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In the present work, the structural, tensile, compressive and bending mechanical properties as well as the cytotoxicity of the
Zn-Mg biodegradable alloys containing mass fractions from 0 % up to 8.3 % Mg were studied. It was found that the maximum
tensile and compressive strengths of 170 MPa and 320 MPa, respectively, were obtained for the Zn-0.8Mg alloy. This alloy also
showed the highest tensile elongation of 2 %. Mechanical properties were discussed in relation to the various structural features
of the alloys. The structure of the strongest Zn-0.8Mg alloy was composed of a fine mixture of ¢-Zn dendrites and a-Zn +
Mg,Zn,; eutectics. The cytotoxicity was evaluated with an indirect contact assay using human osteosarcoma cells (U-2 OS). The
cytotoxicity of the Zn-0.8Mg alloy extract was low and only slightly higher than in the case of the pure-Mg extract.
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V tem delu so bile preucevane struktura, natezne, tla¢ne in upogibne mehanske lastnosti biorazgradljive zlitine Zn-Mg z masnim
deleZzem od 0 % do 8,3 % Mg. Ugotovljeno je bilo, da sta bili pri zlitini Zn-0,8Mg doseZeni najvecja natezna in tlana trdnost
170 MPa oziroma 320 MPa. Ta zlitina je tudi pokazala najvecji raztezek 2 % pri natezni obremenitvi. Mehanske lastnosti so
prikazane v odvisnosti od mikrostrukturnih znacilnosti zlitin. Mikrostruktura najmocnejse zlitine Zn-0,8Mg je bila sestavljena iz
a-Zn-dendritov in @-Zn + Mg,Zn; -evtektika. Citotoksi¢nost je bila ocenjena s posrednim preizkusom kontakta s celicami
Cloveskega osteosarkoma (U-2 OS). Citotoksi¢nost ekstrakta zlitine Zn-0,8Mg je bila majhna in samo malo vecja v primerjavi z
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ekstraktom Cistega Mg.

Klju¢ne besede: biorazgradljiv material, cink, mehanske lastnosti, struktura, citotoksi¢nost

1 INTRODUCTION

Biodegradable implant materials progressively de-
grade in the human body after the implantation, produc-
ing relatively non-toxic compounds and, simultaneously,
they are being replaced by the growing tissue. Biodegra-
dable polymeric materials have been known and used for
a long time. However, polymeric materials are not suit-
able for the load-bearing applications such as screws or
plates for fractured bones, due to their low mechanical
strength.! Among biodegradable metallic materials,
magnesium alloys have attracted the greatest interest
since the beginning of the 20th century.? The reason for
this is that magnesium is relatively non-toxic to the
human body and excessive amounts of it can be readily
excreted by the kidneys. Moreover, it is very important
for many biological functions of the human body. The
main disadvantage of most magnesium alloys explored
so far is that they corrode too rapidly in physiological
environments, producing excessive amounts of hydrogen
and increasing the alkalinity close to the implant.>¢ Both
factors retard the healing process. Therefore, large
efforts have been devoted to finding magnesium-based
alloys degrading at acceptably low rates and many kinds
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of Mg-based alloys, like AZ, AM, LAE, WE, Mg-Zn,
Mg-Zn-Ca, Mg-Zn-Mn-Ca, Mg-Zn-Y, Mg-Gd, Mg-Zn-
Si and others, have been studied until now.”-1¢

In Mg-based biodegradable alloys, zinc is often one
of the major constituents. Zinc is known to improve the
strength and corrosion resistance of magnesium and,
from the biological point of view, it is generally consi-
dered relatively non-toxic.!'” In the majority of the Mg
biodegradable alloys given above, the concentrations of
zinc do not exceed several mass fractions w/%. But a
deep eutectic in the Mg-Zn binary-phase diagram'® with
about 51 % Zn supports the glass-forming ability (GFA)
of Mg-Zn-based alloys with high concentrations of zinc.
Amorphous ternary Mg-Zn-Ca alloys whose composi-
tions are close to the eutectic point were already pre-
pared'®?° and shown to be promising candidates for
biodegradable implants. Due to the unordered atomic
structures and high Zn contents, amorphous alloys have
an excellent strength, high corrosion resistance, low
hydrogen evolution rate and a good biocompatibility in
animals. Until now, bulk amorphous Mg-Zn-Ca samples
of only a few millimeters in size have been prepared.

The fact that zinc is a biologically tolerable element,
even when its content in Mg-based alloys approaches
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w = 50 %,* indicates that Zn-based alloys may also be
promising candidates for biodegradable implants. This
has motivated our research of Zn-based biodegradable
alloys. The main advantage of these materials over
Mg-Zn metallic glasses is that they are much easier to
prepare using the classical routes like gravity or die cast-
ing, hot rolling, hot extrusion, ECAP, etc. In our previous
work?? we provided information on the basic mechanical
and corrosion properties of three binary Zn-Mg alloys
containing w(Mg) = 1-3 %. We have shown that these
alloys are significantly more corrosion resistant in a
simulated body fluid (SBF) than Mg alloys. Possible
zinc doses and toxicity were estimated and found to be
negligible when compared to the tolerable biological
daily limit of zinc. Magnesium was shown to strengthen
the alloys and it is also known to support the healing
process of the hard tissue.??

To properly design a load-bearing implant, the me-
chanical properties of an implant material are of a great
importance. For this reason, this work is focused on the
mechanical characterization including the hardness,
tensile, compressive and bending properties of a series of
the Zn-Mg binary alloys containing w(Mg) = 0-8 %.
These limits were selected to be around the eutectic point
in the Zn-Mg system (approximately w(Mg) = 3 %).'3
Moreover, the cytotoxicity of zinc was also assessed and
compared with magnesium and other elements.

2 EXPERIMENTAL WORK

In this study, pure zinc and six binary Zn-Mg alloys
containing w = 0.8-8.3 % of Mg were studied. The
designations and chemical compositions of the studied
alloys are given in Table 1.

Zn-based alloys were prepared by melting pure zinc
(99.95 %) and magnesium (99.90 %) in a resistance
furnace in air. To prevent an excessive evaporation of
volatile zinc, the melting temperature did not exceed
500 °C, and the homogenization was ensured with an
intense mechanical stirring using a graphite rod. After a
sufficient homogenization, the melts were poured into a
cast-iron mold to prepare cylindrical ingots of 20 mm in
diameter and 130 mm in length. The chemical compo-
sitions were verified at both ends of the ingots with
X-ray fluorescence spectrometry (XRF), as shown in
Table 1.

The structures of the alloys were studied using light
(LM) and scanning electron microscopy (SEM, Tescan
Vega 3) with energy dispersive X-ray spectrometry (EDS,
Oxford Instruments Inca 350). The phase composition

was also confirmed with an X-ray diffraction analysis
(XRD, X Pert Pro).

The mechanical properties of the as-cast alloys were
characterized with hardness, tensile, compressive and
bending tests. The samples for these tests were cut di-
rectly from the as-cast ingots. A loading of 5 kg was
used for Vickers-hardness measurements. The rod
samples for tensile tests had a diameter and length of 10
mm and 120 mm, respectively. Compressive tests were
realized with rectangular samples of 10 mm x 10 mm X
15 mm in size. The compressive loading direction was
parallel to the longest dimension. For three-point bend-
ing tests, rod samples of 4 mm in diameter and 40 mm in
length were used. All the mechanical tests used a defor-
mation rate of 1 mm/min. Fracture surfaces were exa-
mined after the tensile and bending tests using SEM.

The cytotoxicity of Zn-Mg alloys was assessed by
using human osteosarcoma cells (U-2 OS). The investi-
gated Zn-0.8Mg alloy and pure magnesium were used in
these tests. Pure magnesium was used for comparison
because it is generally considered to have a good bio-
compatibility and it is, thus, the basis of the most exten-
sively studied metallic biomaterials. Before the extrac-
tion, cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with a 10 % fetal bovine serum
(FBS), 100 U/mL penicillin, I mg/mL streptomycin and
250 ng/mL amphotericin B at 37 °C in a humidified
atmosphere of 5 % CO,. The cytotoxicity was evaluated
with an indirect-contact assay. Extracts were prepared by
immersing the alloys in a DMEM medium containing a
5 % FBS and antibiotics at 37 °C for 7 d. The ratio of the
surface area of the alloy samples to the extraction me-
dium was 1 cm?mL. The extracts were then withdrawn
and diluted twice. The concentrations of Zn and Mg
released from Zn-0.8Mg and Mg, respectively, were
determined using inductively coupled plasma mass
spectrometry (ICP MS). The cells were seeded at a
density of cells 2.5 x 10* mL-! and incubated in 96-well
cell culture plates for 24 h to allow attachment. The
medium was then replaced with 100 pL of the extracts.
The controls for a comparison of the cell viability
involved both pure DMEM medium (100 % viability)
and 0.64 % phenol in the DMEM medium as the toxic
control. After the incubation of the cells in a humidified
atmosphere of 5 % CO, at 37 °C for 1 d the extracts were
removed. The cells were then washed twice using
phosphate buffered saline (PBS) and overlaid with a
phenol red-free DMEM medium containing 5 uL of the
WST-1 reagent (Roche) per well. The plates were
incubated with WST-1 for 4 h at 37 °C. The assay is
based on the reduction of tetrazolium salt to soluble
formazan due to mitochondrial enzymes of the viable

Table 1: Chemical compositions of the investigated alloys in mass fractions (w/%)

Tabela 1: Kemijske sestave preiskovanih zlitin v masnih delezih (w/%)

Alloy designation Zn Zn-0.8Mg Zn-1.6Mg

Zn-2.5Mg Zn-3.5Mg Zn-5.4Mg Zn-8.3Mg

Mg concentration <0.01 0.79 £0.05 | 1.57 £0.04

251003 | 347+£0.03 | 536+0.12 | 8.32+0.04
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cells. The absorbance of the samples characterizing the
cell viability was measured using a microplate reader at
450 nm with a reference wavelength of 630 nm. The
higher the absorbance, the higher is the viability of the
cells.

3 RESULTS AND DISCUSSION
3.1 Structures

The light micrographs of the investigated alloys are
shown in Figure 1. It is seen in Figure 1a that the pure
zinc is composed of almost equi-axed grains of approxi-
mately 20 pm in size. The structures of the alloys from
7Zn-0.8Mg to Zn-2.5Mg (Figures 1b to 1d) are hypo-
eutectic, i.e., they are composed of the primary a-Zn
dendrites (light) and the «-Zn + Mg,Zn,,; eutectic
mixture (dark) in interdendritic regions, dominated by
the lamellar and rod morphologies of the eutectic phases
(see also a detailed view inserted in Figure 1d). The
presence of the two phases of a-Zn and Mg,Zn;; in the
alloys was also confirmed with XRD (not shown). The

average thickness of the dendritic branches in these
alloys is approximately 30 um and the volume fraction of
the eutectic mixture increases with the increasing Mg
concentration. In all the hypoeutectic alloys the average
eutectic interparticle spacing is approximately 2 um
(Figure 1d). The composition of the Zn-3.5Mg alloy is
very close to the eutectic point in the binary Zn-Mg
phase diagram.'® Its structure (Figure 1e) is, thus, domi-
nated by a very fine rod-and-lamellar ¢-Zn + Mg,Zn;,
eutectic mixture, in which the average eutectic interpar-
ticle spacing is close to that in the previous alloys (2
um). The eutectic mixture creates the colonies of 50-200
um in size that differ in the spatial orientation of the rods
and lamellae. The Zn-5.4Mg and Zn-8.3Mg alloys (Fig-
ures 1f and 1g, respectively) are hypereutectic, contain-
ing sharp-edged Mg,Zn,, intermetallic phases (light) and
the a-Zn+Mg,Zn,; eutectic mixture (dark). Rod and
lamellar eutectic particles are observed (Figure 1g). Like
in the hypoeutectic and eutectic alloys, the average
eutectic interparticle spacing is approximately 2 pm. The
volume fraction and dimensions of the primary inter-

Figure 1: Light and detailed SEM micrographs of the alloys: a) Zn, b) Zn-0.8Mg, ¢) Zn-1.6Mg, d) Zn-2.5Mg, e) Zn-3.5Mg, f) Zn-5.4Mg, g)
Zn-8.3Mg
Slika 1: Svetlobni in podrobni SEM-posnetki mikrostrukture zlitin: a) Zn, b) Zn-0,8Mg, c¢) Zn-1,6Mg, d) Zn-2,5Mg, e¢) Zn-3,5Mg, f) Zn-5,4Mg,
g) Zn-8,3Mg
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metallic phases increase with the increasing Mg contents
in the alloys. The nature of the Mg,Zn,; intermetallic
phases was verified with XRD (not shown) and EDS,
determining mole fractions x = 15.1 % Mg and x = 84.9
% Zn in these particles. Due to enrichment in
magnesium, the particles are often surrounded by a thin
layer of the «-Zn phase.

3.2 Mechanical properties

Figure 2 shows various mechanical properties of the
Zn-Mg alloys as functions of the Mg content. One can
see that there is a direct relationship between the Mg
content and mechanical properties. The hardness of the
Zn-Mg alloys increases with the Mg concentration from
approximately 37 HVS for the pure zinc up to 226 HV5
for the Zn-8.3Mg alloy (Figure 2a). This behavior can
be attributed to the increasing volume fraction of the
hard Mg,Zn,, intermetallic phase due to magnesium
(Figure 1).

The compressive mechanical properties summarized
in Figure 2b show a similar trend, i.e., the compressive
yield strength increases with the Mg concentration from
80 MPa (the pure zinc) up to 625 MPa (the Zn-3.5Mg
alloy). The ultimate compressive strength of the alloys
containing 0-3.5 % Mg was not measured because they
were not broken during the loading, suggesting a good
compressive plasticity of hypoeutectic and eutectic
alloys. In the case of hypoeutectic alloys this plasticity is
attributable to a relatively large volume fraction of the
soft a-Zn phase (Figures 1a to 1d). The compressive
plasticity of the eutectic Zn-3.5Mg alloy is a little sur-
prising because this alloy contains approximately
volume fraction ¢ = 50 % of the brittle Mg,Zn,, eutectic
phase (Figure 1e). A detailed insert in Figure 1e shows
that the eutectic mixture is very fine and that the average
diameter of eutectic rods and the thickness of eutectic
lamellae do not significantly exceed 1 pm. During the
compressive loading, hard eutectic particles act as stress
concentrators. The larger are the particles, the higher is
the local-stress increase around them. In the case of fine
eutectic particles, the local-stress increase in their vici-
nity is probably small; therefore, the alloy shows an
unlimited plastic deformation in compression. In con-
trast, at higher Mg concentrations the fracture took place
before the onset of the plastic deformation, therefore,
only the values of the ultimate compressive strength of
the Zn-5.4Mg and Zn-8.3Mg alloys are shown in Figure
2b. Both these alloys contain sharp-edged primary
Mg,Zn;; intermetallic phases (Figures 1f to 1g). Their
sizes, shapes and brittle nature indicate that the stress
concentration around them is high. Fracture cracks, thus,
grow at a low nominal compressive stress of slightly
above 200 MPa, i.e., significantly below the onset of the
plastic deformation.

Bending mechanical properties are illustrated in
Figure 2c. It is observed that a bending strength first
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Figure 2: Mechanical properties of Zn-Mg alloys versus Mg con-
centration: a) Vickers hardness HV5, b) compressive tests (UCS —
ultimate compressive strength, CYS — compressive yield strength), c)
bending tests (UBS — ultimate bending strength, BYS — bending yield
strength), d) tensile tests (UTS — ultimate tensile strength, TYS —
tensile yield strength, E — elongation)

Slika 2: Mehanske lastnosti zlitin Zn-Mg glede na koncentracijo Mg:
a) trdota po Vickersu HVS5, b) tla¢ni preizkus (UCS — kon¢na tla¢na
trdnost, CYS — meja plasti¢nosti pri tlanem preizkusu), ¢) upogibni
preizkus (UBS — kon¢na upogibna trdnost, BYS — meja plasti¢nosti pri
upogibnem preizkusu), d) natezni preizkus (UTS — kon¢na natezna
trdnost, 7YS — meja plasti¢nosti pri nateznem preizkusu, E — raztezek)
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Figure 3: Fracture surfaces of Zn-Mg alloys after the tensile tests: a) Zn, b) Zn-0.8Mg, c¢) Zn-2.5Mg
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Slika 3: Povrsina preloma zlitin Zn-Mg po nateznih preizkusih: a) Zn, b) Zn-0,8Mg, ¢) Zn-2,5 Mg

increases with the increasing Mg concentration and
reaches the maximum of 320 MPa at 0.8 % Mg. At
higher Mg concentrations, the bending strength progres-
sively reduces to 110-120 MPa at 3.5-5.4 % Mg. The
bending yield strength also increases with the increasing
Mg concentration, i.e., with the increasing volume
fraction of the eutectic mixture, and reaches 253 MPa at
1.6 % Mg. The alloys with higher Mg amounts fracture
before the onset of the macroscopic plastic deformation.
The results illustrated in Figure 2c¢ also show that the
plasticity of Zn-Mg alloys during bending is lower com-
pared to that during compressive loading. In the com-
pressive tests, the Zn-3.5Mg alloy can withstand a
significant plastic deformation, whereas in the bending
tests this alloy is macroscopically brittle. The reason for
this difference is in the nature of the local stresses in the
alloys during loading. During macroscopic compressive
loading, the compressive component of the local stresses
predominates. On the other hand, bending induces the
local tensile stresses supporting the formation and
growth of defects and macroscopic fracture cracks.

Tensile mechanical properties are summarized in
Figure 2d. As in the previous case, the ultimate tensile
strength increases up to 170 MPa at 0.8 % Mg. Higher
Mg concentrations lead to a decrease in the ultimate
tensile strength to 73 MPa for the Zn-2.5Mg alloy. The
tensile yield strength reaches the maximum of 124 MPa
at 0.8 % Mg. At this concentration an elongation of the
alloy is 2 %. The alloys with the Mg concentrations
above this limit fractured before the macroscopic plastic
deformation due to an increased fraction of the brittle
Mg,Zn,; phase. These results confirm the above finding
that the plasticity of Zn-Mg alloys decreases with the
increasing tensile component during loading. In the
tensile testing, the most detrimental tensile-stress com-
ponent is the most pronounced supporting an easy nucle-
ation and growth of fracture cracks.

The fracture surfaces of the selected alloys after
tensile testing are shown in Figure 3. One can observe
that zinc shows a brittle and intercrystalline fracture
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(Figure 3a) without any plastic deformation. Individual
grains are clearly visible in this figure. Figure 3b shows
the fracture surface of the Zn-0.8Mg alloy with the
highest bending and tensile strengths. In contrast to the
pure zinc, this surface has a significantly refined
morphology, in which both the primary zinc and eutectic
(Figure 1b) can be clearly distinguished. The primary
zinc dendrites are characterized by an almost brittle
fracture that corresponds to the flat facets on the fracture
surface. The eutectic mixture that surrounds these facets
exhibits a refined morphology and there is an indication
of a plastic deformation in this area. The refined fracture
morphology with a certain degree of plastic deformation
is associated with improved bending and tensile
strengths of this alloy because both the fine grains and
the hard network represent barriers for the growing
crack. It appears that the Zn-0.8Mg alloy provides the
optimum volume fractions of both structural compo-
nents. The fracture surface of the Zn-2.5Mg alloy in
Figure 3c also includes the flat facets of the primary
a-Zn and the regions of refined morphology corres-
ponding to the a-Zn + Mg,Zn,, eutectic mixture (Figure
1d). But a high portion of the brittle Mg,Zn;, eutectic
phase negatively affects both the bending and tensile
strengths because this phase acts as a source of defects
during mechanical loading at which fracture cracks
nucleate.

Based on the results shown in Figure 2, it can be
assumed that the Zn-0.8Mg alloy is the most promising
material for load-bearing implants because it reaches the
maximum bending and tensile strengths of 320 MPa and
168 MPa, respectively. The Zn-0.8Mg alloy also shows a
good plasticity in all three loading modes. In compres-
sion this alloy is able to be deformed without a fracture.
When considering an application of Zn-Mg alloys as, for
example, the fixation screws or plates for fractured
bones, the mechanical properties of the alloys should be
compared to those of bones or other biomaterials. Table
2 provides a summary of the tensile, compressive and
bending mechanical properties of bones, the Zn-0.8Mg
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Table 2: Basic mechanical properties of various biomaterials and natural bones (PLA-polylactic acid)!?3-28
Tabela 2: Osnovne mehanske lastnosti razli¢nih biomaterialov in naravnih kosti (PLA-polimle¢na Kislina)!-23-28

Tissue/material Density (g/cm?) Tenstllsﬂs)tarsngth Elastl((a r}r)lao)dulus St(;;rlré%rle(s;/};z | Bendl(rll\é;[ Psat‘gength
Bone =2 30-280 5-20 160-240 2-150
Zn-0.8Mg =7 170 = 90 - 320
PLA =1 = 50 =3 - 60-150
Hydroxyapatite =3 10-80 70-100 60-500 = 50
Wrought Ti-based alloy =45 700-1200 110 - -
Wrought Co-based alloy = 8.5 600-1000 220 - -
Wrought stainless steels = 8§ 800-1100 200 - -

alloy, biodegradable polymers (polylactic acid, PLA),
hydroxyapatite, inert Ti-, Co- and Fe-based alloys.!?3-28
One can see that the Zn-0.8Mg alloy is characterized by
significantly higher tensile and bending strengths as
compared to the biodegradable PLA and hydroxyapatite.
Moreover, the strength and elastic modulus of this alloy
are much closer to those of the bone, as compared to the
inert Ti-, Co- or Fe-based biomaterials.

3.3 Cytotoxicity

The Zn and Mg concentrations in the extracts pre-
pared using the Zn-0.8Mg alloy and Mg are 4 pg/mL and
43 pg/mL, respectively. The significantly lower concen-
tration of zinc results from a much better corrosion
resistance of the zinc alloy as compared to magnesium,
as shown in our previous work.?? Figure 4 illustrates the
cytotoxic effects of the extracts on the U-2 OS cells,
expressed as the percent absorbance of the DMEM
control. It is observed that pure magnesium is tolerated
well by U-2 OS cells because these cells are fully viable
in the extract containing 43 pg/mL Mg (almost a 100 %
absorbance). This measurement confirms the presump-
tion stated in the experimental section that magnesium
has a good biocompatibility. What is more important in
this study is that the U-2 OS cells exposed to the extract
from the Zn-0.8Mg alloy also show a good viability of
80 %, i.e., only slightly lower than in the case of the Mg
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Figure 4: Cytotoxic effects of diluted extracts on the U-2 OS cells,
expressed as the percent absorbance of the DMEM control

Slika 4: Citotoksicen vpliv raztopljenih ekstraktov na celice U-2 OS,
izrazen kot deleZ absorbance kontrolnega DMEM
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extract. Due to a low corrosion rate of zinc,? its concen-
trations in the extracts are very low and, therefore, such
extracts are not toxic for the cells. A similar situation can
be expected in the case of Zn implants in the human
body. The zinc present in the body fluids would probably
not cause any toxic effects, despite the lower tolerable
biological limits of zinc as compared to magnesium.

4 CONCLUSIONS

Biodegradable Zn-Mg alloys containing from 0 % to
more than 8 % Mg were investigated in this work. It was
shown that only the alloys containing relatively low con-
centrations of Mg (approximately 1 %) are suitable for
the load-bearing implants in the as-cast state, because
they have high tensile and bending strengths and an
acceptable elongation. The strength of such alloys is
higher than those of biodegradable polymers and hydro-
xyapatite and comparable to that of the bones. Good
mechanical properties result from a relatively fine struc-
ture composed of primary zinc and interdendritic eutec-
tic. It is assumed that an additional improvement in the
strength can be achieved with hot extrusion. At the Mg
concentrations of above 1 %, Zn-Mg alloys become
relatively brittle mainly during tensile loading.

Zn-Mg alloys can be considered as the alternatives to
Mg-based biodegradable alloys. The main advantage of
zinc alloys over magnesium alloys lies in their signifi-
cantly better corrosion resistance in simulated body
fluids. Therefore, the concentrations of the Zn ions
extracted from alloys are low and they do not cause any
significant toxic effects, as demonstrated with the cyto-
toxicity tests involving human osteosarcoma U-2 OS
cells in this study.
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