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Abstract

From the point of view of possible medical applications, biodegradable alloys belong to
hot-topic materials. Many different systems are studied in this field, seeking a compromise be-
tween mechanical-physical properties vs biocompatibility. Due to a suitable degradation rate,
magnesium alloys, including zinc and iron, have been extensively investigated in recent years.
The Mg66Zn30Ca4 system is well known for its good mechanical properties and biocompatibil-
ity. In this work, we want to present a way how to improve the mechanical properties of this
alloy by yttrium substitution. The Mg66−xZn30Ca4Yx (x = 0, 2, 4, 6) ingots were prepared
by a rapid solidification process. The mechanical properties of modified alloys were compared
with those of the starting alloy. Adding Y (up to 4 at.%) leads to an improvement of ultimate
compressive strength. By Tafel plots, the prediction of corrosion rates of analyzed samples
was estimated. A higher amount of Y (above 4 at.%) reduces corrosion.

K e y w o r d s: biodegradable alloys, magnesium-based alloys, yttrium microalloying, com-
pressive strength, corrosion resistance

1. Introduction

Conventional non-degradable biomaterials, such as
stainless steel, cobalt-chromium alloys, titanium and
its alloys, are used as permanent or temporary bone
implants. These metallic materials have been used
for diverse biomedical applications, e.g., joint replace-
ment, fracture fixation, cardiovascular stents, and re-
modeling of bone, thanks to their high mechanical
strength and corrosion resistance [1]. Impurities in
these alloys (Al, V, Cr, and Ni) negatively affect their
biocompatibility. The discrepancy between the hu-
man bone elastic modulus (15–30GPa) [2] and that
of above mentioned metallic materials (55–240GPa)
[3] leads to stresses and deformations of the surround-
ing bone tissue, bone resorption and implant loos-
ening, which requires complex reoperation. In addi-
tion to corrosion-resistant biomaterials in medicine,
great attention is paid to biodegradable materials.
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For these new types of materials consisting only of
elements that occur in the human body (biodegrad-
able/bioresorbable), the reoperation problem is elim-
inated [4]. Biodegradable material gradually corrodes
in the human body. The products of this process must
not be toxic or carcinogenic and must therefore be
easily eliminated from the body in natural ways. The
main characteristics of such material can be summa-
rized in two points: temporary support and degrada-
tion [5]. In addition, its decomposition products (Zn,
Ca, and Mg ions) help heal and regenerate the sur-
rounding damaged soft tissue. Biodegradable magne-
sium implants possess excellent mechanical proper-
ties and biocompatibility, making them suitable can-
didates to be employed as temporary structures for
bone regeneration [6]. However, there are still im-
portant challenges that limit their extensive use in
biomedical applications. The most important ones in-
clude implant-associated infection, rapid degradation
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rate, and the need for improved mechanical properties.
This area aims to design alloys with good mechani-
cal and corrosive properties and excellent biocompat-
ibility. Studies in developing corrosion-resistant biore-
sorbable magnesium-based alloys suggest that by the
suitable addition of microalloying, it is possible to in-
crease their plastic deformability while maintaining
excellent strength [7]. As mentioned above, magne-
sium and zinc alloys have emerged as one of the most
promising materials in such research [8–10]. This po-
tential arises mainly due to their reasonable degra-
dation rate, which has been extensively investigated
in recent years [11, 12]. As an experimental material
for our research, the Mg66Zn30Ca4 system was chosen.
This alloy is well known for its good mechanical prop-
erties and biocompatibility [13, 14]. The main goal was
to improve the mechanical and corrosion properties by
microalloying with yttrium (Y). The positive effect of
Y on the microstructure and hardness of various sys-
tems of Mg-based alloys was observed [15, 16]. In the
case of Mg-Cu amorphous alloy, adding Y improved
NaCl corrosion resistance [17].

2. Materials and methods

The experimental alloys Mg66−xZn30Ca4Yx (x =
0, 2, 4, 6 at.%) were prepared by induction melting
in an inert atmosphere. The synthesis procedure was
as follows: pure elements (Mg, Zn, Ca, and Y) were
melted at 600◦C in graphite crucibles in an induc-
tion furnace with an argon atmosphere. The melt
was injected at 650◦C into the water-cooled copper
mold to produce alloy ingots. The final ingots were
130mm in length and 3mm in diameter. Microstruc-
ture and chemical composition were analyzed by scan-
ning electron microscopy (SEM; TESCAN VEGA 3
LMU) equipped with an energy dispersive spectrome-
ter (EDS). The phases in the alloys were identified by
X-ray diffraction (XRD; Philips Xpert Pro) applying
CuKα radiation. The samples for SEM observation
were prepared by conventional metallographic proce-
dure. The samples for compressive tests were cut out
from cast samples into the shape of cylinders with
3 mm diameter and 6 mm length. The compressive
tests were performed along the cast direction in a uni-
versal test machine TiraTest 2300. Nano-hardness and
elastic modulus were tested by depth-sensing indenta-
tion (DSI) technique using a nano-indentation tester
TTX-NHT; CSM Instruments with a Berkovich in-
denter (maximum load 150 mN, hold on 10 s, loading
speed 300mNmin−1). The obtained load-penetration
depth (P -h) curves were treated according to Oliver
and Pharr’s analysis [18]. The values of hardness and
elastic modulus as functions of depth, as well as elastic
and plastic deformation energies, were calculated. The
corrosion rate prediction was determined from polar-

Ta b l e 1. Chemical composition of the cast Mg66−xZn30
Ca4Yx (x = 0, 2, 4, 6 at.%) alloys

Sample Mg Zn Ca Y

Mg66Zn30C4 64 32 4 –
Mg64Zn30C4Y2 63 31 4 2
Mg62Zn30C4Y4 63 29 4 4
Mg60Zn30C4Y6 62 28 4 6

Fig. 1. X-ray diffraction patterns of the Mg66−xZn30Ca4Yx

(x = 0, 2, 4, 6 at.%) alloys.

ization curves measured in Hank’s solution at 33◦C in
a conventional three-electrode corrosion test cell where
the alloy served as the working electrode, Pt was ap-
plied as the counter electrode, and Ag/AgCl electrode
was the reference electrode. An Autolab VIONIC elec-
trochemical working station was used controlled with
the Intello software package for electrochemical mea-
surements.

3. Results and discussion

3.1. Chemical composition

Table 1 shows the chemical composition of cast al-
loys. The detected composition of prepared cast ingots
differed at level 2 at.% compared to the nominal com-
position for all samples.

3.2. Microstructure characterization

XRD patterns shown in Fig. 1 illustrate the rapidly
solidified Mg66−xZn30Ca4Yx (x = 0, 2, 4, 6 at.%) al-
loys. The Mg66Zn30Ca4 alloy has a dominant amor-
phous structure. As the Y fraction increases, the amor-
phous content gradually decreases, and sharp peaks
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Fig. 2. SEM image of the Y2 alloy (a) and Y6 alloy (b).

appear. The alloys with Y addition contain three
phases: α-Mg, Mg24.25Y4.75, and an unknown (la-
beled as O1) orthorhombic phase similar to the Ga2Zr
phase.
Figure 2 shows the SEM image of cast alloys.

The Mg66Zn30Ca4 alloy was homogeneous in the
whole volume. By adding 2 at.% of Y (Fig. 2a),
the dendritic structure and precipitated phase rich
in Y were detected. With the further addition of Y
to Mg60Zn30Ca4Y6, this Y-phase formed snowflakes-
like structures containing more than 20 at.% of Y
(Fig. 2b). The Y-rich phase is most likely related to
the unknown phase detected by X-ray.

3.3. Mechanical properties

Figure 3 shows compression strength curves of as-
cast alloys. It can be seen that the ultimate com-
pressive strength (UCS) and the plastic strain of
doped alloys were significantly improved compared
to alloys without Y. The UCS of the Mg66Zn30Ca4
and Mg64Zn30Ca4Y2 alloys was 662 and 671MPa,
respectively. The highest UCS at 723MPa was ob-

Fig. 3. The ultimate compressive strength of Mg66−xZn30
Ca4Yx (x = 0, 2, 4, 6) ingots.

served for Mg62Zn30Ca4Y4 alloy. This alloy exhibits
superior compressive ductility in comparison to the
other alloys. The enhanced strength and plasticity of
Mg62Zn30Ca4Y4 alloy may be attributed to the forma-
tion of the Y-rich phase in the matrix. This effect of
improving the mechanical properties by yttrium alloy-
ing vanishes at 6 at.% of Y. The strength and plasticity
are reduced as shown for Mg60Zn30Ca4Y6 alloy.
The fracture surface of all cast alloys is represented

in Fig. 4. The SEM image indicates a typical brittle
fracture. The stress passes through the Mg matrix dur-
ing the compressive process, transferring the force to
the Y-rich particles. Thus, the compressive stress of
the Mg66Zn30Ca4 BMG is remarkably improved due
to the addition of Y. Additionally, the nano-hardness
measurements were done, from which the hardness
(HIT) and elastic modulus (EIT) were obtained. The
HIT values ranged from 3.22 (Mg60Zn30Ca4Y6) to
4 GPa (Mg64Zn30Ca4Y2). Elastic modulus increases
with the Y-addition. While for the Mg66Zn30Ca4 al-
loy it was 46 GPa, Y brings it to the range of 52 to 69
GPa. The sample density was approximately 3 g cm−3.
These values are very similar to the human bones,
which makes them a potential candidate for medical
implants.
The mechanical properties of as-cast alloys at room

temperature are summarized in Table 2.

3.4. Corrosion properties

The corrosion rate was determined from the poten-
tiodynamic polarization measurements. The circum-
stances of the corrosion measurements were carefully
controlled by the temperature and the pH of the solu-
tion with the stirring of the solution during the mea-
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Ta b l e 2. Mechanical properties of as-cast alloys

Sample Density ρ Ultimate compressive strength UCS Hardness HIT Elastic modulus EIT
(g cm−3) (MPa) (GPa) (GPa)

Mg66Zn30Ca4 2.967 662 3.45 46
Mg64Zn30Ca4Y2 3.020 671 4 69
Mg62Zn30Ca4Y4 3.065 723 3.44 58
Mg60Zn30Ca4Y6 3.066 626 3.22 52

IT – indentation

Fig. 4. SEM image of typical brittle fracture observed for
all cast alloys (a); SEM image detail of brittle fracture (b).

surements. Further corrections were applied to the raw
data.
For half-reaction:

2H+ + 2e− = H2. (1)

According to the Nernst equation (Eq. (2)):

EH+/H2 = EO − RT

zF
lnQ = −RT

zF
ln

(
pH2

[H+]2

)
, (2)

Fig. 5. Tafel plots measured in Hank’s solution (pH = 7)
at 33◦C.

EH+/H2 = − RT

zF
ln

(
pH2

[H+]2

)
=

8.314JK−1 × 298.15K
2× 96485 J V−1 × ln

(
1

[H+]2

)
=

0.012V× 2 ln [H+] =
0.02569V× 2.303 log [H+] , (3)

EH+/H2
= −0.05916V× pH. (4)

For the reference system, the corrosion potential of
pure Zn was measured, which resulted in –0.99 V as
the corrosion potential of pure Zn. The standard po-
tential of Zn (vs H2 electrode, 0.1M acid, pH = 1)
is –0.79 V. The Hank solution’s pH was 6.8. Substitu-
tion to the Nernst equation results in –1.139 V at the
6.8 pH value.
The correction of this value with the reference

electrode potential (Ag/AgCl, E = +0.197V) gives
–0.942V. The error of the measurement was only
± 0.05 V as compared to the literature corrosion po-
tential of pure Zn.
The corrosion rates were calculated (Eq. (5)) based

on ASTM G59-97 from the measured Tafel plots
(Fig. 5):
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Ta b l e 3. Corrosion properties of as-cast alloys

Sample Electrochemical corrosion current density j Corrosion rate v Corrosion potential Ecorr
(A cm−2) (mm year−1)

Mg66Zn30Ca4 4.27 × 10−5 0.878 ± 0.2 –1.11 ± 0.05
Mg64Zn30Ca4Y2 7.99 × 10−4 16.7 ± 0.4 –1.41 ± 0.05
Mg62Zn30Ca4Y4 8.69 × 10−4 18.4 ± 0.4 –1.41 ± 0.05
Mg60Zn30Ca4Y6 6.62 × 10−4 14.8 ± 0.4 –1.41 ± 0.05

CR = 3.27× 10−3 jcorrEW

ρ
, (5)

where jcorr is the electrochemical corrosion current
density (A cm−2), EW is the equivalent weight (g),
and ρ is the density (g cm−3) of the Mg-based mate-
rials.
In general, a higher corrosion potential provides

better resistance against corrosion. As seen from the
Tafel plots, all yttrium-containing samples have lower
corrosion potential than the pure Mg66Zn30Ca4 alloy.
From the corrosion rate calculation, it can also be
pointed out that the presence of yttrium accelerates
the corrosion. However, this property can be advan-
tageous in applications where it is essential that the
alloy is only present in the body for a short time and
is quickly absorbed by the tissues. The results of cor-
rosion properties of all as-cast alloys calculated from
Tafel plots are shown in Table 3.

4. Conclusions

The Mg66−xZn30Ca4Yx (x = 0, 2, 4, 6) alloys were
prepared by rapid solidification. The microstructure,
mechanical tests, and corrosion behavior (by electro-
chemical test in Hank’s solution) were evaluated for
all alloys in the as-cast conditions. The following con-
clusions may be drawn from the present study:
1. After solidification, the Mg66Zn30Ca4 alloy

shows an amorphous structure. The amorphous struc-
ture is suppressed with a small amount of Y (2 at.%),
and the sharp crystalline peaks are apparent. The
alloys with Y addition contain three phases: α-Mg,
Mg24.25Y4.75, and an unknown orthorhombic phase
similar to the Ga2Zr phase.
2. The Ultimate Compressive Strength (UCS) and

the plastic strain of doped alloys (up to 4 at.%) were
significantly improved compared to alloys without Y.
3. Alloys exhibit a typical brittle fracture.
4. All Y microalloying samples have a lower corro-

sion potential than pure ones. This information could
be helpful in the case of possible implant applications
for a short period.
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