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THE EFFECT OF STRONTIUM CONTENT
ON THE CORROSION BEHAVIOR OF NEW BIODEGRADABLE
Mg—-1Ca-1Y COMPOSITE FOR IMPLANT APPLICATION
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In this study, new biodegradable magnesium composites Mg—1Ca—1Y—xSr (x = 0.5, 1.0, 1.5, and 2.0)
were designed and produced by mechanical alloying to improve the corrosion properties. X-ray
diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM) were employed to
characterize the resulting biodegradable magnesium composites. Besides, the corrosion process was
monitored with the help of electrochemical corrosion testing methods, such as open circuit potential
(OCP), anodic polarization, and electrochemical impedance spectroscopy (EIS). The results showed
that the microstructure of the composites consisted of different phases, with their amounts increasing
when adding Sr. Moreover, the phase analysis revealed the formation of intermetallic phases
Mg,Ca, Mg,;,Sr, and Mg,,Ys in the composites. The immersion of composites in 0.9 wt.% NaCl
solution exhibited cathodic potential after 2 h. Enhanced corrosion potential was obtained for a
2.0 wt.% Sr composite. In contrast, composite A with the lowest Sr content exhibited higher cathodic
corrosion potential. Analysis of the anodic curves revealed passivation behavior for all composites
after immersion into the solution. In addition, pitting was observed on the sample's surface, and the
potential for pitting increased for the Mg—1Ca—1Y composite. On the other hand, a semi-circle
capacitive loop was noted for all composites, and polarization resistance of the film was better for
Mg—1Ca—1Y-2Sr than other samples. That is probably due to the involvement of Sr in the protective
oxide layer and the decrease of the galvanic effect in the microstructure. In general, the addition of
Sr was favorable for the new biodegradable Mg—1Ca—1Y composite, which may be considered a
promising candidate for biodegradable magnesium implants.
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INTRODUCTION

Magnesium and its alloys have recently gained academic interest in manufacturing new biodegradable
materials. Recent research works showed that magnesium alloys could be used as biodegradable implants in
orthopedic operations instead of current metallic biomaterials due to the lower elastic modulus (41-45 GPa) [1-4].
The disadvantage of such currently used metallic biomaterials as Ti6Al4V, 316L, and Co—Cr—Mo alloys is their
high elastic modulus (>60 GPa) [5].
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Magnesium biodegradable materials meet the above criteria and are classified as metal implants because it
is already present in the human biological system (approximately 121 mg/L in the blood) [2, 3, 6, 7]. However,
using only unalloyed Mg may not guarantee the slow degradation and good mechanical properties required for
orthopedic application. On the other hand, conventional Mg alloys from AZ groups were found to have higher
cytotoxicity causing genotoxicity due to the presence of Al and Zn [6]. For this reason, the strategy of developing
magnesium biodegradable materials was alloying with non-toxic elements like Ca, Sr, and rare earth elements
(REEs) [7-13]. It is well known that both Ca and Sr are essential biodegradable elements involved in bone
formation [4, 9, 14, 15]. Depending on the quantity of Ca, the corrosion resistance and mechanical properties of Mg
and its alloys may vary, as mentioned in literature [12, 16-21]. The addition of Ca in Mg generates Mg,Ca phases
that precipitate throughout the grain boundaries [22] and act as anodic sites in the microstructure [23].

Different quantities of Ca were studied to analyze the corrosion performance of Mg—Ca alloy. Thus,
Mohamed et al. [24] showed that the Mg—0.8Ca alloy had a higher degradation rate compared to pure Mg. The
pitting potential of the Mg—0.8Ca alloy was —1.72 V in Hank’s balanced salt solution (HBSS), which is —0.13 V
more cathodic than pure Mg. Furthermore, it was reported that increasing the content of Ca from 0.5 to 2.0 wt.%
facilitated the corrosion of Mg—xCa in simulated body fluid (SBF) [22]. Also, Sr participates in grain refinement of
Mg, enhancing thus its mechanical properties [14].

The effect of Sr on the corrosion of biodegradable magnesium alloy with different compositions of Mg and
other elements was studied [5, 9, 25]. For example, Li et al. [5] examined the corrosion performance of Mg—Zr—Sr
alloys as biodegradable implants in SBF and cell culture medium (CCM). Measurements of open-circuit potential

(OCP) and corrosion rate revealed that the alloy containing 2.0 and 5.0% Sr exhibited better corrosion performance
in CCM than SBF. The OCP for Mg2Zr2Sr and Mg5Zr5Sr were similar in the cell culture medium, and the E

corr
amounted to approximately —1.6 V. The role of strontium in amount of 0.2—1.0 wt.% in the Mg-2Zn-2Ca—0.5Mn
(ZXM220) cast was evaluated for potential implant application [9]. The corrosion rate of ZXM220—0.2Sr was 0.68
mm/year lower than of analogs. Besides, increasing Sr content up to 1.0 wt.% in the cast alloy shifted the pitting
potential of 0.01 V towards negative values compared to Mg—27Zn—2Ca—0.5Mn (ZXM220). Similar works
demonstrated that adding 0.2 wt.% Sr in various Mg alloys like Mg—27Zn—0.2Sr [26], Mg—5Zn—0.2Sr [27], and Mg—
1Zn—1Mn-0.25Sr [28] improved the corrosion resistance.

Also, the addition of yttrium increased the strength and corrosion resistance of Mg [29-31]. Different
authors investigated the influence of Y on the corrosion of Mg in various media. Thus, Zucci et al. [32] measured
the corrosion of Mg alloy WE43 containing 3.92% Y and 2.09% Nd in sulfate and chloride medium. The
dissolution rate was higher in chloride than in sulfate medium due to galvanic corrosion. Thus, the E_ =
=—1.75 V/SCE in chloride medium versus —1.71 V/SCE in sulphate medium after 1 h of immersion. According to
Li et al. [22], the addition of Y in amount of 1 wt.% to the Mg—1Ca alloy in SBF increased the corrosion rate.
Although the corrosion properties of biodegradable magnesium alloy were greatly affected by the elements, the
production methods also influence the corrosion behavior of the biodegradable materials. Hence, Mg and its
alloys/composites are characterized by a high level of degradation in body fluid, which is a significant problem. On
the other hand, they are one of the most promising materials for implants because of their biocompatibility.

The objective of this study is to enhance the corrosion properties of the newly developed biodegradable
Mg—1Ca-1Y composites by adding different amounts of Sr. According to some authors, Sr had a beneficial effect
on the corrosion resistance of Mg [5, 9, 25]. The new magnesium composite contained Ca and Y, which remained
consistent in the alloy and are biocompatible. Besides, Sr in the content of 0.5-2.0 wt.% was added to Mg—1Ca—-1Y
composite through mechanical alloying and sintering. The corrosion performance of the composite was evaluated
by open circuit potential, anodic polarization (AP), and electrochemical impedance spectroscopy (EIS) in 0.9 wt.%
isotonic solution.

MATERIALS AND METHODS

Materials Preparation. Magnesium (Mg), calcium (Ca), yttrium (Y), and strontium (Sr) powders were
obtained from Sigma Aldrich and were used in this study as raw materials for preparing samples. A total of five
samples were prepared by mechanical alloying. The respective chemical composition of the composite is provided
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Fig. 1. Schematic presentation of a standard three-electrode cell

TABLE 1. The Chemical Composition of the Experimental Magnesium Composites

Alloying elements, wt.%
Code Sample

Mg Ca Y Sr

Reference MglCalY Bal. 1 1 -
Composite A Mgl1CalY0.5Sr Bal. 1 1 0.5

Composite B MglCalY1Sr Bal. 1 1 |
Composite C MglCalY1.5Sr Bal. 1 1 1.5
Composite D MglCalY2Sr Bal. 1 1 2

in Table 1. Besides, each composite was assigned a specific code to simplify identification and avoid confusion.
Magnesium was used as a matrix, while the other raw materials served as alloying elements. A glove box was used
to weigh powders. Afterward, powders were loaded into a steel vial to avoid powder oxidation. For this purpose, a
vial and balls (10 mm in diameter) made of hardened stainless steel were employed. The ball-to-powder ratio was
fixed at 10 : 1. The mixed fine grains were milled in dry conditions under an Ar atmosphere with a planetary ball
press Fritsch-Pulverisette-5. The mechanical milling was accomplished at room temperature for 30 h (with a period
of 10 min for each 30 min) at a rotational speed of 400 rpm. The milled compositions were then pressed on a
200 MPa manual hydraulic press, forming green compacts with a diameter of 13 mm. Subsequently, the samples
were mounted in the tube furnace and sintered for 1 h under an Ar atmosphere at 550°C (heating and cooling
velocity were 5 °C/min).

Electrochemical Test. The corrosion tests were performed using Gamry Interface 1000 potentiostat, and the
results collected were evaluated using Gamry Echem Analyst tools. A three-electrode system, consisting of a working
electrode, counter electrode, and reference electrode, was employed to test the magnesium composite’s corrosion
performance (Fig. 1). A 0.9 wt.% isotonic solution, also referred to as physiological saline solution, served as the
corrosion environment. This solution was purchased from a drugstore. The working electrodes were connected with
copper wire using copper tape. Then, the composite was mounted with cold epoxy resin. The working electrode had
been ground with a 1200-grit grinding paper and cleaned with distilled water before each test. 1 cm? of the working
electrode’s surface was submerged with a reference electrode (silver/silver chloride (Ag/AgCl)) and a graphite rod
as the counter electrode in 1 L of isotonic serum at room temperature. The sample was retained in the solution for
15 min before the test was initiated.
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The electrochemical polarization techniques such as OCP, AP, and EIS were applied to the composites. The

OCP or open voltage was recorded every 5 s for 2 h. Then, E_ . (V) vs. time (h) plots were drawn to analyze the

electrochemical corrosion behavior of each composite in the solution. Meanwhile, the potentiodynamic curves were
mapped between -2 V and +2 V at a scanning rate of 0.5 mV/s. Then, the data for E ., E, and i, were
evaluated from the potentiodynamic plots. The EIS measurement was performed with a voltage perturbation
amplitude of 10 mV at a frequency range of 100 kHz to 0.01 Hz in potentiostatic EIS mode. Afterward, the Nyquist
plots were traced to analyze the resistance of composites. Moreover, the electrical circuit was fitted to Nyquist plots
using Gamry Echem Analyst software.

Surface Analysis. The surface of the composites was investigated using Hitachi Regulus 8230 model field-
emission scanning electron microscopy (FE-SEM) with a backscattered electron detector (BSD). Furthermore, the
energy dispersive spectrometry (EDS) was applied to identify the intermetallic phase in the microstructure of the
composites. Each sample’s X-Ray pattern was generated using an X-ray diffractometer (XRD) by Panalytical
Empyrean with a scanning speed of 2° min~! in the range of 0° to 90°. ImageJ free software was used to define the
distribution of intermetallic phases for each composite. For this purpose, SEM images were converted to 8-bit, and
the picture was modified using a “threshold” where the dark-grey phases (intermetallics) were painted red. The
option “analyze particle” was selected from the options menu to display the count of phases.

RESULTS AND DISCUSSION

Composite Microstructure Analysis. The XRD analysis of the composites was performed to identify the
phases. According to the results, the main peaks of Mg in the reference composite without Sr were located at 33°,
35°, and 38° (Fig. 2).

Moreover, the Mg,,Y, and Mg,Ca intermetallics were observed at 29° and 31° on the XRD patterns. The
addition of Sr in the reference composite facilitated the formation of a new intermetallic Mg,,Sr, phase located at

26° and 49°. On the other hand, the addition of Sr shifted peaks and increased their intensity. The findings on the
location of intermetallic peaks complemented the data available in the literature [16, 22, 33, 34].

The influence of mechanical alloying on magnesium composites and the effect of the Sr amounts were
investigated using FE-SEM imaging. Figure 3 presents the microstructure of composites. It can be seen that the
surface of the composite contained different phases and some pores. A deeper analysis of the samples’ distribution
of phases was performed using energy-dispersive X-ray spectroscopy (EDX). The magnification of samples using
the backscattering mode of FE-SEM revealed the distribution of a white phase throughout the microstructure of all
samples (Fig. 3). The EDX analysis of this phase revealed the presence of a higher amount of yttrium element in
composite C compared to composites A, B, and D, indicating the formation of the Mg,,Y 5 intermetallic phase, as

found above (point 2 in Fig. 3, Table 2). However, some aggregation was observed in the composite A.
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Fig. 2. The XRD pattern of the composites
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Fig. 3. FE-SEM images with EDS analysis point/area of magnesium composites

TABLE 3. The EDS Analysis Results of Composites from Fig. 3

Element, wt.%
Sample *EDS No.
C o Mg Ca Sr Y

1 17.00 14.45 67.00 0.80 - 0.75

Reference 2 8.79 13.12 6.74 1.10 - 70.25
3 9.52 14.25 77.23 0.90 - 0.30

1 17.38 15.47 65.54 1.1 0.19 0.32

Composite A 2 9.26 19.83 9.81 1.1 0.3 59.7
3 6.38 11.56 80.26 1.04 0.21 0.55

1 18.4 9.14 70.1 0.82 0.74 0.80

Composite B 2 17.52 8.76 9.25 1.14 0.52 62.81
3 10.64 4.82 83.33 0.29 0.1 0.82

1 31.61 13.87 53.42 0.70 0.23 0.17

Composite C 2 9.56 3.20 0.97 0.05 0.48 85.74
3 6.82 4.12 88.03 0.26 0.31 0.46

1 15.66 14.64 67.32 1.31 0.44 0.63

Composite D 2 23.07 7.96 7.89 0.47 0.08 60.53
3 8.30 6.40 83.7 0.75 0.26 0.59

*EDS number corresponds to the area or spot analysis: number 1—general area, number 2— white phase, and number
3—dark grey phase.

In general, the quantity of the Y element in the white phase (point 2) was higher for all composites than
other elements. On the other hand, the analysis of the grey phase (square 3 in Fig. 3) showed the presence of
magnesium elements with calcium, strontium, and yttrium, as expected. However, carbon and oxygen were also
identified after milling (Table 2). The EDS analysis suggests that the microstructure most likely consisted of such
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Fig. 4. The histogram with distribution curve of dark grey phase in the composites

intermetallic phases as Mg,Ca (dark grey area), Mg,,Sr, (dark grey area), and Mg,,Y, (white area). Moreover, the
white phase contained a Y element, suggesting that it mostly held the Mg,,Y, intermetallic phase. The distribution

of the intermetallic phase in the matrix was dendritic in some areas.

Conversely, a random distribution of intermetallics was also noticed in the composites, which can benefit
corrosion potential [25]. However, some porosity was observed in the microstructure of composites due to
mechanical alloying. At the same time, such porous sites can be beneficial for the adhesion and proliferation of the
cells, offering better compatibility for an implant.

The effect of the Sr content in the microstructure was also considered by analyzing the dark grey area of the
phase (Fig. 4). From the phase distribution, it is evident that its presence increased simultaneously with the amount
of Sr. In this respect, the lowest intermetallic phase formation was observed in composite A, while the highest was
recorded for composite D. While increasing the intermetallic phase may improve the mechanical properties of the
composite, corrosion properties may be negatively affected due to increased galvanic activity for some
intermetallics. Evidently, the composites with moderate porosity were successfully fabricated. Furthermore, the
addition of Sr increased the amount of intermetallic phase.

Corrosion Performance of the Composites. Free Corrosion Potential Behavior. It is known that when the

surface of Mg is in contact with the chloride ion, an aggressive attack of the latter is observed, leading to pitting
corrosion with Mg(OH), products on the surface [20, 21, 35-37]. In this study, the corrosion potential of the
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Fig. 5. The free corrosion potential measurement of the composites A—D in the 0.9 wt.% isotonic
solutions over 2 h
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composite was first measured by OCP to understand the behavior of the composite in the 0.9 wt.% isotonic solution.
The open voltage of composites was presented in Fig. 5. The E_ . begins at the negative/cathodic value for all

scans, rising immediately to a more positive/anodic direction within 2 h. During the E_

and lows of specific peaks were observed in the composite, which can be attributed to the activation/repassivation of
the pits [20, 38]. The reference sample without Sr started at —1.57 V and increased toward the anodic direction
during the experiment, ending at —1.54 V. The composite D with the highest Sr content had an E__ . value of

corr
—1.45 V at the end of 2 h in the 0.9 wt.% isotonic solutions. Decreasing the content of Sr from 2.0 to 0.5 wt.% in the
composite shifted the £ . towards negative values, indicating the reduction at the working electrode. The E_,, of

measurement, some highs

composites A, B, and C completed the experiment with the values of —1.51, —1.49, and —1.46 V, respectively,
indicating higher activity compared to the composite D. As such, it can be stated that adding and increasing the
amount of Sr element in the Mg—1Ca—1Y composite was beneficial to corrosion resistance. This can be explained
by both effects of Sr in the composite. Firstly, it increases SrO participating in the protective oxide layer. Secondly,
the galvanic effect decreases due to a higher quantity of Mg;,Sr, in the microstructure that acts as a corrosion
barrier.

Passivation Behavior of the Composite. The potentiodynamic technique was used to observe the aptitude of
the metal in forming a protective film in the solution. Figure 6 represents the potentiodynamic plots of composites
A-D. The corrosion potential () and corrosion current densities (i) were calculated using Tafel method, and
the measurement data are provided in Table 3. According to the anodic curves, passivation zone was noted for all
samples. The reference sample exhibited an £ value of —1.41 V, which is more cathodic than other samples. The
curves show that the composite values did not vary significantly except for composite D, for which the E_ shifted

corr
towards a positive direction. This difference can be explained by an increased amount of Sr in the composite D, as
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Fig. 6. Potentiodynamic curves of the composites A—D scanned at a rate of 0.5 mV/s in the 0.9 wt.%
isotonic solution

TABLE 3. The Tafel Results of Composites Obtained from Potentiodynamic Curves in Fig. 6

Sample B,.V/decade B., V/decade ioorp HA - cm™2 Eom V Ey, V
Reference 106.7 - 1073 433.0-1073 1240.0 -1.41 0.79
Composite A 245.0-1073 657.3-1073 1850.0 -1.36 0.05
Composite B 169.1-1073 396.3 1073 822.0 -1.35 —0.07
Composite C 155.7-1073 5104 - 1073 947.0 -1.36 041
Composite D 161.3-1073 429.6 - 1073 589.0 -1.31 0.42
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discussed above, since the Sr element contributes to the resistance of the protective oxide film on the composite. On
the other hand, the analysis of anodic curves showed that composite. A exhibited two passivation zones located
between (+0.05 V)—(+0.06 V) and (+0.16 V)—(+0.18 V). It should be noted that the formation of the protective film

is an important indicator of the oxide film’s resistance to the dissolution. The oxides engaged in forming a
protective film for the composites A—D probably were MgO, CaO, Y,05, and SrO [7, 14, 23].

Meanwhile, increasing the content of Sr to 1.0 wt.% induced the passivation zone to positive values with a
higher interval area. The passivation zone was spotted between —0.07 V and +0.41 V for composite B. As expected,
the passivation zone of composite C was also higher than that of composite B, located between +0.41 V and
+1.10 V. Similar observation was true for composite D. However, three passivation zones were observed here
instead of one. Thus, one was noted at around +0.42 V and +0.68 V, the second one between +1.16 V and +1.25 V,
and the last at approximately +1.46 V and +1.51 V.

Hence, the pitting corrosion is localized corrosion occurring in magnesium alloys in the presence of CI'
ions [20, 35, 38]. Oteyaka et al. cited that the pits grow and passivate with the corrosion product that form a
passivation zone in the potentiodynamic curves [20]. The critical pitting potential (E;) was also observed for
composites during the anodic scanning in the isotonic solution. This potential is equal to the starting potential of the
passivation zone. The E; was calculated for each composite; the calculations are presented in Table 3. The findings
show that E;
formed instead in the anodic zone. Besides, composites A (+0.05 V) and B (-0.07 V) were more negative compared
to composites C (+0.41 V) and D (+0.42 V). The findings allow deducting that the addition of Sr in low amounts

shifted the E;; to a negative value, which is compatible with other results in the literature [36]. Additionally, the

i.orr @S a reference to electron flow from anode to cathode is a good indicator of corrosion activity. It was noticed

value of the reference sample was higher than the composite with 0.79 V, which means that pits are

that this electron transfer was more intense for composite A, followed by a reference composite, composite C, and
composite D. As seen, adding up to 2 wt.% of Sr decreased the corrosion rate. This finding is consistent with the
study by Li et al. [5], who also confirmed that the addition of Sr in an amount of below 2 wt. % significantly
facilitated the degradation of Mg—Zr—Sr alloy (Table 3). Overall, composite D demonstrated a more pronounced
passivation behavior with more anodic potential than its alternatives. As such, adding Sr element to the magnesium
composite Mg—1Ca—1Y significantly affects the corrosion resistance in an isotonic solution.

Corrosion Resistance of the Composites. The electrochemical impedance is a non-destructive method used
to determine the kinetic reaction between metal and solution. It allows a more precise analysis of the electron transfer
resistance between the working electrode and solution. The results of EIS were presented as Nyquist plots in Fig. 7.
Each composite exhibited a semi-circle capacitive loop at a high frequency attributed to the resistance interface
between the isotonic solution and composite film. Such corrosion process at high frequency also means the
relaxation of electrochemical reaction. Admittedly, a larger diameter of Nyquist curves represents better corrosion
resistance [9]. Addition of Sr to Mg—1Ca—1Y composite gradually increased the semi-circle capacitive loop. It was
observed that the diameter of the semi-circle increases with the quantity of Sr, implying a deceleration of the
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Fig. 7. Nyquist plots of the composites
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Fig. 8. The electrical equivalent circuit of the composites and diagonal cross-section view of the layers
after immersion in the 0.9 wt.% isotonic solution

corrosion rate. According to these results, composite D demonstrated a better corrosion resistance than the other
composites examined in this research.

Furthermore, inductive loop behavior indicating the adsorption of Mg(OH), [32] was seen at low frequency
for composites B, C, and D. The formation of an inductive loop can be possibly related to pit blockage [39]. The
polarization resistance of each composite was calculated according to Nyquist plots, amounting to 52, 99, 95, 123,
and 153 Q for the reference sample and composites A, B, C, and D, respectively. Equivalent electrical circuit
models have been adapted to Nyquist curves to simulate the corrosion resistance of composites. Three different
circuit models were suggested and then employed to assess the EIS results (Fig. 8 and Table 3). The reference
sample and composite A had a dissimilar equivalent circuit model compared to composites B, C, and D, as shown
in Fig. 8. On the other hand, all composites had L| and R, circuit components representing the electrolyte behavior.
L, represents electrolyte conductivity, while R, is attributed to electrolyte resistance. Furthermore, the common R,
and C, symbolize the resistance and capacitance of the surface film.

Meanwhile, the R; and Q,/Q; denote the surface heterogeneity's resistance and constant phase element. It
should be noted that the combination of inductor L, and resistance element R, was added to express the products of

TABLE 4. The Data Extracted from Nyquist Plots in Fig. 8

Sample L, H R, Q C.,F R,, Q Q3, F.s"(-0.2) R;, Q
*Reference
Composite A —8.43E-06 19.71 2.27E-03 10.1 —2.23E-3 62.02
Composite B —1.44E-05 28.47 4.19E-06 67.01 12.05E-6 74.41
Composite C 1.99E-06 19.81 3.45E-08 105 41.76E-6 14.94
Composite D —1.81E-05 47.89 5.92E-06 96.74 —0.181E-3 12.34
Sample CyF Ly H Ry, Q Cs, F R, Q
*Reference
Composite A 9.05E-06 - 13.2 — -
Composite B - 442.1 112.8 5.36E-06 21.08
Composite C - 495.2 265.3 5.11E-06 33.55
Composite D - 679.4 156.8 6.21E-06 61.51

*L, = —68.86E-6 H, R| = 12.63 Q, Q; = 0.20E-3 F.s"(-0.3), R, = 89.74 Q, C, = 1.33E-9 F, R; =924 Q, L, =
=0.087H,R,;=3.78Q, C5=-2.07E-6 F, R = 51.86 Q2.
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corrosion formed on the surface. For composite A, the last circuits R, and C, related to the resistance and
capacitance of the film formed inside the pores. On the other hand, the composites B, C, and D had the circuits Ry
and C,, representing the film’s resistance and capacitance as composite A.

Data extracted from the equivalent electric circuit in Table 4 show that the resistance of the oxide film
(interface solution/electrode) was higher for composite D with R, = 96.74 Q compared to other samples. This
finding indicates that the protective corrosion film formed on the composite was more resistant to the attack of
chloride (CI") ions. Meanwhile, the second film generated by the pores was relatively poor for composite A with
R, = 13.2 Q. Conversely, composite D demonstrated the highest film resistance with Rg = 61.51 Q. Obviously,
increasing the amount of Sr in the composite Mg—1Ca—1Y made the oxide film more resistant, increasing, thus, the
corrosion resistance. Regarding the low-frequency branch, the L, value calculated from the inductive loop of
reference composites, as well as composites B, C, and D, confirmed a reduction of ion transfer and was more
pronounced for composite D.

CONCLUSIONS

In this work, the effect of adding strontium elements in the amount of 0.5, 1.0, 1.5, and 2.0 wt.% on the
microstructure and corrosion properties of the new Mg—1Ca—1Y composite for biomedical implant applications was
investigated.

The microstructure analysis showed that the mechanical milling alloying process successfully
manufactured the new composite.

The phase analysis confirmed the formation of intermetallic phases Mg,Ca, Mg,,Sr,, and Mg,,Ys. The
corrosion potential and corrosion rate of composite D were more anodic than other composites, and the addition of
Sr shifted it towards an anodic direction.

Passivation was observed for all samples, and the pit initiation was more positive for the reference
composite. On the other hand, the corrosion resistance of the film was found more protective for composite D,
followed by composite C, B, A, and reference samples.

In general, the findings demonstrate that the Sr element most probably participates in forming a protective
oxide layer and decreases the galvanic effect in the Mg—1Ca—1Y composite. The Mg—1Ca—-1Y-2Sr composite,
newly developed by mechanical alloying, can be a good candidate for manufacturing biodegradable implants.
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