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Róbert Džunda 2 , Beáta Ballóková 2 , Dávid Csík 2 , Katarína Gáborová 1 and Karel Saksl 1,2

1 Institute of Materials, Faculty of Materials, Metallurgy and Recycling, Technical University of Košice,
Letná 1/9, 042 00 Košice, Slovakia; martin.fujda@tuke.sk (M.F.); robert.kocisko@tuke.sk (R.K.);
patrik.petrousek@tuke.sk (P.P.); milos.matvija@tuke.sk (M.M.); katarina.gaborova@tuke.sk (K.G.);
ksaksl@saske.sk (K.S.)

2 Institute of Materials Research of SAS, Slovak Academy of Sciences, Watsonova 47, 040 01 Košice, Slovakia;
molcanova@saske.sk (Z.M.); rdzunda@saske.sk (R.D.); bballokova@saske.sk (B.B.); dcsik@saske.sk (D.C.)

* Correspondence: iryna.cuperova@tuke.sk; Tel.: +421-55-602-2646

Abstract: Zinc (Zn)-based alloys are considered promising bioresorbable materials for
intracorporeal implants due to their good biocompatibility and suitable degradation rate in
physiological environments. However, their broader application is hindered by insufficient
mechanical properties, which are essential for fulfilling the therapeutic function of biore-
sorbable implants. This study investigates the effect of severe plastic deformation on the
microstructure and mechanical properties of as-cast Zn–0.1Mg (wt.%) alloy. The as-cast
alloy, characterised by a coarse-grained microstructure with intermetallic phases at grain
boundaries and low strength and ductility, was subjected to two passes of Equal Channel
Angular Pressing (ECAP). The intense plastic deformation transformed the coarse-grained
structure into an ultrafine-grained solid solution matrix. This substantial microstructural
refinement led to a significant enhancement in mechanical performance. The yield strength
(YS) and ultimate tensile strength (UTS) more than doubled, reaching 198 MPa and 215 MPa,
respectively. Remarkably, the elongation increased from 2.2% to 187% in tensile testing.
These findings confirm the beneficial effect of grain refinement and dynamic recrystalli-
sation on the mechanical behaviour of bioresorbable Zn–0.1Mg alloy and highlight the
high potential of ECAP processing for optimising the mechanical properties of Zn-based
biodegradable materials.

Keywords: bioresorbable Zn–Mg alloys; severe plastic deformation; ECAP processing;
microstructure; strength; plasticity; biomedical applications

1. Introduction
Nowadays, research in the field of biomaterials has increasingly focused on biodegrad-

able materials intended for intracorporeal implants [1]. Many studies have recently been
published on biodegradable alloys based on magnesium (Mg), iron (Fe), and zinc (Zn). The
main motivation of the biodegradable implants’ development is their ability to gradually
degrade in physiological environments. The corrosion products of these materials are
expected to elicit an appropriate host response, enabling their metabolism or assimilation
by cells and tissues. Once the implant has fulfilled its therapeutic role in tissue regeneration,
it is fully resorbed without leaving any residual material in the body [2,3].

In contrast to conventional corrosion-resistant alloys—such as stainless steels and
Ni-, Ti-, Co-, and Cr-based alloys—which are commonly used in permanent implants for

Inorganics 2025, 13, 193 https://doi.org/10.3390/inorganics13060193

https://doi.org/10.3390/inorganics13060193
https://doi.org/10.3390/inorganics13060193
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0009-0003-4333-7973
https://orcid.org/0000-0002-8000-011X
https://orcid.org/0000-0002-9173-9921
https://orcid.org/0000-0002-3553-8068
https://orcid.org/0000-0003-0375-4185
https://orcid.org/0000-0002-2561-0388
https://orcid.org/0000-0002-8754-6449
https://orcid.org/0000-0001-8133-5352
https://doi.org/10.3390/inorganics13060193
https://www.mdpi.com/article/10.3390/inorganics13060193?type=check_update&version=1


Inorganics 2025, 13, 193 2 of 17

osteosynthesis, osteotomy, or the treatment of coronary artery stenosis [4–6], biodegradable
alloys offer excellent biocompatibility without symptoms of local or systemic toxicity.
Furthermore, they possess mechanical properties close to those of bone tissue and naturally
resorb after fulfilling their therapeutic function, thus eliminating the need for secondary
surgical explantation [1,3,7–9].

Zn-based alloys are increasingly being recognised as promising bioactive materials for
the development of bioresorbable implants. Zinc, an essential trace element, plays a key
role in various biological processes in the human body. Approximately 85% of total body
Zn is found in bones and muscles, 11% in the skin and liver, and the remaining fraction in
vital organs such as the brain, kidneys, and pancreas [10–12]. Its biodegradable character
and excellent biocompatibility have been confirmed by several in vivo studies [9,13,14].

In addition to favourable biological properties, Zn-based alloys show potential to over-
come several limitations associated with the more intensively studied Mg- and Fe-based
biodegradable materials [15]. Although Mg alloys are attractive due to the fact that their
Young’s modulus (41–45 GPa) is close to that of natural bone [3], the biocompatibility of
Mg2+ ions [16], and their ability to stimulate bone regeneration [17], their primary draw-
back is an excessively high degradation rate. This leads to intense hydrogen evolution and
local alkalisation, potentially triggering inflammatory responses, implant destabilisation,
and premature failure [1,18]. On the other hand, Fe and its alloys are popular among
biomaterials researchers due to their high mechanical strength and the absence of hydro-
gen evolution during degradation. However, their extremely slow degradation rate and
the accumulation of corrosion products that are difficult to eliminate limit their clinical
applicability [3,19,20]. Additionally, their magnetic properties may interfere with magnetic
resonance imaging, thereby reducing diagnostic quality post-implantation [21].

In this context, Zn alloys represent a balanced alternative. Their corrosion potential
(−0.76 V) lies between that of Fe (−0.44 V) and Mg (−2.37 V) [1], ensuring an optimal
degradation rate. Hydrogen is not released during Zn degradation, and the Zn2+ ions
are naturally integrated into metabolic pathways without toxic effects [22,23]. An in vivo
experiment by Yang et al. [14] demonstrated that a zinc stent implanted into a rabbit aorta
retained mechanical integrity for the first 6 months and degraded by approximately 40%
of its volume after 12 months, without signs of inflammation or thrombosis, indicating
excellent biological tolerance.

On the other hand, the mechanical properties of pure as-cast Zn (ultimate tensile
strength (UTS) ≈ 30 MPa, yield strength (YS) ≈ 27 MPa, elongation (A) < 1%) [24] fall
significantly short of the minimum requirements for orthopaedic implant materials, where
mechanical thresholds are typically set at YS > 230 MPa, UTS > 300 MPa, and elongation
(A) > 15% [25]. One effective strategy to enhance the mechanical performance of pure Zn
is alloying with biocompatible and non-toxic elements such as Mg, Cu, Ca, Sr, Li, Ag, or
Mn. Among these, Mg and Li provide the most pronounced strengthening effect [24–26].
Even microalloying Zn with just 0.1 wt.% Mg increases its strength to ~80 MPa; however,
elongation remains limited to approximately 1% [24]. Zn–Mg alloys are among the most
extensively investigated biodegradable systems, with their biological safety repeatedly
confirmed by cytotoxicity and genotoxicity studies [27,28]. The presence of Mg in the
alloy contributes to regulating Zn2+ ion release and maintaining its concentration within a
physiologically safe range. Therefore, Zn–Mg alloys exhibit lower cytotoxicity and reduced
inflammatory responses compared to pure Zn.

To significantly improve the mechanical properties of Zn–Mg alloys, thermomechani-
cal processing techniques based on plastic deformation have proven effective. For example,
cold rolling of Zn–0.6Mg (wt.%) alloy with a 75% thickness reduction increased its tensile
strength to ~380 MPa while maintaining sufficient ductility (~26%) [29]. Particular research
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attention has been directed toward the application of Equal Channel Angular Pressing
(ECAP), which enables intense grain refinement through severe plastic deformation without
altering the macroscopic geometry of the sample [30]. Several studies have demonstrated
the high efficiency of ECAP in enhancing the strength while retaining good ductility in
microalloyed Zn–Mg alloys [31–33]. Despite these promising outcomes, the synergistic
effect of ECAP processing on the microstructural and mechanical evolution of Zn alloys—in
contrast to the extensively studied Mg systems—remains insufficiently explored. Therefore,
comprehensive research into the deformation processing of Zn–Mg alloys is necessary to
deepen our understanding of their deformation mechanisms and to optimise processing
parameters for biomedical applications [32].

The objective of the present study is to analyse the effect of ECAP processing of
cold-deformed, as-cast microalloyed Zn–0.1Mg alloy on its microstructure and mechanical
properties, and to assess the potential of this technique for optimising material characteris-
tics of bioresorbable metallic implants.

2. Results
2.1. Microstructural Analysis of Zn–0.1Mg Alloy in As-Cast and Equal Channel Angular Pressing
(ECAP)-Processed States

The microstructure of the as-cast Zn–0.1Mg alloy (Figure 1a) exhibits a polyhedric
morphology consisting of coarse equiaxed grains of solid solution. Intermetallic secondary
phase particles are located at the grain boundaries. Additionally, spherically shaped pores
of varying sizes, uniformly distributed throughout the entire volume of the casting ingots,
are present within this structure. Such pore morphology and distribution are characteristic
of gravity-cast alloys. The average grain size of the solid solution, determined according to
the STN EN ISO 643 standard [34], is 123 ± 18.8 µm.

  
(a) (b) 

 
(c) (d) 

Figure 1. Microstructure of the as-cast Zn–0.1Mg alloy: (a) light microscopy (LM); (b) SEM microstruc-
tural analysis (region A representing the primary phase, and region B the secondary phase); (c) EDS
analysis of the primary phase; (d) EDS analysis of the secondary phase.
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Scanning Electron Microscope (SEM) analysis provided detailed insight into the mor-
phology and distribution of the secondary phase (Figure 1b). This secondary phase predom-
inantly precipitated at the grain boundaries in the form of elongated segmented structures.
Semi-quantitative Energy-Dispersive X-ray Spectroscopy (EDS) analysis (Figure 1c) con-
firmed that solid solution grains near the grain boundaries contained slightly higher Mg
content (0.12 wt.%) compared to the average Mg content of the alloy. The secondary
particles at the grain boundaries contained significantly higher Mg content (1.13 wt.%)
(Figure 1d). This observation aligns with the Zn–Mg binary phase diagram, indicating
the low solubility of Mg in Zn at room temperature and the formation of the intermetallic
Mg2Zn11 phase upon cooling at grain boundaries [13,35].

Severe deformation of the as-cast Zn–0.1Mg alloy through two passes of Equal Chan-
nel Angular Pressing (ECAP) altered the microstructural morphology significantly. The
longitudinal cross-section of the deformed sample showed elongation of polyhedric grains
along the longitudinal axis of the sample (Figure 2a,b). Parallel deformation bands, etched
and oriented in the slip direction induced by ECAP processing, were observed within the
grains. Intermetallic phase particles were primarily located at the original grain boundaries
(Figure 2c—point C), though occasionally found inside the grains at interfaces between
deformation bands (Figure 2c—point B). The chemical composition of these deformation
bands, analysed by EDS, corresponded to a slightly supersaturated solid solution of Mg
in Zn (0.25 wt.% Mg—Figure 2d). Globular particles with elevated Mg content (6.26 wt.%
Mg—Figure 2e) were sporadically observed. According to EDS analysis, elongated narrow
intermetallic phase structures at the former grain boundaries also had higher Mg content
(0.62 wt.% Mg—Figure 2f).

  
(a) (b) 

 
(c) (d) 

Figure 2. Cont.
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(e) (f) 

Figure 2. Microstructure of the Zn–0.1Mg alloy after ECAP processing: (a) LM micrograph; (b) SEM
micrograph (the area marked with a red circle indicates the region selected for detailed SEM observa-
tion); (c) detailed SEM view; (d–f) EDS analysis in regions [A], [B], and [C], respectively.

Detailed SEM analysis of the Zn–0.1Mg alloy microstructure after ECAP processing
(Figure 3) revealed etched grain boundaries indicative of dynamically recrystallised ul-
trafine grains of the α-Zn solid solution within the deformation bands, exhibiting the
highest degree of plastic deformation. These grains predominantly displayed equiaxed
morphology, with slight elongation in the deformation direction and an average grain size
around 1.5 µm.

 

Figure 3. SEM micrograph of Zn–0.1Mg alloy after ECAP processing.

Additional phase and structural analysis of the Zn–0.1Mg alloy states was performed
using X-ray diffraction (XRD). Diffraction patterns of both as-cast and ECAP-processed
Zn–0.1Mg alloys (represented by blue symbols in Figure 4) revealed only Bragg peaks
corresponding to the hexagonal hcp-Zn phase with the space group P63/mmc (194). No
diffraction peaks corresponding to Mg-rich intermetallic phases were detected, reflecting
their low volume fraction, likely below the detection limit of XRD analysis. Results of
microstructural refinement of the Zn phase using Rietveld analysis are graphically pre-
sented in Figure 4a,b by the solid green line, and refined microstructural parameters are
summarised in Table 1.
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(a) (b) 

Figure 4. The XRD patterns and Rietveld fit of: (a) the as-cast Zn–0.1Mg alloy sample; (b) the ECAPed
Zn–0.1Mg alloy state.

Table 1. Microstructural parameters of the hcp-Zn phase refined by Rietveld analysis of the diffraction
profile fitting. Lattice parameters (a, c), isotropic displacement parameter (Uiso), microstrain (ε), and
texture index.

Sample Phase a [Å] c [Å] Uiso [Å2] ε [%] Texture Index

As-cast Zn–0.1Mg alloy hcp-Zn 2.66(4) 4.94(6) 0.0166 0.0020 1.018

ECAPed Zn–0.1Mg alloy hcp-Zn 2.66(4) 4.94(6) 0.0167 0.0014 1.939

The lattice parameters of the hcp-Zn phase are identical for both samples and closely
match the reference values for pure Zn (PDF card no. 00-004-0831, a = 2.665 Å, c = 4.947 Å).
The most significant difference was observed in the texture index calculated using the
spherical harmonics model. The texture index numerically characterizes the degree of
preferred crystallite orientation in the material based on the Orientation Distribution
Function (ODF). For an ideally random (isotropic) texture, the texture index equals 1, while
higher values indicate stronger preferred crystallite orientation.

2.2. Mechanical Properties of the Zn–0.1Mg Alloys

The mechanical properties of the Zn–0.1Mg alloy in both as-cast and ECAP-processed
states were evaluated through tensile testing at room temperature, resulting in the stress–
strain curve depicted in Figure 5. The basic mechanical characteristics, including strength
and ductility, are summarised in Table 2. The as-cast alloy demonstrated relatively low
strength, with yield strength (YS) of 83 MPa and ultimate tensile strength (UTS) of 91 MPa,
accompanied by extremely low tensile ductility (elongation measured on a gauge length
L0 = 2d, where d is the original specimen diameter) (A2 = 2.2%) and reduction in area
(Z = 0.2%).

Severe plastic deformation of the as-cast Zn–0.1Mg alloy using ECAP significantly
enhanced its mechanical properties. The most pronounced effect of intense plastic deforma-
tion via ECAP processing was reflected in an extreme increase in elongation (A2), reaching
187%, and a substantial improvement in reduction in area (Z) to 91%. Concurrently, the
yield strength (YS) increased significantly to 198 MPa, and the ultimate tensile strength
(UTS) reached 215 MPa. Furthermore, the conversion of tensile test results from the engi-
neering stress–strain curve into the true stress–strain curve showed that the true ultimate
tensile strength (true UTS) after ECAP processing reached up to 340 MPa.
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Figure 5. Stress–strain curves of the analysed Zn–0.1Mg alloy state.

Table 2. Mechanical properties of the analysed Zn–0.1Mg alloy state.

Sample YS [MPa] UTS [MPa] A2 [%] Z [%]

As-cast Zn–0.1Mg alloy 83 91 2.2 0.2

ECAPed Zn–0.1Mg alloy 198 215 187 91

2.3. Fractographic Analysis of the Zn–0.1Mg Alloys

Fractographic analysis of the fracture surfaces of the as-cast Zn–0.1Mg alloy sample
tested under tensile loading reflects the low ductility characteristics of this material state.
The fracture surface, resulting from brittle fracture propagation across the grains of the
solid solution, predominantly consists of transcrystalline cleavage facets oriented in various
directions (Figure 6a). Intergranular areas formed by brittle separation along solid solution
grain boundaries were also observed, exhibiting distinct intermetallic phase particles
(Figure 6b). EDS analysis revealed elevated magnesium content (5.78 wt.% Mg—Figure 6c)
in these particles, suggesting they are the same intermetallic phases identified at grain
boundaries within the alloy microstructure (Figure 1).

The fracture surface morphology of the ECAP-processed Zn–0.1Mg alloy sample post-
tensile testing exhibits exclusively ductile fracture characteristics (Figure 7a). The fracture
surface is notably irregular, featuring large, elongated dimples aligned with larger particles
along the original grain boundaries and very fine dimples resulting from transcrystalline
ductile fracture through highly deformed solid solution grains. This fracture morphology
corresponds with the significantly enhanced ductility and reduction in area observed during
tensile testing. Coarser intermetallic phase particles arranged in rows were noted within the
larger elongated dimples (Figure 7b). EDS analysis confirmed a high Mg content in these
particles (10.54 wt.% Mg—Figure 7d), validating that they correspond to particles observed
in the ECAP-processed microstructure along elongated grain boundaries. Elevated Mg
concentrations (2.91 wt.% Mg—Figure 7e) were also detected at the ridges of larger dimples.
Fine intermetallic phase particles were identified within the smaller dimples resulting from
transcrystalline fracture (Figure 7c). These fine particles, formed within originally cast
grains, also showed elevated Mg content (2.91 wt.% Mg—Figure 7f), likely corresponding
to Mg2Zn11 intermetallic phases.
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(a) (b) 

 
(c) 

Figure 6. SEM micrographs of fracture surfaces of the as-cast Zn–0.1Mg alloy: (a) overview of the
fracture surface; (b) detailed view of the selected area; (c) EDS analysis in area [A].

  
(a) (b) 

 

 

(c) (d) 

Figure 7. Cont.



Inorganics 2025, 13, 193 9 of 17

  
(e) (f) 

Figure 7. SEM micrographs of fracture surfaces of the Zn–0.1Mg alloy after ECAP processing:
(a) overview of fracture surface; (b,c) detailed views of selected areas; (d–f) EDS analysis in areas [A],
[B], and [C], respectively.

3. Discussion
The initial state of the analysed bioresorbable Zn–0.1Mg alloy consists of crystallised

castings exhibiting a typical casting microstructure characterised by coarse-grained poly-
hedric morphology (Figure 1). The primary phase in the microstructure consists of poly-
hedric equiaxed α-Zn solid solution grains with an average size of approximately 123 µm,
formed during alloy solidification and cooling. Upon cooling from the crystallisation
temperature, a secondary intermetallic Mg-rich phase precipitated at the grain boundaries
in segmented forms due to the decreasing solubility of Mg in Zn as temperature decreased,
as described by the Zn–Mg phase diagram. These intermetallic particles represent a hard
yet brittle component of the alloy’s microstructure [13]. The EDS analysis confirmed
increased Mg content within these particles (Figure 1d). However, their precise stoichio-
metric composition was not conclusively determined. X-ray diffraction (XRD) analysis
(Figure 4) identified only the α-Zn phase with an HCP lattice structure in the as-cast alloy.
The volume fraction of the intermetallic phase is presumably below the detection limit of
diffraction analysis. Nevertheless, based on the Zn–Mg phase diagram [13,35] and liter-
ature data [36–39], the observed secondary particles can be presumed to be the Mg2Zn11

intermetallic phase, frequently reported as dominant in Zn–Mg alloys with magnesium
content at or above 0.1 wt.%. In alloys with higher Mg content (>0.1 wt.%), metastable
MgZn2 phase particles can also form due to localised Mg enrichment during solidification,
consistent with the Zn–Mg phase diagram [13,39]. Porosity resulting from gas entrapment
during gravitational casting is also a characteristic feature of the as-cast microstructure.

Indications of deformation twinning were observed in some primary α-Zn solid solu-
tion grains (Figure 2a), resulting from internal stresses generated during alloy solidification
and cooling. Twinning is a dominant plastic deformation mechanism in metals with hexag-
onal close-packed (HCP) lattices, such as Zn and Mg [40,41]. This phenomenon arises from
the limited number of active slip systems (basal and prismatic), insufficient to satisfy von
Mises’ criterion for plastic compatibility, requiring activation of at least five independent
slip systems. Consequently, energetically more demanding pyramidal slip systems of type
<c + a> must be activated [36,41]. For Zn and its alloys, the high lattice parameter ratio
c/a (~1.856), exceeding the ideal value of 1.633, significantly increases the critical shear
stress necessary for activating non-basal slip planes, thus favouring twinning, especially in
coarse-grained microstructures and under cold deformation conditions [40,41].

The as-cast Zn–0.1Mg alloy structure was not macroscopically significantly altered by
two ECAP passes (route A) at room temperature (Figure 2a,b). Polyhedric cast grains were
elongated in the direction of extrusion axis during ECAP, with intermetallic phase particles
remaining at grain boundaries. Intense plastic deformation resulted in the formation
of deformation bands in the α-Zn grains oriented in the direction of shear within the
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ECAP die, and eliminated porosity (Figure 1a). Redistribution of Mg-rich intermetallic
phase particles occurred, observed both at original grain boundaries and within the grain
interiors (Figure 2c), attributed to intense shear deformation within the ECAP die. XRD
analysis confirmed identical phase compositions of Zn–0.1Mg alloy in both as-cast and
ECAP-processed states. No intermetallic phases were detected through diffraction analysis.
However, significant textural development with a texture index of 1.939 was confirmed
by XRD, indicating preferred crystallographic orientation of grains/subgrains after ECAP,
consistent with literature findings [29,31,42].

Detailed SEM analysis revealed ultrafine dynamically recrystallised grains/subgrains
of solid solution smaller than 1.5 µm in deformation bands (Figure 3). This microstructural
refinement is attributed to dynamic recrystallisation induced by severe plastic deforma-
tion. Room temperature recrystallisation was facilitated by high deformation intensity
and extremely low recrystallisation temperatures (~−12 ◦C) of Zn–Mg alloys [40]. Mg-
rich intermetallic particles, such as Mg2Zn11, significantly aided grain nucleation during
dynamic recrystallisation by acting as effective nucleation sites due to localised stress
concentrations [24]. In contrast to the as-cast condition, ECAP processing eliminated
signs of twinning (Figure 2a), due to grain refinement, shifting the dominant deformation
mechanism to the dislocation slip [40].

Mg-rich intermetallic particles, presumably the Mg2Zn11 phase, play a significant
role in the nucleation of new grains due to local stress concentration fields, acting as
effective nucleation centres for dynamically recrystallised grains. Thus, they substantially
enhance dynamic recrystallisation and accelerate microstructural refinement [24]. After
ECAP processing, no signs of twinning were observed (Figure 2a), in contrast to the as-
cast state, where twinning was present. This phenomenon is related to significant grain
refinement, which suppresses twinning and transitions the deformation mechanism to
the dominant dislocation slip [40]. The critical stress required for twinning activation
increases significantly faster with decreasing grain size than the stress required for slip
activation. According to the available literature [40,41,43–45], refining the microstructure of
hexagonal close-packed (HCP) materials below a critical grain size (typically in the range
of 1–10 µm) entirely suppresses twinning as a deformation mechanism. Consequently,
dislocation slip mechanisms dominate, fundamentally affecting the plastic deformation
behaviour. Li et al. [43], for example, demonstrated that reducing the grain size below
2.7 µm during ECAP processing of pure Mg not only suppresses twinning, but also results
in reverse Hall–Petch behaviour characterised by reduced strength properties. Similar
results were observed in Zn–Mn alloys, where grain size reduction from 4 µm to 2 µm
led to a decrease in the volume fraction of twins from 14.2% to 2.3% [45]. Additionally,
intermetallic particles present in the microstructure contribute to twinning suppression
by acting as barriers to twin propagation [24]. When dislocation migration across grain
boundaries and transcrystalline plastic deformation is significantly limited due to the
absence of equivalent slip planes in adjacent grains, macroscopic deformation must proceed
through alternative mechanisms. Under these conditions, grain boundary sliding (GBS)
becomes the dominant mechanism ensuring continued plastic deformation [40].

The observed significant submicroscopic structural differences markedly influenced
the mechanical behaviour of the Zn–0.1Mg alloy in the as-cast and ECAP-processed states.
The coarse-grained microstructure of the as-cast state with twinning predisposed it to brittle
fracture. In brittle HCP materials with only one active twinning mechanism, interaction
between twins generates local stress concentrations, acting as initiators of microcracks and
promoting further twinning, cyclically reducing material toughness [24,43]. This assump-
tion was confirmed by tensile testing of the as-cast Zn–0.1Mg alloy, revealing relatively
low yield strength (YS) of 83 MPa, low ultimate tensile strength (UTS) of 91 MPa, and
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extremely low elongation (A2) of 2.2% (Table 2, Figure 5). The reduction in area (Z) during
tensile testing reached only 0.2%, indicating minimal plastic deformation before fracture.
Fractographic analysis of fracture surfaces in the as-cast state (Figure 6) demonstrated dom-
inant transcrystalline cleavage facets and intercrystalline separation, fundamental signs
of brittle fracture. Sharp and uneven edges of cleavage facets indicate local slip and grain
rotation before fracture, consistent with minimal elongation and confirming macroscopic
brittleness. Similar low mechanical properties of as-cast Zn–Mg alloys were reported by
other studies [13,16,24,46], where UTS typically did not exceed 150 MPa, YS was below
110 MPa, and elongation was less than 2% for alloys containing Mg ≤ 1 wt.%.

Microstructural refinement induced by intense cold plastic deformation of the as-cast
alloy significantly improved mechanical properties. The ECAP-processed Zn–0.1Mg alloy
achieved YS of 198 MPa, UTS of 215 MPa, elongation (A2) of 187%, and reduction in
area (Z) of 91% (Table 2, Figure 5). Additionally, true ultimate tensile strength (true UTS)
reached 340 MPa, significantly exceeding requirements for orthopaedic implant materials
(YS > 230 MPa, UTS > 300 MPa, elongation (A) > 15%) [25]. Sufficient ductility of the
ECAP-processed state allows for further improvement in mechanical properties through
additional cold deformation methods, such as rolling. The obtained results notably surpass
previously published data for Zn–Mg alloys processed through various technologies,
including ECAP. Exceptional mechanical properties, particularly the remarkably high
elongation (187%), significantly exceed literature-reported values for similarly processed
Zn–Mg alloys (Table 3) [31,37,42,47,48].

Table 3. Comparison of mechanical properties of the Zn–Mg alloys.

Composition (wt.%) Processing Technique YS [MPa] UTS [MPa] A [%] References

Zn–0.1Mg RT-ECAP-2P 198 215 187 current study

Zn–0.1Mg RT-ECAP-8P 329 383 45.6 [31]

Zn–0.1Mg 150T-ECAP-8P 274 291 7.8 [31]

Zn–0.15Mg HE (250 ◦C) 114 250 22 [37]

Zn–0.08Mg HE (150 ◦C) + WD 250 266 29.8 [38]

Zn–0.033Mg RT-ECAP-4P 250 263 25.37 [42]

Zn–0.2Mg HE (200 ◦C) 179 234 8 [47]

Zn–0.02Mg HE (200 ◦C) + WD 388 455 5.4 [48]
HE: hot extrusion; WD: wire drawing; ECAP: equal channel angular pressing; RT: room temperature.

The fracture surface morphology of tensile-tested samples significantly changed fol-
lowing ECAP processing (Figure 7), correlating with improved mechanical properties of
the analysed microalloyed Zn–Mg alloy. The presence of transcrystalline ductile fracture
with dimples of various sizes and significant contraction clearly indicates considerable
deformation energy absorption prior to fracture.

The significant enhancement in strength and ductility properties of the Zn–0.1Mg
alloy following ECAP processing can be attributed to the synergistic effect of several mi-
crostructural factors. Key roles are played by grain refinement, elimination of porosity, and
increased grain boundary sliding activity. The formation of a fine-grained microstructure
primarily results in material strengthening, significantly influencing mechanical properties.
According to the Hall–Petch relationship, yield strength increases with decreasing grain
size due to the increased grain boundary area, effectively acting as barriers for dislocation
movement. To verify the applicability of the Hall–Petch relationship in our case, we calcu-
lated the 0.2% strain offset yield strength (YS0.2) for both the as-cast and ECAP-processed
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alloy states. The calculation was based on the empirical relation stated for Zn material with
an average grain size (dz) in the range from 0.6 to 400 µm [49]:

YS0.2 = 40.8 + 104.8 dz
−0.5 (1)

The results demonstrated that the ECAP-processed alloy state exhibits a significantly
higher calculated yield strength of 126.36 MPa, while the as-cast alloy state achieved a
value of 50.25 MPa. The higher yield strength calculated for the ECAP-processed alloy,
characterised by a grain-refined microstructure, supports the Hall–Petch relationship, sug-
gesting that grain refinement enhances dislocation interactions with grain boundaries and
thus improves resistance to plastic deformation. This strengthening mechanism markedly
improves strength and is essential in increasing mechanical resilience of metals subjected to
severe plastic deformation [38,40]. Additionally, the resultant fine-grained microstructure
effectively suppresses twinning activation, often associated with microcracking during
tensile loading. For instance, reduced twinning fraction from 14.2% to 2.3% in Zn–Mn
alloys correlated with significant elongation improvement from 48% to 71% [45]. Moreover,
grain boundaries enriched with finely dispersed secondary intermetallic phases signifi-
cantly redistribute local stresses, reducing brittle fracture likelihood. These phases actively
participate in coordinated deformation via grain boundary sliding, substantially increasing
overall material ductility [29]. Increased activation of slip systems due to stress concen-
trations at grain boundaries leads to uniform plastic deformation, and grain boundary
rotation facilitates continuous deformation without localised stress concentrations [31]. Ad-
ditionally, dislocation movement along grain boundaries enhances toughness and, in some
cases, enables superplastic behaviour, exemplified by extruded Zn–0.5Mn alloy achieving
extraordinary tensile elongation of 236% with grain sizes around 0.35 µm [50].

4. Materials and Methods
The Zn–0.1Mg (wt.%) alloy was prepared by melting high-purity metals (Zn with a

purity of 99.95% and Mg with a purity of 99.99%) in a Schmelzofen Goldbrunn 1000 electric
resistance furnace (Goldbrunn Therm, Berlin, Germany) at a temperature of 730 ◦C. The
molten alloy was mixed thoroughly for 10 min in a protective argon (Ar) atmosphere before
being gravity-cast into graphite crucibles that had been preheated to 300 ◦C. After casting,
the ingots were air-cooled naturally while still in the graphite crucibles. The resulting
ingots had a cylindrical shape with a diameter of 20 mm and a length of 80 mm.

The chemical composition of the prepared as-cast alloy was analysed using spark
optical emission spectrometry (OES) in accordance with the STN EN 12019 standard [51].
The analysis revealed that the Mg content in the alloy was 0.083 ± 0.017 wt.%. Addition-
ally, trace concentrations of impurities were detected, with a total content not exceeding
0.013 wt.%, consisting of 0.006 wt.% Sn and 0.007 wt.% Cu.

The as-cast Zn–0.1Mg alloy cylindrical samples were then machined to dimensions of
ø 8 mm × 60 mm for processing by severe plastic deformation using the ECAP technique.
These as-cast alloy samples were pressed twice through an ECAP die (die parameters:
Φ = 90◦, Ψ = 37◦) at room temperature without rotation between passes, i.e., following
route A (Figure 8), according to the standard classification outlined in the literature [52].

The microstructure of the as-cast and ECAP-processed samples of the Zn–0.1Mg al-
loy was analysed in the longitudinal direction, i.e., along the axis of the ingots and the
ECAP-processed cylindrical specimens (Figure 8) by an OLYMPUS Vanox-T light micro-
scope (Olympus, Tokyo, Japan) and a JEOL JSM 7000F scanning electron microscope (SEM)
(JEOL, Tokyo, Japan). Samples for microstructural analysis were prepared using standard
cold-mounting techniques, followed by grinding with waterproof abrasive papers and
polishing with diamond paste of 0.7 µm grit size. Final polishing was completed using
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a colloidal silica suspension. The microstructure was subsequently revealed by chemical
etching in a 5% Nital solution. The microstructural analysis focused on the morphology
and size of the solid solution features as well as the distribution of secondary phases.
For a more detailed microstructural examination, energy-dispersive X-ray spectroscopy
(EDS) was used to perform a semi-quantitative chemical composition analysis of the phases
present. Phase analysis of the Zn–0.1Mg alloy in both the as-cast and ECAP-processed states
was conducted using X-ray diffraction (XRD). X-ray diffraction measurements were per-
formed using the Philips X’Pert Pro powder diffractometer (Malvern Panalytical, Almelo,
The Netherlands) equipped with a Co X-ray tube within the 2θ range of 20◦ to 120◦, with
a step size of 0.03◦ and a dwell time of 10 s per step. Rietveld analysis of the measured
diffractograms was performed using the software package GSAS-II (version 5.4.2) [53].

 

Figure 8. Two-dimensional scheme of the alloy sample ECAP processing following route A.

The mechanical properties of the studied alloy, in both the as-cast and ECAP-processed
states, were evaluated by uniaxial tensile testing realised at room temperature using a
Tinius Olsen H300K-V universal testing machine (Tinius Olsen, Horsham, PA, USA). The
tensile tests were conducted according to Method A of the STN EN ISO 6892-1 standard [54],
at a strain rate of 2.5 × 10−4 s−1. The tensile tests were performed on cylindrical samples
with threaded heads, featuring a gauge diameter of 5 mm and a gauge length of 10 mm.
The evaluated mechanical properties included yield strength (YS), ultimate tensile strength
(UTS), and ductility parameters: elongation (A2) and reduction in area (Z). The tensile
strength of ECAP-processed alloy state was assessed not only by the conventional engineer-
ing approach based on the initial cross-sectional area of the specimen, but also as true value
reflecting the actual deformation state and the real cross-sectional reduction during tensile
testing. This comprehensive method enables a more accurate evaluation of the material’s
deformation behaviour under tensile loading. Following tensile testing, the morphology
of the fracture surfaces was examined by fractography analysis using a JEOL JSM 7000F
SEM scanning electron microscope, with EDS analysis performed to characterise the phases
present on the fracture surfaces.

5. Conclusions
Zn–Mg alloys have high potential for use in biodegradable implants. Their chemical

composition and processing methods significantly influence properties such as biocompati-
bility, degradation rate, and particularly mechanical characteristics. The desired strength
characteristics and sufficient ductility of these alloys can be achieved through various form-
ing techniques, including severe plastic deformation methods. This study investigated the
effect of Equal Channel Angular Pressing (ECAP), a severe plastic deformation technique,
on the microstructure and mechanical properties of the as-cast Zn–0.1Mg alloy. The main
conclusions from this study are summarised as follows:
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1. The as-cast Zn alloy with 0.1 wt.% Mg exhibited a polyhedric casting microstructure
consisting of coarse (average grain size dz = 123 µm) equiaxed grains of Mg solid
solution in Zn with an H12 lattice and segmented secondary intermetallic phase
formations, such as Mg2Zn11, precipitated at the grain boundaries of the solid solution.

2. Severe cold plastic deformation of the as-cast alloy, achieved by two passes through the
ECAP die using route A, led to significant changes in the microstructure of the solid
solution grains. Deformation by shear in the ECAP die channel formed deformation
bands in the original cast grains, within which ultrafine dynamically recrystallised
substructures of solid solution with an average grain size not exceeding 1.5 µm were
observed. ECAP processing also resulted in the formation of texture with preferred
crystallographic orientation of grains/subgrains.

3. Significant refinement of the alloy’s solid solution substructure induced by severe
plastic deformation substantially improved its mechanical properties determined by
tensile testing. The ECAP-processed Zn–0.1Mg alloy achieved a yield strength of
198 MPa and an ultimate tensile strength of 215 MPa, more than twice the values
observed in the as-cast alloy. However, the most dramatic improvement was observed
in ductility parameters. The ECAP-processed alloy reached elongation up to 187%
and reduction in area up to 91%. Additionally, true ultimate tensile strength reached
as high as 340 MPa. Sufficient ductility of the deformed alloy state allows for further
strength enhancement through additional cold forming techniques, such as rolling,
after ECAP processing.

4. Significant improvement in ductility induced by ECAP also altered the fracture mech-
anism observed during tensile testing. Brittle fracture in the as-cast Zn–0.1Mg alloy,
characterised by transcrystalline cleavage and intercrystalline separation, transformed
into ductile transcrystalline fracture in the ECAP-processed alloy, evidenced by dim-
ples of varying sizes on the fracture surface and high reduction in area. This indi-
cates that the severely deformed alloy absorbed considerable deformation energy
before fracture.

5. Microstructural refinement in materials with a hexagonal close-packed (HCP) lattice
below a critical grain size (typically in the range of 1–10 µm) completely suppresses
twinning as a deformation mechanism. Consequently, alternative deformation mech-
anisms begin to dominate, fundamentally changing plastic deformation behaviour.
Formation of an ultrafine-grained microstructure primarily strengthens the material,
and significantly enhances ductility, as the refined microstructure provides an in-
creased number of active slip systems and enables coordinated plastic deformation
through grain boundary sliding of the solid solution grains.
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Abbreviations
The following abbreviations are used in this manuscript:

ECAP Equal Channel Angular Pressing
YS Yield Strength
UTS Ultimate Tensile Strength
True UTS True Ultimate Tensile Strength
A Elongation
A2 Elongation measured on a gauge length L0 = 2d (d—specimen diameter)
Z Reduction in Area
SEM Scanning Electron Microscopy
EDS Energy-Dispersive X-ray Spectroscopy
XRD X-ray Diffraction
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ODF Orientation Distribution Function
HCP Hexagonal Close-Packed
GBS Grain Boundary Sliding
OES Optical Emission Spectrometry
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