; intermetallic phase, as con-
firmed by EDS analysis. Additionally, oxygen map-
ping revealed elevated concentrations along the oxidic
network, consistent with a ZnO and MgO mixture.
Such structures are typical for materials prepared by
compaction from metal powders and were recorded
for zinc [19] and magnesium alloys [20-22].

1728
; O
5 pm

Fig. 4 Mucrostructure of Zn-1Mg alloy prepared by MA and SPS (§0MPa): SEM, EDS
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Fig. 5 presents the microstructure of the Zn—1Li
alloy, which was consolidated under a lower pressure
compared to the previous alloy. This adjustment was
made due to the low melting point of lithium and its
intermetallic phases, which could potentially damage
the compaction equipment. Reducing the pressure re-
sulted in a significant increase in the porosity of the
material. As shown in Fig. 5A, voids are present
alongside the original powder particles, delineated by
oxidic shells. These voids are attributed to incomplete

sintering between powder particles. A more detailed
view in Fig. 5B reveals that in the consolidated sample
preserved internal structure of the powder particles.
A characteristic layered morphology is visible, formed
by deformation during repeated particle impacts,
which is a typical feature of materials prepared by MA.
Small pores were also observed, most likely introdu-
ced during the sample preparation process. Additiona-
lly, locally visible small grains, several micrometers in
size, were identified within the microstructure.

Fig. 5 Microstructure of Zn-1Li alloy prepared by MA and SPS (40MPa): SEM

The microstructure of the Zn—2Mn alloy is presen-
ted in Fig. 6. Among all the prepared alloy systems,
this one appears the most heterogeneous. MA
followed by SPS compaction produced a coarse
Zni3Mn intermetallic phase, uniformly distributed
throughout the structure in the form of rounded par-
ticles. Their distribution is clearly visible in the EDS
map. In Fig. 6A, the original MA powder particles can
also be seen, enclosed by oxidic shells. At higher mag-
nification (Fig. 6B), a layered structure and very fine
grains smaller than 1 pm are observed, while the grains
within the intermetallic phase are coarser, reaching se-
veral micrometers. Adjacent to the intermetallic phase,

a dark-grey particle was identified as ZrO, contamina-
tion. Localized porosity was also observed, which
most probably originated from corrosion during
sample preparation. A similar alloying system was also
prepared by Sotoudeh Bagda et al. [23], who focused
on the preparation of Zn-4Mn and Zn-24Mn (wt.%)
alloy by MA. Their results also suggested precipitation
of the Zn;sMn phase. However, the final
microstructure was even more inhomogeneous, with
increased porosity mainly located around the surfaces
of the original particles and grains.

100 pm

.
'

Fig. 6 Microstructure of Zn-2Mn alloy prepared by M.A and SPS (§0MPa): SEM, EDS
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3.4 Mechanical properties

The mechanical properties of binary zinc-based all-
oys prepared by MA and SPS were evaluated by hard-
ness and compression testing. The results are summa-
rized in Tab. 3 and Fig. 7.

Hardness testing results (Tab. 3) highlight the cri-
tical role of secondary intermetallic phase strengthe-

Tab. 3 Results of hardness and compression testing HV'1

ning. All prepared alloys exhibited higher hardness va-
lues compared to pure zinc, used as a reference mate-
rial. The weakest strengthening effect was observed in
the Zn—2Mn alloy, where the ZnisMn phase formed
as large particles. In contrast, the highest hardness was
achieved in the Zn—1Mg alloy, where the very hard
MgyZni1 phase was present in small micrometer-sized
particles.

Sample HV1 R, [MPa] R, [MPa] A [24]
Zn-1Mg 128.0 £ 3 4417 %6 526.7 £ 15 71%1
Zn-1Li 51.0 £ 2 2375+3 - -
Zn-2Mn 412+ 1 132.7 + 4 - -
Zn 39.9 £ 1 134.3 £ 8 - -

Compression testing, which provides a more
comprehensive assessment than hardness, is presen-
ted in Fig. 7. The strength increase observed in the
Zn—1Mg and Zn-1Li alloys correlates well with the
hardness results. Both alloys outperformed pure zinc,
primarily due to a combination of precipitation stren-
gthening, solid solution strengthening, and grain refi-
nement. In contrast, manganese addition did not im-
prove the mechanical properties significantly.

600 —
i Zn-1Mg
Zn-1Li
— 7Zn
& 400 — Zn-2Mn
)
w
1))
@ J
=
/2]
9]
£ 200 = =
= —>
—
0= T T T T T 1
0 10 20 30

True Strain [%]

Fig. 7 Compressive True Stress vs True Strain diagrams for
studied materials

A notable difference was observed in the stress—
strain curves between Zn—1Mg and the other alloys.
Pure zinc, Zn—11i, and Zn—2Mn all showed similar
plastic behavior without signs of cracking or fracture,
and therefore, no distinct ultimate compressive stren-
gth was recorded. For Zn-1Li alloy, only the yield
strength shifted to higher values with lithium addition,
despite the lower sintering pressures used for its pre-
paration. The Zn-2Mn alloy shows values similar to

pure zinc, which suggests that precipitation of the
ZnMny; phase had a limiting effect on strengthening.
Such a low influence in strengthening was probably
caused by the soft nature of ZnMnjs (168.2 HV [11])
compared to other precipitates, such as Mg>Zni; (330
HYV [25]). The Zn—1Mg alloy, however, demonstrated
the  highest ultmate compressive  strength
(526.7 MPa), attributed to the homogeneously distri-
buted fine Mgz7Zn11 intermetallic patticles. Neverthe-
less, the brittle nature of these phases reduced plasti-
city, which would have an even stronger effect in tests
more sensitive to microstructural defects and inhomo-
geneities, such as tensile or bending tests.

4 Conclusion

Our results demonstrate that the combination of
mechanical alloying and SPS is an effective method for
achieving compact Zn—1Mg, Zn-1Li, and Zn—2Mn
alloys with a fine-grained microstructure and impro-
ved mechanical properties. Even though all materials
were in stable form, the Zn-1Li alloy, which was pre-
pared by compaction at 48 MPa, showed an increased
amount of porosity inside the microstructure.
An increase in pressure to 80 MPa led to a significant
improvement in density, which was observed for Zn-
1Mg and Zn-2Mn alloy. Oxide shells were preserved
in the microstructure of consolidated materials from
the original surfaces of the powder precursors.
Furthermore, fine intermetallic phases formed during
MA remained in consolidated samples. These phases
led to an improvement of compressive strength, most
significantly for Zn-1Mg alloy, where the ultimate
compressive strength reached up to 526.7 MPa.
However, precipitation of phases led to a significant
reduction of plasticity. The best combination of stren-
gth and plasticity was achieved for Zn-1Li alloy.
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