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Biodegradable magnesium alloys represent a class of materials with high properties that are used in a wide
range of fields, such as medicine, aeronautics and automotive. Alloying the Mg-based alloys with small
percentages of elements such as Ca, Mn and Zr can conduct to the obtaining of some materials that can be
the basis for the development of orthopedic implants. Calcium contributes to the formation of the Mg,Ca
lamellar compound, low concentrations of zirconium helps the microstructure refinement and corrosion
resistance and the alloying with manganese leads to the increase of the mechanical characteristics.In this
paper, the electrochemical behaviour of four biodegradable alloys from the Mg-Ca-Mn-Zr system was
evaluated, with variable concentrations (0.5% -1%) of Mn, respectively Zr. Alloying the system with 1% of
each element (Ca, Mn, Zr) led to the obtaining of the alloy with the highest corrosion resistance and the

lowest degradation rate.
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Mg-based biodegradable alloys have the advantage of
high biocompatibility, osteointegration and good
mechanical properties. Compared to other biocompatible
alloys, some titanium alloys or stainless steels,
biodegradable alloys have a similar Young modulus to
biological bone [1,2]. Following previous research in the
metallic biomaterials field and orthopedic implants, it was
considered that biodegradable magnesium alloys are the
best solution for the implantation of the implants used in
ankle, foot surgery and the small joints of the extremities.
The researches for magnesium alloys were previously
focused for aeronautical industry, but now the studies are
strongly increasing for experiments as implant materials
[3].
Mg-Zr alloys have a high damping capacity (about 80%),
which helps the vibration improvement generated by the
load and movement at the implant / bone interface [4].
Zirconium element contributes to refining the
microstructure in magnesium alloys and increasing the
mechanical properties. Also the effect of Fe impurities on
the corrosion resistance decreases. Some researchers
inserted 1% Zr content and observed that the corrosion
resistance is improving [5]. Manganese (Mn) is commonly
used as a secondary element in magnesium-based alloys.
It was showen that the grain size decreases with the
increase of Mn content in the Mg-Al-Mn alloy, but at
concentrations greater than 0.4% this effect stops [6]. It
has also been reported that the tensile strength and fatigue
strength of the extruded alloys AZ31, AZ61 and AZ21 can
be improved [6]. Song et al. suggested that Mn performes
corrosion resistance in Mg alloys containing Al by
transforming Fe and other impurities into harmless
intermetallic compounds [7]. Calcium (Ca) is the most
abundant mineral in the human body, accounting for about
2% of body weight. Most of that, 99%, is found in bones and
teeth, where it has a structural role, while magnesium is
the fourth mineral in the human body, participating in more
than 300 metabolic processes in the human body. A recent
study identified the size and shape of the compounds that
are formed in the structure of materials significantly
contributes to corrosion resistance [8], and for a low
degradation, the percentage of calcium should be between
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0.6% and 1%, [9]. Also Rad et al. presented that Mg,Ca
eutectic compound in binary Mg- alloys could show low
corrosion resistance depending on the calcium percentage
in the alloy [10,11].

Zhou et al have identified the following related alloys
Mg-Zr-Ca: refined microstructure zirconium and
magnesium grain remain relatively uniformly distributed
in separate clusters. Hot-rolled Mg-Zr-Ca alloys have a
higher compression strength compared to the cast alloy
from the same system. Low concentrations of zirconium
and calcium, respectively 0.5% Zr and 1% Ca reveal an
increased corrosion resistance, Mg-0.5Zr-1Ca and Mg-1Zr-
1Ca alloys have superior mechanical properties, corrosion
resistance and good biocompatibility [12].

Experimental part
Materials and methods

Magnesium master alloys were used with Ca (Mg-15%
Ca), Zr (Mg-25% Zr), Mn (Mg-3% Mn) and 99.7% pure
technical magnesium alloy [13]. Graphite cylindrical
crucibles with the following dimensions were used: outer
diameter: 30 mm, inner diameter: 22 mm and height : 60
mm. The estimated charge calculation for filling the
crucibles was about 20 grams. Table 1 shows the charge
calculation for the master alloys quantities used for each
elaborated mini ingot. During the melting operations, a
vacuum atmosphere of 4.7 x 10° mbar was performed,
followed by the purge of an inert gas enclosure (Ar). This
operation was repeated three times in order to remove the
air from the working chamber of the facility. The casting
process of MgCaMnZr alloys was controlled, performed at
a temperature of 700-710 p C and maintained for 3 min.

For the designed four experimental alloys, the following
laboratory investigations were performed: elementary
chemical composition with EDS system, structural
characterization - by optical and electron microscopy -
Leica 5000 DMI microscope and SEM Quanta 200 3D
microscope, structural compounds determination by X-ray
diffraction - Xpert Pro XD X-ray diffractometer, with the
following parameters: 0-26: 20° -120°, step size (°):
0.01313, scan speed (°/s): 0.0656, X-ray Copper (Ko):
1.54156 A. Electrochemical experiments were performed
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Nr. FExperimental alloy Mg Mg-15Ca | Mg-3IMn [ Mg-I57r
Crt. ~ Ie] Ie] Ie] [z] Table 1
> METCETANGESZr | 1157 1.33 T3 o CHARGE CALCULATION FOR THE 4
) Mz ICalsMuIZr | 1354 | L33 333 0.3 EXPERIMENTAL ALLOYS
3 Mg ICaIMn05Zr | 1160 | 1.33 667 !
7 Mg ICa-INn-1Zr T30 | 1.33 567 (K]
Alloy % Mg %Ca |%Mn % Zr
Area 1 98.08 | 084 [ 032 [ 078
Area 2 9793 | 121 | 039 | 047
Mg-1Ca-0.5Mn-0.5Zr Area 3 9792 | 084 | 042 | 082
Average 07.98 0.96 0.18 0.68
Standard Deviation 0.9 021 | 005 | 019
Area 973 | o1 | 047 | 122
Area 2 9744 | 114 | 039 | 0483
Mg-1Ca 0.5Mn 1Zr Area 3 9663 | 147 | 038 | 132
Average 97.12 | 121 | 0.55 | 112 Table 2
Standard Deviation 0.43 0.24 0.07 0.26 CHEMICAL COMPOSITIONS
el 5o T om Lo | oz OBTAINED BY EDS ANALYSIS IN
q B sL | 0 - DIFFERENT AREAS.
Areal 9767 | 073 1 0.58
Mg-1Ca-1Mn-0.5Zr Area 3 9766 | 104 | 087 | 043
Average 97.76 | 0.87 | 0.88 | 0.49
Standard Deviation 016 | 015 | 012 | 0.08
Area 1 9699 | 122 | 057 | 123
Area l 9735 | 116 | 038 | 111
Mg-1Ca-1Mn-1Zr Area 3 268 | 118 | 087 | 1.15
Average 97.05 | 119 | 0.61 | 116
Standard Deviation 028 | 003 | 025 | 0.06

on a potentiostat VoltaLab 201 in SBF electrolyte solution
[14]: Na*:142, K*:5, Mg**:1.5, Ca**:2.5, CI147.8, HCO,:4.2,
HPO,*1, SO,%0.5.) with pH value of 7.01. Table 2 presents
the chemical composition of each experimental alloy.

Results and discussions
Microstructural analysis
The optical microscopy images are shown in Figure 1,
where the morphologies of magnesium grains, the
arrangement of the lamellar eutectic at the grain
boundaries of a-Mg and the appearance of segregation in
the form of black-colored nests of the B-Zr element are
shown. It can be concluded that increasing the amount of
Zr content, respectively Mn content significantly decreases
the size of the magnesium grain, improving the mechanical
and corrosion resistance characteristics.
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Scanning electron microscopy was obtained on the
same samples used for EDS chemical analysis and optical
microscopy, performing SEM images at high magnification
powers (500X / 2000X - figure 2). The lamellar appearance
of the Mg.Ca eutectic compound is much better presented
at the 2000X magnification, with a perfect adhesion with
the magnesium grains. The bright white globular particles
settle in clusters are relatively unevenly distributed and
show formation of the 3-Zr compound.

Figure 3 shows the X-ray patterns for the Mg-1Ca-xMn-
yZr experimental alloys. It was identified as predominant
phase, a-Mg, having a hexagonal crystallographic
structure. The a-Mg compound, as major component
phase was identified at 26 = 36.42 °, 58.12 °, 78.76 ° and
96.54 °. The phase Mg,Ca - hexagonal structure was
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Fig.1. Optical microscopy images of the experimental alloys: a),b) Mg-1Ca-0.5Mn-0.5Zr; c),d) Mg-1Ca-0.5Mn-1Zr;
e),f) Mg-1Ca-1Mn-0.5Zr; g),h) Mg-1Ca-1Mn-1Zr.
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Fig. 2. Scanning electron
microscopy images of

experimental alloys: a),b) Mg-
1Ca-0.5Mn-0.5Zr; ¢),d) Mg-1Ca-
0.5Mn-1Zr; e),f) Mg-1Ca-1Mn-0.5Zr;
0),h) Mg-1Ca-1Mn-1Zr.
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highlighted at 26 = 33.76 °, 52.38 ° and 59.28 °. The
secondary constituents B-Zr, a-Mn with hexagonal
crystallographic structures, respectively cubic structure,
were identified at the angles 24 = 36.54 °, respectively 26
=43.11°.

Electrochemical analysis

Electrochemical experiments were performed at 37 ° C
with continuous stirring of the SBF solution. The
experimental parameters are presented in table 3. 1% Zr
alloys present a lower corrosion current by 35% compared
to those with 1% Mn. The percentage variation of Mn in
addition to the other two alloying elements, respectively
Ca and Zr, does not significant influence the electro-
corrosion parameters, with small differences between Mg-
1Ca-0.5Mn-1Zr and Mg-1Ca-1Mn-1Zr. All alloys have anodic
(ba) and cathodic (bc) reactions with similar intensities.
The corrosion rates shown are higher than those recorded
for the Mg-0.8Ca (1.08 mm / year) alloy [15], where the
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test was performed in a Hank solution (HBSS). The
differences are introduced by both the alloying elements
and the electrolyte solutions in which the tests were
performed.

Tafel (linear) polarization graphs (figure 4) were
performed with a potential identification speed of 1mV/s
inarange of £ 150mV and using the open potential circuit.
In order to determine the cyclical polarization variations,
the data were taken at a speed of 10 mV/s in the potential
range -750...+1450 mV. It is observed that the
experimental alloys exhibited both anodic (ba) and
cathodic (bc) reactions during the test.

The corrosion potentials (fig. 4) show the following order
for the corrosive character of the experimental materials:
sample 1>sample 2>sample 3>sample 4 which
highlights the positive influence of the zirconium element
on the corrosion resistance of the Mg-Ca alloy by its
increased percentage up to 1%. All the samples show a
generalized type corrosion, the appearance of the cyclical

3437



Table 3
EXPERIMENTAL PARAMETERS OF ELECTRO-CORROSION TEST IN A SOLUTION OF SBF ELECTROLYTE

] Ex . b E; oo Veer
Alloy mV mV mV kohm cm® pA/cm? mm/an
Mg-1Ca-0.5Mn-0.5Zr -1518.8 1575 -164.8 1.33 21.06 508
Mg-1C2-0.50n-17r -1598.7 1804 -1843 104 1396 384
Mg-1Ca-10n-0.57r -1589.2 1519 -1495 122 2387 5.69
Mg-1Ca-1Mn-17r -1454.3 1473 1403 146 1585 381
P :
:E 4 E' Froos 2
E=F==T]
Fig. 4. Tafel diagrams for
- LS T w b s m_'lﬂ--.,a = 2 experimental alloys:
et 1) e a) Mg1Ca0.5Mn0.5Zr;
2) ) b) Mg1Ca0.5Mn1Zr;
¢) Mg1CalMn0,5Zr and
d) MglCalMn1zr
§ 3
z z
5= £
T e T e T
£) 4

curves highlighting this aspect, figure 5. The behavior is
similar because all the experimental alloys are based on
magnesium which is found in a very high content and will
representively influence the behavior of the alloy to electro-
corrosion test.

Based on the analysis of the open circuit potential (OCP),
performed for 60 minutes it was observed that the
experimental alloys have a lower tendency of passivation
compared to pure Mg [15]. During the test, the
experimental alloys present both the passivation stage of
the surface by forming the passive layer of Mg(OH), and a
repassivation after the initial layer has been througzh. The
corrosion of the material has continued, the behavior is
observed especially in Mg1Ca0,5Mn0,5Zr alloy, respectively
Mg1CalMn0,5Zr. While scanning the cyclic diagrams, the
materials exhibited an initial, uniform redox reaction
without entering a passivation state (characterized by a
minimum current density value that is close to zero).
Overall the corrosion aspect, figure 6, present a generalized
type, but this aspect in given by a summation of several
pitting areas, which appear and are distributed over the
entire surface of the alloys. The sharp increase of the current
density shows the formation of pitting areas on the surface
of the experimental alloy that are formed and spread very
quickly leading to the generalization of the surface
corrosion. During reverse scanning, the current density
decreased again, indicating that the surface of the material
was repassivated. The corrosion tracks were again covered
with reaction compounds and in some cases disappeared
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by degrading the material from the surface and passing it
into electrolyte solution.

The microstructural analysis of the surface of the
experimental samples was performed by scanning electron
microscopy. The cleaning step was aimed to eliminate the
compounds with reduced stability formed on the surface
of the alloy after contact with the electrolyte solution. Figure
6 shows the surfaces of the four experimental alloys after
the electro-corrosion resistance test.

From the SEM analysis (figure 6), it was observed the
generalized corrosion character of the surface of the
experimental alloys with the compounds formation,
confirming the corrosion character observed on the cyclic
curve diagrams (figure 5). All the alloys have areas covered
by the reaction compounds and less affected areas of
corrosion. MglCalMnlZr alloy has the cleanest surface.
This phenomenon is due to the presence of Mn and Zr
elements, especially zirconium, which form stable oxides
on the surface of the alloy and manage to protect it against
electro-corrosion. The analyzed samples for corrosion
resistance were subsequently washed in an ultrasonic bath
in technical alcohol for 60 min in order to remove unstable
reaction compounds from the surface and to highlight the
corrosion surface. Table 4 gives the experimental results
obtained from the chemical analysis of the surfaces of the
experimental alloys after the ultrasonic cleaning step.

After the cleaning process, it is observed that all the
compounds based on sodium have disappeared, the
sodium element from the electrolyte solution had been
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Fig. 5. Cyclic diagrams for
experimental alloys: a)
Mg1Ca0,5Mn0.5Zr; b)
Mg1Ca0.5Mn1Zr; c) Mg1CalMn0.5Zr
and d) Mg1CalMnl1zr

Fig. 6. Surfaces SEM images of the
experimental alloys after the
electro-corrosion resistance test:
without ultrasonic cleaning (a), b),
¢) and d)) and with the ultrasonic
cleaning (e), f), g) and h))

CHEMICAL COMPOSITION OF THE EXPERIMENTAL ALLOYS SURFACE AFTER THE ELECTRO-CORROSION TEST IN SBF ELECTROLYTE
SOLUTION AND AFTER ULTRASONIC CLEANING STEP (1-Mg1Ca0.5Mn0.5Zr; 2-Mg1Ca0,5Mn1ZR; 3-Mg1CalMn0.5ZR; 4-Mg1CalMn1Zr)

Aoy Mz Ta M v 5] T
Wive e Wive | atve | Wive | aftva | wWive | afve Wive atve wive | afva
1 Aut 775 69 87 - - - - 1.88 045 1744 2388 318 581
El 901 1186 063 0.38 037 0.13 201 049 16.06 2150 196 366
2 Aut EG ] 280 098 045 - - - - 3628 8471 22 494
EI 3076 301 neg 0.4a 043 01 (/5] [N E] 3544 64 37 257 134
3 Aut 36.01 27.03 - - - - - - 63.5% 7297 - -
EI 16.3 11.58 02 0.2 017 | 0005 044 0.08 3260 2319 - -
4] Aut 45353 3348 - - - - - - 348 643 - -
T | El 45.01 3354 032 015 034 0.12 neg 0.21 3333 6308 - -
Er;;: 13 0.03 0.03 0.08 20 0.5
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identified on all the surfaces of the experimental alloys.
The MglCa0.5Mn1Zr, Mg1CalMnO0.5Zr, respectively
MglCalMnlZr alloys present an oxide layer on the surfaces
that has not been removed in the cleaning stage and has
not reached a very advanced degradation stage. In the
case of Mg1Ca0.5Mn0,5Zr alloy, which was most strongly
corroded, the oxide layer on the surface passed into
solution. The surfaces of Mg1Ca0.5Mn0.5Zr and Mg1Ca0.5
Mn1Zr alloys are also identified the carbon element that
participates in the formation of carbonates on the surface.
The zirconium element forms a oxidation layer with good
anti-corrosive properties which has a protective role of the
alloy. In the case of Mg1CalMn 0.5Zr alloy, a magnesium
oxide was formed, which covers the entire surface of the
material with a thickness of 5 pm.

Conclusions

Following the optical metallographic analysis, the
scanning electron microscopy and the X-ray diffraction,
the phases and alloy compounds belonging to the Mg-Ca-
Mn-Zr system were identified. These show the main phase
o-Mg with hexagonal structure, Zr- distributed into clusters,
manganese dissolved in the intermetallic structure and
Mg,Ca compound was identified at the boundary of
magnesium grains having lamellar structure.

Alloys with the content of 1% Zr have a lower corrosion
current by 35% compared to those with 1% Mn, aspects
that are seen also in degradation rate of the alloys in
millimeters per year. The percentage variation of Mn in
addition to the other two alloying elements, respectively
Caand Zr, does not greatly influence the electro-corrosion
parameters, with small differences between
Mg1Ca0.5Mn1Zr and MglCalMnlZr. All alloys have both
anodic (ba) and cathodic (bc) reactions with similar
intensities.

All alloys have areas covered by reaction compounds
and areas less affected by corrosion process.
MglCalMnlZr alloy has the cleanest surface. This
phenomenon is due to the Mn and Zr elements, especially
zirconium, which form stable oxides on the surface of the
alloy and manage to protect it against electro-corrosion.
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