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Biodegradable zinc-based alloys have recently attracted attention as promising candidates for temporary 
implant applications due to their favourable corrosion behaviour and biocompatibility. In this study, 
three materials — pure Zn, Zn–1Mg alloy, and a Zn + Zn–1Mg composite — were fabricated via powder 
metallurgy and extrusion to evaluate their microstructural characteristics and tensile performance.  
The composite material was designed to combine ductile Zn regions with a reinforcing Zn–1Mg network, 
aiming to achieve a balance of strength and ductility. Microstructural analysis revealed coarse-grained 

Zn regions surrounded by ultrafine-grained Zn–1Mg areas containing Mg₂Zn₁₁ particles, with oxide par-
ticles present at the Zn/Zn–1Mg interfaces. Tensile testing showed improvement in mechanical perfor-
mance compared to the individual constituents.  
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 Introduction 

Biodegradable metallic implants have emerged as a 
novel solution to the limitations of traditional perma-
nent medical devices. By gradually dissolving within 
the body after fulfilling their function, these materials 
can eliminate the need for secondary removal surger-
ies, reducing patient discomfort, lowering healthcare 
costs, and minimising surgical risks. Among the can-
didate materials, zinc-based alloys have emerged as 
promising alternatives to magnesium- and iron-based 
systems due to their moderate corrosion rate, essential 
role in human metabolism, and favourable biocompat-
ibility. However, the low strength and limited ductility 
of pure zinc remain critical limitations for orthopaedic 
applications, where implants must withstand substan-
tial stresses during the healing process [1-5]. Alloying 
zinc with magnesium has been shown to enhance me-
chanical properties through solid solution strengthen-
ing and precipitation hardening, while also enhancing 
biocompatibility and corrosion behaviour [6-8]. 

Beyond alloy composition, microstructural design 
plays a critical role in balancing strength, ductility, and 
corrosion resistance. Recent advances in severe plastic 
deformation techniques, such as mechanical milling 
and powder consolidation, have enabled the develop-
ment of materials with a harmonic structure [9, 10]. 
This type of heterostructured material is characterised 
by a continuous network of fine-grained 3D skeleton 
surrounding coarse-grained cores [10]. Due to hetero-

deformation-induced strengthening initiated during 
deformation of this microstructural architecture, an 
advantageous combination of high strength and im-
proved ductility is reached by promoting strain parti-
tioning, work hardening capacity and delaying the on-
set of localised deformation [11-14].  

Given that implants are often subjected to tensile 
stresses in service, a thorough understanding of how 
Zn–Mg harmonic structured alloys behave under ten-
sile loading is essential for predicting in vivo perfor-
mance and ensuring mechanical reliability throughout 
the degradation process [15-17].  

This work aims to evaluate the tensile behaviour of 
Zn–Mg hetero-structured materials. By correlating 
mechanical performance with the microstructural fea-
tures, this study provides insights into the design and 
optimisation of biodegradable metallic implants with 
tailored strength and ductility. 

  Experiment 

 Mechanical alloying 

Mechanically alloyed Zn-1Mg powder was pre-
pared using the Retsch E-max mill with ZrO2 milling 
vessels and 1 cm diameter ZrO2 milling balls. The mill-
ing was carried out in an argon atmosphere for 4 hours 
at 800 RPM, with the direction of rotation changing 
every 10 minutes. The mass ratio of milled powder to 
milling balls was 1:5. 
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 Consolidation and extrusion 

Before consolidation, <45 m particles of Zn-1Mg 

were mixed with 63-100 m particles of pure zinc 
(50:50 wt. %) in a turbula. This prepared mixture was 
then consolidated using a spark plasma sintering ma-
chine (FCT Systeme HP-D 10) under an argon atmos-
phere at set parameters: 300°C, 10 min, 80 MPa and 
subsequently extruded at 200°C with an extrusion ra-
tio of 10 and a speed of 0.2 mm/s. The controlling 
materials of pure zinc and Zn-1Mg were prepared un-
der the same preparation processes.  

 Microstructure 

Materials were ground using SiC papers P240-P400 
and subsequently polished by a D2 diamond polishing 
paste (URdiamant) and Eposil Non-Dry suspension 
(QATM). The microstructure was studied by optical 
microscopy (Nikon Eclipse MA200 using NIS Ele-
ments software) and scanning electron microscopy 
(Tescan Lyra 3) equipped with an EDX Analyser (Ox-
ford Instruments AZTec). The phase composition 
was further studied by X-ray diffraction (PANanalyti-
cal X’Pert3 with a Cu anode – λ = 1.5406 Å) using 
HighScore Plus and Topas 3 software. The grain size 
and size of the present phases were evaluated by image 
analysis in the ImageJ software. 

 Mechanical properties 

The tensile tests were performed using the Instron 
8872 machine on samples of specified dimensions 
(Fig. 1). These tests were performed at 25 °C at a strain 
rate of 1.5 mm/min with three samples of each mate-
rial. 

 

Fig. 1 Dimensions of the sample for tensile testing 

 Corrosion resistance 

All electrochemical measurements were performed 
in a conventional three-electrode setup (working 
electrode: our sample, reference electrode: Ag/AgCl 
(ACLE) - 3 mol/l, counter electrode: glassy graphite) 
using a Gamry Instruments electrochemical worksta-
tion (Gamry Reference 600). The volume of electro-
lyte per area was 190 mL·cm−2. Samples were first 
ground on SiC paper P2500 to achieve reproducible 
surfaces. The anodic polarisation curves were recor-
ded in a physiological solution (9 g/l NaCl) of pH 6 at 
25 °C, aerated for 10 minutes, with 2 h stabilisation of 
open circuit potential (Eoc). The potential was mea-
sured with respect to the value of ACLE. The start of 
cyclic polarisation started at a potential -50 mV/Eoc, 
was reversed at 1 mA/cm2 and continued to -
50mV/Eoc. The scan rate was 1 mV/s. 

 Results and discussion 

 Microstructure 

The microstructure of sintered and extruded pure 
zinc (Fig. 2) consisted of the initial powder particles 
with partially disrupted oxide shells along the original 
powder surface. The disruption took place during ex-
trusion from oxide layers originally present on the in-
itial powder particles due to exposure to oxygen in the 
air. White arrows show examples of these. In some 
cases, originating oxide particles can be agglomerated 
into bigger clusters due to the tendency to lower sur-
face energy. Similarly, these were also observed in 
other zinc alloys prepared by a combination of powder 
metallurgy and extrusion [7, 18]. The observed zinc 

grains were of 5-20 m in size. 

 

Fig. 2 The microstructure of extruded Zn 
 

 

Fig. 3 The microstructure of extruded Zn-1Mg 
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The microstructure of the compacted Zn–1Mg al-
loy shown in Fig. 3 consisted of zinc grains (300- 
700 nm) and Mg2Zn11 intermetallic phases (200- 
400 nm) pointed by blue arrows. Energy-dispersive X-
ray (EDX) analysis in the scanning electron micro-
scope (SEM) indicated that the solid solution of zinc 
contained 0.6 wt.% magnesium. According to the 
XRD analysis, the content of the Mg2Zn11 phase is 

equal to 7 wt.%. Magnesium and zinc oxides were 
also detected in the volume of the material (white ar-
rows). This is in agreement with the work by Kubásek 
et al., who similarly studied extruded Zn-1Mg material 
[18]. 

The Zn+Zn-1Mg material’s microstructure (Fig. 4) 
was composed of distinguished areas of pure zinc with 

coarse grains (3-18 m) and the Zn-1Mg alloy with 
fine grains (300-600 nm). These areas are deformed in 
the direction of extrusion. The area of Zn-1Mg alloy 
was formed by the solid solution of zinc and the 
Mg2Zn11 phase of 150-400 nm (blue arrows). Accord-
ing to the XRD analysis, the content of the Mg2Zn11 
phase was <1 wt. %. However, this result can be in-
fluenced by the size of this phase and the detection 
limit of the XRD method. Zinc and magnesium oxide 

particles were detected on the interface of these two 
areas and also in the area of Zn-1Mg alloy (white ar-
rows). 

 

Fig. 4 The microstructure of extruded Zn+Zn-1Mg 

 Tensile test 

The tension testing process (Tab. 1) revealed that 
the Zn+Zn-1Mg material behaves like a mixture of in-
dividual components. The addition of Zn-1Mg in-
creased the strength by almost 200 MPa compared to 
pure zinc. As for ductility, although it decreased com-
pared to pure zinc, it remains very favourable at 13%, 
compared to the Zn-1Mg alloy at 5%.

Tab. 1 Tensile test results 

 Yield strength [MPa] Ultimate tensile strength [MPa] Elongation to failure [%] 

Zn 109 ± 7 145 ± 1 19 ± 4 

Zn-1Mg 217 ± 19 403 ± 7 5 ± 2 

Zn+Zn-1Mg 251 ± 7 333 ± 7 13 ± 2 

 
The Zn+Zn-1Mg material exhibited improved me-

chanical properties compared to its individual constit-
uents. It is important to mention that the mechanical 
properties of the Zn+Zn-1Mg at 0.5 net weight % sur-
pass those of materials with the same chemical com-
position prepared by extrusion [19, 20]. However, 
based on these results, it is likely that no effective load 
transfer and desired interaction between the soft zinc 
domains and the harder Zn–1Mg domains has oc-
curred. This behaviour can be primarily attributed to 
the presence of oxide particles. These particles, which 
are formed during extrusion from oxide shells typi-
cally formed during powder production and handling, 
can act as physical barriers at the particle interfaces.  

To further analyse the possible adverse impact of 
the oxide particles, we observed the surface of a 
fracture plane, both in cross-section and longitudinal 
section.  

Fractographic analysis of pure zinc after tensile tes-
ting (Fig. 5) revealed a predominantly ductile fracture 
mechanism. At low magnification, the fracture surface 
exhibited a fibrous morphology with elongated grains, 
indicating distributed plastic deformation. Higher 

magnification observations revealed fine, equiaxed di-
mples characteristic of a void nucleation–growth–co-
alescence process. These voids likely nucleated at grain 
boundaries or mentioned oxide particles, where local 
stress concentrations facilitated crack initiation.  
The absence of cleavage facets or intergranular sepa-
ration confirms that brittle fracture was not a signifi-
cant factor. This behaviour is consistent with the high 
deformability of zinc, where dislocation motion ac-
commodates plastic strain until failure occurs through 
microvoid coalescence. 

 

Fig. 5 Cross-section fracture planes of Zn 
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The tensile fracture of the Zn–1Mg alloy shown in 
Fig. 6 exhibited predominantly brittle characteristics, 
as evidenced by the cleavage-like facets and intergra-
nular features observed on the fracture surface.  
At higher magnifications, the fracture plane revealed 
sharp steps and microcracks without evidence of du-
ctile dimpling, suggesting limited plastic deformation 
before failure. Crack initiation is likely associated with 
stress concentration at oxide shells on grain bounda-
ries and Mg2Zn11 phases, which act as preferential sites 
for decohesion. Subsequent crack propagation 
occurred rapidly along grain boundaries and cleavage 
planes, leading to a mixed intergranular and quasi-clea-
vage fracture mode. The presence of these brittle fea-
tures indicates that alloying with Mg reduces the ove-
rall plasticity of the material compared to pure Zn, pri-
marily due to the formation of hard and brittle secon-
dary phases. 

 

Fig. 6 Cross-section fracture planes of Zn-1Mg 
 
In Fig. 7, the fracture surface of Zn+Zn-1Mg ma-

terial revealed a clear contrast between pure Zn and 
the Zn–1Mg. Whereas the pure Zn region exhibited a 
ductile fracture mode, the Zn–1Mg alloy showed a 
brittle fracture appearance with cleavage-like facets 
and intergranular features, indicating rapid crack pro-
pagation with limited plastic deformation.  
The fracture of the Zn + Zn–1Mg material did not 
follow a preferential crack-growth path but propaga-
ted through both the pure Zn and Zn–1Mg regions 
indiscriminately, with no areas being bypassed during 
crack advance, as can be seen in Fig. 8. The absence 
of any ductile–brittle transition across the fracture sur-
face suggests that the material behaves as a mechanical 
mixture rather than a synergistic composite. Further-
more, voids were observed at the interfaces of diffe-
rent zones and throughout the volume of the Zn-1Mg 
alloy.  

The lack of synergy can be attributed to the pre-
sence of oxide particles located at the Zn/Zn–1Mg in-
terface. Even though the crack did not propagate pre-
ferentially along the interface. Its presence is the most 
likely reason why synergy between the individual regi-
ons could not occur, and the material therefore beha-
ves only as a mixture of individual areas. Therefore, 
substantial hetero-deformation-induced reinforce-
ment and hardening did not occur significantly.  

Similar voids were also observed in the work of Sojith-
amporn et al. [21], who observed the fracture mecha-
nism of Cu harmonic structure. According to their 
work, at first, as strain increases, voids grow mainly in 
the shell and interface areas. Crack propagation is par-
tially hindered in the ductile core, which helps pre-
serve overall ductility. At higher strain, however, the 
structure can no longer sustain the applied load, lead-
ing to crack coalescence throughout the material and 
final fracture. They also suggested that these voids 
may originate from the high diversity of the regions’ 
mechanical properties [21]. 

 

Fig. 7 Cross-section fracture planes of Zn+Zn-1Mg 

 

Fig. 8 Longitudinal section fracture planes of Zn+Zn-1Mg 

 Corrosion resistance 

To further investigate the potential use of this ma-
terial as a biodegradable implant, cyclic polarisation 
measurements were performed in physiological solu-
tion. As shown in the polarisation curves in Fig. 9 and 
in Tab. 2, the open-circuit potentials of all three inves-
tigated conditions, pure Zn, Zn–1Mg, and the Zn + 
Zn-1Mg harmonic-structure material, lie within a 
narrow potential range. Likewise, the corresponding  
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corrosion current densities derived from the near re-
gion are comparable, indicating similar baseline corro-
sion kinetics.  

Consequently, based on these cyclic polarisation 
results, there is no evidence that the harmonic-
structure design has a detrimental effect on the corro-
sion response of the zinc-based material in physiolo-
gical solution. Rather, its electrochemical performance 
remains comparable to that of pure Zn.  

 

Fig. 9 Cyclic polarisation tests

Tab. 2 Electrochemical parameters derived from potentiodynamic curves 

 EOC [V/ACLE] vcorr [mm/year] 

Zn -0.981 0.07 

Zn-1Mg -0.991 0.06 

Zn+Zn-1Mg -0.982 0.07 

 
However, the measured corrosion rates remain sig-

nificantly lower than the levels generally considered 
necessary for biodegradable implants, which are ex-
pected to degrade at approximately 0.5 mm/year [22]. 
This indicates that, despite its stability, the zinc-based 
material may corrode too slowly to meet the required 
degradation profile for temporary biomedical devices. 

 Conclusion 

In this work, three materials, namely Zn, Zn-1Mg 
and Zn+Zn-1Mg, were prepared by powder me-
tallurgy and extrusion. The composite of Zn and Zn-
1Mg was tested as a candidate material for biodegra-
dable implant utilisation. Therefore, a thorough analy-
sis is required to evaluate the dependence of 
microstructure on the behaviour of the material under 
tensile loading.  

Microstructural characterisation revealed that the 
Zn+Zn–1Mg composite exhibits a harmonic 
structure, consisting of coarse-grained Zn cores 
surrounded by a Zn–1Mg alloy network. The Zn–1Mg 
regions contained fine grains in the order of hundreds 

of nanometres and Mg2Zn11 intermetallic particles, 
while oxide particles were observed at the interfaces 
between the two phases. 

Mechanical testing demonstrated that the combi-
nation of Zn and Zn–1Mg leads to a significant incre-
ase in yield strength compared to pure Zn, while par-
tially retaining ductility. However, the expected full sy-
nergy was not completely achieved, likely due to the 
presence of oxide particles and differences in defor-
mation behaviour between the shell and core regions. 
Fractographic analysis indicated a complex fracture 
mechanism involving both interfacial decohesion and 
microvoid coalescence. 

The cyclic polarisation measurements demonstra-
ted that the harmonic-structure design does not nega-
tively influence the electrochemical behaviour of the 
zinc-based material, as all tested conditions exhibited 
comparable values and corrosion current densities. 
Nevertheless, the overall corrosion rates remain below 

the degradation rate of approximately 0.5 mm·year⁻¹ 
required for biodegradable implant applications. 

Overall, the results highlight that tailoring the 
morphology and interfacial quality of the Zn–Zn–
1Mg system is crucial for optimising mechanical per-
formance. By minimising oxide formation and refi-
ning the connectivity of the Zn–1Mg network, further 
improvements in strength–ductility balance may be 
achieved. These findings contribute to a better un-
derstanding of microstructure–property relationships 
in Zn-based harmonic materials. 
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