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Abstract: Magnesium alloys are promising candidates for biodegradable medical implants which
reduce the necessity of second surgery to remove the implants. Yttrium in solid solution is an
attractive alloying element because it improves mechanical properties and exhibits suitable corrosion
properties. Silver was shown to have an antibacterial effect and can also enhance the mechanical
properties of magnesium alloys. Measurements of microhardness and electrical resistivity were used
to study the response of Mg—4Y and Mg-4Y-1Ag alloys to isochronal or isothermal heat treatments.
Hardening response and electrical resistivity annealing curves in these alloys were compared in
order to investigate the effect of silver addition. Procedures for solid solution annealing and artificial
aging of the Mg—4Y-1Ag alloy were developed. The corrosion rate of the as-cast and heat-treated
Mg-4Y-1Ag alloy was measured by the mass loss method. It was found out that solid solution heat
treatment, as well artificial aging to peak hardness, lead to substantial improvement in the corrosion
properties of the Mg—4Y-1Ag alloy.
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1. Introduction

Magnesium alloys, as possible biodegradable load-bearing implant materials, have intensively
attracted the interest of researchers for more than one decade (e.g., [1-3]). Solutes used to increase
mechanical properties can strengthen material via solution strengthening as long as the alloying
elements remain in solid solution. Alloying elements in higher concentrations usually react with
magnesium or among each other and develop intermetallic phases’ precipitates. Precipitation
hardening depends not only on number density of precipitates but also on particle’s morphology and
eventual orientation in the Mg-matrix [4]. Proper heat treatment procedures enabling dissolution and
secondary phase precipitation have to be developed individually on a base of detailed investigation
of the particular alloy [5]. Both solid solution strengthening and precipitation hardening improve
strength, but deteriorate the alloy’s ductility. The magnesium alloys investigated as candidates for
load-bearing implant materials are very often based on commercial alloys which have been developed
for the transport and leisure industry [3,6,7]. Their complex compositions and microstructures enhance
the number of variables and hence make an interpretation of in vitro and in vivo degradation studies
difficult. More simple alloys are now preferred in the research community for in vitro experiments
which could be used as a guidance for future alloy tailoring for Mg alloys production [8,9].
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Yttrium appears to be one of the interesting alloying elements for degradable Mg implants as
the same value of standard electrochemical potential of Y as of Mg (—2.37 V relative to the standard
hydrogen electrode) promises particular corrosion properties of Mg-Y alloys [10]. Mg—Y-based alloys
belong to the group of Mg alloys with better corrosion properties in NaCl solution [11]. Moreover,
Y has a high maximum solubility in Mg and therefore a relatively high concentration of solid
solution can be achieved. Corrosion in 0.1 M NaCl increases significantly with volume fraction
of the equilibrium Mg»4Y5 secondary phase due to micro-galvanic corrosion acceleration [12] while
Y in solid solution can increase the protective nature of the surface film [3,13]. The beneficial role of
Y on the corrosion of Mg alloy in cell culture medium was also reported [14]. Although some rare
earth elements are toxic for the human body, Y has a relatively low toxicity and can be used in the
medical treatment of patients [15,16]. The maximum solubility of Y in Mg is 12.5 wt % at 566 °C and
decreases to 2.7 wt % at 200 °C. It promises the production of a wide range of solid solutions quenched
from high temperatures as well as materials strengthened by the secondary phase. The equilibrium
secondary phase (3 of Mgp4Ys5 composition has a cubic body centered structure (a = 1.13 nm) and forms
as prismatic plates in the a-Mg matrix [5]. It is preceded by the development of B’ phase globular
particles precipitating at lower annealing temperatures and having a base-centered orthorhombic
lattice (a = 0.64 nm, b = 2.223 nm, ¢ = 0.521 nm) [17]. The age-hardening response of solution treated
Mg-Y alloys achieves almost 50% in alloys with the Y concentration above 8 wt %, although the aging
at 200 °C is only several percent for lower Y concentrations [18].

Mg-Ag binary alloys with up to 6 wt % of Ag in Mg have been investigated in vitro and in vivo
due to the well-known antibacterial effect of Ag [9,19,20]. Solid solution heat treatment of the
alloys reduces the corrosion rate under cell culture conditions to one-third of that in the as-cast
state. Corrosion properties deteriorate only a little after subsequent annealing to the peak hardness
and the corrosion rate remains comparable to that of pure Mg [9,21]. In particular, the Mg—-2 wt %
Ag shows adjustable improved mechanical, corrosive, cytocompatible and antibacterial properties.
The degradation rates in vitro and in vivo show no significant difference after 4 weeks testing time [9].
The equilibrium secondary phase in binary Mg-Ag alloys from the Mg rich corner is the Mgy Ag phase
of the hexagonal structure (a = 1.2485 nm, ¢ = 1.4412 nm) [22]. Even though the solubility of Ag in Mg
(maximum 15 wt % at 465 °C) decreases steeply with decreasing temperature, the age hardening effect
in binary alloys up to 6 wt % Ag (annealed at 440 °C for 16 h + 185 °C for 8 h) is only moderate [21].
Only few re-precipitates were observed by a scanning electron microscope in Mg—6 wt % Ag treated to
peak hardening condition.

It is well established that an addition of proper minor elements to binary Mg alloys enhances
significantly the number of fine precipitates developing during age hardening and increases mechanical
properties considerably (e.g., Mg—4Y-1Mn-1Zn wt % [23], Mg-6Gd-0.6Zr wt % alloy with 1-2 wt %
Zn [24], Mg-2.7Nd-0.6Zn-0.5Zr wt % [25], Mg—45Sm-1Zn-0.4Zr wt % [26], a wide range of Mg-5n
alloys with 0.1-0.5 wt % Zn [27] or Mg-4Zn—0.35Ca wt %). Among these micro additions, Ag enables
relatively frequently a considerable improvement of age hardening. Peak hardness increases from
27% to 42% after alloying the Mg—6.2 wt % Zn by 0.4 wt % Ag. Number density of precipitates
increases in one order of magnitude and the aspect ratio of precipitates is about 50% higher in the alloy
containing Ag [28]. The exact role of Ag in the MgZn; precipitation mechanism in early precipitation
stages remains unclear while the concentration of Ag in the precipitates increases in the peak aged
condition [29]. Systematic additions of Ag to the Mg—6Y-1Zn-0.6Zr (wt %) alloy promoted the
formation of fine-scale precipitates, too. When the Ag concentration in the alloy was at and above
2 wt %, precipitation hardening was higher than 35%. This enhanced hardening response is associated
with a dense distribution of fine-scale basal precipitate plates that were not observed in the Ag-free
alloy [30]. The same addition of 2 wt % Ag in the Mg—6 wt % Gd increases hardness in the peak aged
condition from 37% to 60%. This remarkable improvement in precipitation hardening is associated
with the formation of a dense and uniform distribution of nano-scale basal precipitate plates within the
matrix phase [31]. After all, the positive effect of Ag in Mg alloys is already expressed in commercial
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QE22 alloy with 2 wt % of Nd and 2 wt % of Ag. Peak hardening reaches almost 60% [32] and is most
probably caused by oriented particles of two metastable phases [32,33], which is rarely observed in Mg
alloys. It is generally accepted that Ag participates in the QE22 stable phase even though opinions
about its composition developed from Mgi,Nd;Ag with the complex hexagonal structure [34] to the
(Mg,Ag)12Nd tetragonal phase [32,35,36].

The present work demonstrates thermal stability of mechanical properties and corrosion in a
ternary Mg—4Y-1Ag alloy (nominal composition in wt %). Selection of alloying elements and their
concentrations were governed by an attempt to keep the alloy reasonable for biomedical applications.
The heat treatment parameters for solid solution annealing and the peak aged condition are introduced.

2. Experimental Details

Ingots with nominal compositions Mg—4 wt % Y and Mg—4 wt % Y-1 wt % Ag alloy were prepared
by permanent mould direct-chill casting. For the casting, pure materials were used: Mg (99.95%),
Y (99.95%) and Ag (99.99%). At first, the pure Mg was melted and heated up to 720 °C and then
the preheated alloying elements were added during continous stirring. The melt was poured into a
permanent steel mould (d = 110 mm, h = 220 mm) treated with boron nitride coating and placed in a
holding furnace. After 10 minutes holding, the mould was immersed into running water with 1 mm/s
speed [37]. During the full process, a protective atmosphere of Ar+2 wt %SFs was used.

Chemical composition of the studied alloy determined by X-ray fluorescence (Y, Ag) is shown
in Table 1.

Table 1. Composition of studied alloys.

Alloy Y (wt %) Ag (wt %)
Mg-4Y 3.45 -
Mg-4Y-1Ag 4.05 1.12

Isothermal annealing as well as isochronal annealing with step 20 K/20 min were employed
to study the response of the material to heat treatment. Isochronal annealing consists of a series of
annealing steps which take the same time but the temperature for each subsequent step is increased by
a fixed increment. For example, the 20 K/20 min regime used in this work implies that annealing steps
were 20 min long and the temperature increment of 20 K was used. Each annealing step was finished
by quenching.

Measurements of electrical resistivity were performed at 77 K by the DC four-point method with
a dummy specimen in series. A constant direct current of 1 A was passed through samples during
the measurement. Current reversal was used to suppress parasitic thermoelectromotive force and
changes in electrical resistivity were measured with relative accuracy 10~%. H-shaped samples with
dimensions approximately 70 mm x 10 mm X 2.5 mm for the electrical resistivity measurements were
annealed in an oil bath and quenched into liquid nitrogen for annealing temperatures up to 240 °C.
At an annealing temperatures higher than 240 °C, annealing in an Ar protective atmosphere and water
quenching was used. Electrical resistivity changes measured at a low and stable temperature (e.g., in a
liquid nitrogen bath) reflect changes in the phase composition of dilute alloys as the major contribution
to the temperature-independent component of electrical resistivity comes from electron scattering by
solutes in the matrix. Contributions of other lattice defects, such as point defects, dislocations or grain
boundaries are usually one order of magnitude lower. The described electrical resistivity measurements
were therefore used to monitor precipitation and dissolution processes in the studied alloys.

Vickers hardness (HV) was measured using microhardness tester Struers Duramin 300 (Struers
ApS, Ballerup, Denmark), using the load of 100 g applied for 10 s. Samples for the microhardness
measurements were annealed in air, quenched into water of room temperature and their surface was
polished prior to the measurement. At least ten indentations were made into each sample.
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The corrosion rate was determined by the mass loss method. Prior to the measurement, the surface
of rectangular-shaped samples with dimensions 11 mm x 10 mm x 1.25 mm was prepared by grinding
with sandpaper up to grit P2000. Samples of tested alloys were sterilized by sonication in ethanol
and placed into a well plate. Each sample was immersed in 3 mL of high glucose Dulbeco’s Modified
Eagle Medium (DMEM) with L-alanyl-L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) and
sodium pyruvate + 10% Fetal Bovine Serum (FBS) (Biochrom GmbH, Berlin, Germany). A corrosion test
was performed in the incubator under cell culture conditions (37 °C, 5% CO,, 19.7% O, 95% relative
humidity) and medium was changed every 2-3 days. After 168 h (7 days), samples were removed
from the medium and washed in double distilled water. The corrosion products were subsequently
removed by chromic acid. The immersion time of 168 h was selected to enable a comparison with
already published data in similar alloys. A detailed investigation in [38] has shown that corrosion
rates of solution treated binary Mg alloys with various rare earths determined by hydrogen evolution
during immersion tests in 3% NaCl saturated with Mg(OH); accelerated to a steady state value after
3-7 days of immersion. Moreover, it was reported recently that, at this timepoint, the in vitro corrosion
rate of commercialy-pure Mg is only slightly higher than the arterial in vivo corrosion rate and the
difference is the smallest in the studied time range of approx. 14 days [39]. The corrosion rate was
calculated from the mass difference Am between the initial weight of the sample and the sample mass
after immersion and removal of corrosion products according to formula

CR (mm/year) = 8.76 x 10* * Am/(S* t * p),

where CR is the corrosion rate in mm/year, S is the surface area of the sample in cm?, t is the
immersion time in hours and p is the density of the sample in g/cm3. Six samples of each alloy at all
three studied treatment conditions were measured to improve the statistical accuracy and to determine
the uncertainty of the measurement.

Transmission electron microscopy (TEM) was carried out using a JEOL 2000FX microscope
(JEOL Ltd., Tokyo, Japan). Samples of Mg—4Y alloy for examination in TEM were prepared by
electrolytical polishing in Struers TenuPol-5 (Struers ApS, Ballerup, Denmark) at temperature —40 °C
using electrolyte consisting of 20% HClOy in ethanol. Specimens of Mg—4Y-1Ag alloy were thinned by
electrolytical polishing in a solution of 5.3 g lithium chloride, 11.2 g magnesium perchlorate, 500 mL
methanol and 100 mL 2-butoxyethanol at —40 °C and finished by ion beam polishing in Gatan Precision
Ion Polishing System (Gatan, Munich, Germany).

Scanning electron microscopy (SEM) performed in a Tescan MIRA microscope (Tescan, Brno,
Czech Republic) was used to examine the microstructure of the Mg—4Y and Mg-4Y-1Ag alloys.
Micrographs of polished samples obtained by detection of backscaterred electrons are shown in
Figure 1. Homogenously distributed particles of secondary phases are present in both alloys in the
as-cast condition. In addition, the presence of diffuse areas with a lighter shade of grey testifies the
inhomogenous concentration of solutes in the Mg matrix. As canbe seen in Figure 1, this inhomogeneity
is significantly more pronounced in the Mg—4Y-1Ag alloy.

Since the cool down of the ingots to room temperature is relatively slow, it can be expected that
particles of the equilibrium secondary phase 3 with the Mg,4Y5s composition will be formed in Mg-Y
alloys. Indeed, the structure of the secondary phase particles in the as-cast Mg—4Y-1Ag alloy was
identified as Mg»4Y5 (bcc structure, a = 1.13 nm); see Figure 2. Hence, the addition of 1 wt %Ag in
the Mg—4Y-1Ag does not change the type of the stable phase and the precipitation sequence in the
Mg-4Y-1Ag alloy ends with the same equilibrium phase as in binary Mg-Y alloys.
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Figure 1. Scanning electron micrographs obtained in back scattered electron imaging mode of as-cast
(a) Mg—4Y-1Ag alloy; (b) Mg—4Y alloy.

Figure 2. (a) Bright field TEM micrograph of the Mgy4Y5 phase particle in the as-cast Mg—4Y-1Ag alloy
with an Ag rich shell; (b) Corresponding selected area electron diffraction pattern of the particle in the
[1,1,0] zone.

3. Results and Discussion

The as-cast Mg—-4Y-1Ag alloy was solid solution heat treated at 525 °C analogically as the
commercial QE22 (Mg-Ag-Nd) alloy [40]. Phase diagrams of the binary Mg-Y system indicate that a
temperature of 500 °C is sufficient for achieving a solid solution in the Mg—4Y alloy [41,42]. Hence,
this slightly lower temperature was used to solution-treat the as-cast Mg—4Y alloy in order to suppress
the formation of hydrides [43,44]. Figure 3 shows relative resistivity changes in response to isothermal
annealing at temperatures selected for solution treatment. Electrical resistivity of both alloys increases
considerably due to a dissolution of secondary phases and already reaches maxima after relatively
short annealing times (0.5 h and 1 h for the Mg-4Y-1Ag and the Mg—4Y respectively). No significant
resistivity changes were observed in the Mg—4Y-1Ag alloy in the course of the prolonged heat treatment
up to 3 h as well as in the binary alloy due to heating up to 5 h. SEM revealed that solutes segregation
disappeared in both alloys after the high temperature annealing finished by quenching (525 °C/3 h for
the Mg—-4Y-1Ag alloy and 500 °C/5 h for the Mg—4Y alloy); see micrographs presented in Figure 4.
Homogenous supersaturated solid solution developed and only few rectangular particles (1 pm order
of magnitude large) with a very high content of Y (>80 wt %) can be observed in SEM after the
solution treatment (T4 condition). Details of such a particle in the solution-treated Mg-4Y-1Ag alloy,
together with its energy dispersive X-ray spectrum, are shown in Figure 5. These particles are most
probably yttrium hydrides [43,44] formed either during the casting procedure or during the solid
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solution treatment. The dissolution of secondary phases into solid solution is connected with Vickers
hardness decrease, reaching ~20% in both investigated alloys as the solid solution strengthening is
weaker than the dispersion or precipitation hardening due to the secondary phase particles introduced
during casting.
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Figure 3. Development of relative resistivity changes measured at 77 K and of Vickers microhardness
measured at room temperature due to solution treatment of (a) Mg—4Y-1Ag at 525 °C; (b) Mg—4Y alloy
at 500 °C.

Figure 4. Scanning electron micrographs obtained in the back scattered electron imaging mode of
solution treated alloys: (a) Mg-4Y-1Ag at 525 °C for 3 h; (b) Mg—4Y alloy at 500 °C for 5 h.

The electrical resistivity response of the Mg-4Y-1Ag alloy solution treated at 525 °C for
3 h to isochronal step-by-step annealing up to 500 °C shows a decrease, already starting at low
annealing temperatures and followed by an increase after annealing at temperatures higher than
160 °C—Figure 6a. The increase is slowed down in the annealing temperature range 240 °C-280 °C.
Resistivity reaches almost the initial value after annealing at 340 °C and changes insignificantly on
further annealing. The resistivity annealing curve indicates that the main precipitation process can
be expected at temperatures lower than 160 °C and another phase transformation proceeds probably
due to annealing in the range 240 °C-280 °C. The annealing resistivity curve of the Mg—4Y alloy
solution treated at 500 °C for 5 h has the same character as that of the Mg—4Y-1Ag alloy—Figure 6b.
Maximum solubility of Y in Mg at various temperatures which is ~2 wt % at 200 °C and ~4 wt %
at 300 °C [45] and actual concentration in the studied alloys can explain an absence of pronounced
resistivity changes after annealing at ~340 °C and higher temperatures. A slight resistivity decrease on
annealing above 340 °C in both alloys can reflect the formation of yttrium hydrides [44]. The absolute
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resistivity decrease during the precipitation process is less pronounced in the Mg—4Y alloy than in
the Mg—-4Y-1Ag alloy. This can be expected due to a somewhat higher solute concentration in the
Mg-4Y-1Ag alloy and is therefore due to a higher matrix supersaturation of the initial state. It agrees
also with the fact that precipitation hardening is more pronounced in the material with Ag (~15%)
than in the Mg—4Y alloy (~8%)—Figure 6. Temperature position of peak hardening agrees very well
with the minimum of electrical resistivity in the Mg—4Y-1Ag alloy (Figure 6a) whereas microhardness
of the Mg—4Y alloy remains almost constant over an extended range of annealing temperatures
(Figure 6b). A poor microhardness response of the studied alloy to isochronal annealing coincides
with the results of thermal stability investigation in a more concentrated binary Mg-Y alloy [18].
A beneficial effect of Ag on precipitates’ number density, already observed in some binary and more
complex Mg alloys [28-31], may also not be excluded here. Since no precipitates were observed by
TEM in the Mg—4Y alloy isochronally annealed up to 160 °C, which corresponds to the minimum
of electrical resistivity (Figure 6b), one can conclude that this minimum relates to a development of
solute clusters. This is in agreement with results of High-Angle Annular Detector Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM) studies reported in literature, where solute clusters
were observed in a more concentrated Mg-Y alloy after long annealing at 150 °C [46]. At temperatures
above 180 °C, these clusters partially dissolve as is testified by an increase in electrical resistivity. Since
the coarse intermetallic particles present in the as-cast alloys were identified by TEM, such as Mgp4Ys,
one can expect that the precipitation sequence will continue with the development of the metastable
B’ phase with a base-centered orthorhombic lattice (a = 0.64 nm, b = 2.223 nm, ¢ = 0.521 nm) [17]
and finally ending with the precipitation of the equilibrium (3 phase with Mg,4Y5 composition and a
cubic body centered structure (a = 1.13 nm) [5]. Small undulations in the curves of electrical resistivity
shown in Figure 6 between 180 °C and 340 °C might be caused by precipitation of these phases.
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Figure 5. (a) Scanning electron micrograph of a rectangular particle in Mg—4Y-1Ag alloy solution
treated at 525 °C for 3 h obtained in back scattered electron imaging mode; (b) Energy-dispersive X-ray
spectrum acquired from the bright particle shown in (a) at 10 kV.

In order to exploit the potential of the investigated ternary alloy, isothermal heat treatment
was performed at various temperatures and times up to 26 h. Precipitation hardening was studied
by means of microhardness measurements. Figure 7a,b shows isothermal annealing curves in the
temperature range of 125 °C-250 °C. Although the heating at 250 °C, leading to very fast over aging
and precipitation hardening, was negligible, annealing at lower temperatures causes a relatively
useful hardening near 20%. The microstructure of the Mg—4Y-1Ag alloy aged at 150 °C for 16 h was
investigated by TEM. However, no precipitates were observed and the obtained diffraction patterns
consisted solely of reflections belonging to the Mg matrix and the MgO on the surface of the TEM foil.
It can be therefore assumed that the peak hardening corresponds to a development of small solute
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clusters which are not observable in conventional TEM. Well-developed solute clusters were observed
in a more concentrated Mg-Y alloy by HAADF-STEM until after annealing for 720 h at 150 °C [46].
The annealing time of 16 h at 150 °C, which was used to achieve the T6 condition for the Mg—-4Y-1Ag,
is much shorter. Therefore, the development of solute clusters will be most likely in its early stage
only, but extremely long-time annealing for the T6 condition is technically not reasonable. It was
experimentally proven that even 60 days at 150 °C were not enough to reach a maximum hardness
increase in a solution-treated Mg-6 wt % Y alloy [47]. Thermal stability of hardness in the T6 state is
acceptable and 10 h at 150 °C is sufficient to reach this condition.
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Figure 6. Isochronal annealing curves of relative resistivity and microhardness changes of solution
treated alloys: (a) Mg—4Y-1Ag; (b) Mg—4Y. pp and HV| are values of electrical resistivity and
Vickers microhardness in the solution-treated condition. The sample of the Mg—4Y-1Ag alloy was
solution-treated at 525 °C for 3 h, while the sample of the Mg—4Y-1 alloy was subjected to solution
treatment at 500 °C for 5 h.
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Figure 7. Response of microhardness to artificial aging of the solution-treated Mg—4Y-1Ag alloy at
temperatures: (a) 125 °C and 150 °C; (b) 200 °C and 250 °C. Samples of the Mg—-4Y-1Ag alloy were
solution treated at 525 °C for 3 h prior to artificial aging.

The corrosion rate of the studied alloys in as-cast and heat-treated conditions determined by
the mass loss method is shown in Figure 8. The corrosion rate of the Mg—4Y-1Ag is significantly
reduced (to almost one half of the value of the as-cast state) by solution treatment while artificial
aging has only a negligible effect. Dissolution of coarse Mgy4Ys particles and homogenization of
solutes in the as-cast alloy matrix decrease the corrosion rate almost to one half of the original value.
This is in agreement with measurements which show that the presence of the equilibrium Mg»4Y5
secondary phase accelerates the degradation by micro-galvanic corrosion [12]. On the other hand,
the fine precipitates formed during artificial aging have virtually no effect on the corrosion rate
within experimental accuracy. Unlike the Mg—4Y-1Ag alloy, the corrosion rate of the Mg—4Y alloy
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was virtually unaffected by the solution treatment. This difference is most likely caused by better
homogeneity of the Mg—4Y alloy in the as-cast condition, see Figure 1. The measured corrosion rates of
the solution treated (T4) Mg-4Y-1Ag and Mg-4Y alloys are practically identical within experimental
accuracy. Images of selected as-cast and heat-treated samples of the studied alloys after the mass loss
corrosion test are presented in Figure 9. In addition to general corrosion of the samples, localized
corrosion in the form of wide shallow pits is also present on all the studied samples. However, pitting
is more pronounced in the as-cast materials when compared to the heat-treated samples due to a
better homogeneity of alloying elements achieved by the solution treatment; compare Figures 1 and 4.
To obtain the data necessary for a discussion about a possible corrosion mechanism, time development
of the corrosion rate would be required. The performed tests show that the addition of silver in the
studied Mg—-4Y-1Ag alloy does not deteriorate corrosion properties in both T4 and T6 conditions when
compared to the binary Mg—4Y alloy.
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Figure 8. The corrosion rate of as-cast and heat-treated alloys: (a) Mg—4Y-1Ag; (b) Mg-4Y. For
the Mg—4Y-1Ag alloy, heat treatment 525 °C/3 h followed by water quench was chosen for the T4.
The same treatment, followed by aging 150 °C/16 h and water quenching, was used in the T6 condition.
For the Mg—4Y alloy, T4 heat treatment was performed at 500 °C/5 h, followed by water quench.

b)

Figure 9. Images of as-cast and heat-treated samples of studied alloys after the corrosion test:
(a) Mg—4Y-1Ag as-cast; (b) Mg-4Y-1Ag T4; (c) Mg—4Y-1Ag T6; (d) Mg—4Y as-cast; (e) Mg—4Y T4.
See Figure 8 for a description of the heat treatment parameters.
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Measured values of the corrosion rate indicate that the Mg-4Y-1Ag alloy is relatively slowly
corroding the alloy among magnesium alloys investigated for biomedical applications [48,49]. This
is advantageous since too fast corrosion can lead to the formation of hydrogen filled cavities and
adverse pH changes in the vicinity of an implant [50]. Furthermore, mechanical stability of an implant
has to be maintained for approximately 4 months for biomedical stents [51] and for 3-6 months for
fracture fixation [52]. However, it has to be noted that there is some difficulty in estimating the
corrosion rate in vivo from in vitro data [49]. In general, the in vitro corrosion rates tend to be faster
than the corrosion rate measured in vivo [49]. Results obtained for pure Mg suggest that the corrosion
rate in vivo is 1.2-1.9 &+ 0.2 times faster [39]. In another study, multiplier 2.3 & 0.2 was obtained
when mechanical behavior and time to failure of pure Mg implants in an artery were considered [53].
Although these works showed substantial progress in establishing an in vivo—in vitro correlation, an
in vivo study would still be required to fully assess the corrosion behavior and biological response of
the body to the Mg—4Y-1Ag alloy.

4. Conclusions

Heat treatment parameters for solution treatment and artificial aging of the Mg-4Y-1Ag alloy were
determined by microhardness tests and measurements of electrical resistivity. The addition of silver in
the Mg—4Y-1Ag alloy enhances the hardening response. The corrosion rate of the Mg-4Y-1Ag alloy
can be substantially decreased by solid solution annealing which dissolves intermetallic phases present
in the as-cast condition and homogenizes the distribution of solutes in the magnesium matrix. Fine
precipitates formed during artificial aging of the Mg-4Y-1Ag alloy do not seem to have a detrimental
effect on the corrosion rate. The addition of 1 wt % Ag to the Mg—4Y alloy has practically no effect on
the in vitro corrosion rate in the solution-treated condition.

Acknowledgments: The research leading to these results has received funding from the People Programme
(Marie Curie Actions) of the European Union's Seventh Framework Programme FP7/2007-2013/ under REA
grant agreement N° 289163.

Author Contributions: Maridn Vl¢ek, FrantiSek Lukd¢ and Ivana Stulikova conceived and designed
the experiments; Maridn Vl¢ek and Frantisek Luka¢ performed microhardness and electrical resistivity
measurements; Hana Kudrnova acquired SEM images; Bohumil Smola and Maridn VIéek carried out TEM
investigations; Monika Luczak performed corrosion tests, Gabor Szakacs cast the studied alloys; Norbert Hort,
Regine Willumeit-Romer, Bohumil Smola and Ivana Stulikova contrived the investigation and tailored the alloys.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Witte, F; Hort, N.; Vogt, C.; Cohen, S.; Kainer, K.U.; Willumeit, R.; Feyerabend, F. Degradable biomaterials
based on magnesium corrosion. Curr. Opin. Solid State Mater. Sci. 2008, 12, 63-72. [CrossRef]

2. Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G. Magnesium and its alloys as orthopedic biomaterials: A
review. Biomaterials 2006, 27, 1728-1734. [CrossRef] [PubMed]

3. Hainzi, A.C.;; Gunde, P; Schinhammer, M.; Uggowitzer, PJ. On the biodegradation performance of an
Mg-Y-RE alloy with various surface conditions in simulated body fluid. Acta Biomater. 2009, 5, 162-171.
[CrossRef] [PubMed]

4. Nie, J.F. Effects of precipitate shape and orientation on dispersion strengthening in magnesium alloys.
Scr. Mater. 2003, 48, 1009-1015. [CrossRef]

5. Nie, ].-F. Precipitation and Hardening in Magnesium Alloys. Metall. Mater. Trans. A 2012, 43, 3891-3939.
[CrossRef]

6. Gu, X.N.; Zhou, W.R,; Zheng, Y.F; Cheng, Y.; Wei, S.C.; Zhong, S.P,; Xi, T.F,; Chen, L.J. Corrosion fatigue
behaviors of two biomedical Mg alloys—AZ91D and WE43—In simulated body fluid. Acta Biomater. 2010, 6,
4605-4613. [CrossRef] [PubMed]

7.  Smola, B.; Joska, L.; Bfezina, V.; Stulikova, I.; Hnilica, F. Microstructure, corrosion resistance and
cytocompatibility of Mg-5Y—4Rare Earth-0.5Zr (WE54) alloy. Mater. Sci. Eng. C 2012, 32, 659-664. [CrossRef]


http://dx.doi.org/10.1016/j.cossms.2009.04.001
http://dx.doi.org/10.1016/j.biomaterials.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16246414
http://dx.doi.org/10.1016/j.actbio.2008.07.034
http://www.ncbi.nlm.nih.gov/pubmed/18762463
http://dx.doi.org/10.1016/S1359-6462(02)00497-9
http://dx.doi.org/10.1007/s11661-012-1217-2
http://dx.doi.org/10.1016/j.actbio.2010.07.026
http://www.ncbi.nlm.nih.gov/pubmed/20656074
http://dx.doi.org/10.1016/j.msec.2012.01.003

Materials 2017, 10, 55 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

Gu, X.; Zheng, Y.; Cheng, Y.; Zhong, S.; Xi, T. In vitro corrosion and biocompatibility of binary magnesium
alloys. Biomaterials 2009, 30, 484-498. [CrossRef] [PubMed]

Myrissa, A.; Agha, N.A,; Lu, Y,; Martinelli, E.; Eichler, ].; Szakacs, G.; Kleinhans, C.; Willumeit-Romer, R.;
Schifer, U.; Weinberg, A.-M. In vitro and in vivo comparison of binary Mg alloys and pure Mg. Mater. Sci.
Eng. C 2016, 61, 865-874. [CrossRef] [PubMed]

Liu, M.; Schmutz, P.; Uggowitzer, PJ.; Song, G.; Atrens, A. The influence of yttrium (Y) on the corrosion of
Mg-Y binary alloys. Corros. Sci. 2010, 52, 3687-3701. [CrossRef]

Neubert, V.; Stulikov4, I.; Smola, B.; Bakkar, A.; Mordike, B.L. Corrosion behaviour of highly creep resistant
magnesium-rare-earth-based alloys. Kov. Mater. Met. Mater. 2004, 42, 31-41.

Sudholz, A.D.; Gusieva, K.; Chen, X.B.; Muddle, B.C.; Gibson, M.A.; Birbilis, N. Electrochemical behaviour
and corrosion of Mg-Y alloys. Corros. Sci. 2011, 53, 2277-2282. [CrossRef]

Yao, H.B.; Li, Y.; Wee, A.T.S. Passivity behavior of melt-spun Mg-Y Alloys. Electrochim. Acta 2003, 48,
4197-4204. [CrossRef]

He, W,; Zhang, E.; Yang, K. Effect of Y on the bio-corrosion behavior of extruded Mg-Zn-Mn alloy in Hank’s
solution. Mater. Sci. Eng. C 2010, 30, 167-174. [CrossRef]

Reardon, K.A.; McIntosh, A.F,; Shilling, A.T.; Hagspiel, K.D.; Al-Osaimi, A.; Berg, C.; Caldwell, S.H.;
Northup, P.G.; Angle, F; Mulder, R; et al. Treatment of primary liver tumors with Yttrium-90 microspheres
(TheraSphere) in high risk patients: Analysis of survival and toxicities. Technol. Cancer Res. Treat. 2009, 8,
71-77. [CrossRef] [PubMed]

Kyker, G.C.; Anderson, E.B. Chemical toxicity of salts of lanthanum, yttrium and some other rare metals to
animals. In Rare Earths in Biochemical and Medical Research; University of Michigan Library: Ann Arbor, MI,
USA, 1955; pp. 91-101.

Nishijima, M.; Yubuta, K.; Hiraga, K. Characterization of 3’ Precipitate Phase in Mg-2 at % Y Alloy Aged
to Peak Hardness Condition by High-Angle Annular Detector Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM). Mater. Trans. 2007, 48, 84-87. [CrossRef]

Vostry, V.; Stulikova, I.; Smola, B.; Cieslar, M.; Mordike, B.L. A study of the decomposition of supersaturated
Mg-Y-Nd, Mg-Y and Mg-Nd alloys. Z Met. 1988, 79, 340-344.

Marco, I.; Feyerabend, F.; Willumeit-Romer, R.; van der Biest, O. Degradation testing of Mg alloys in
Dulbecco’s modified eagle medium: Influence of medium sterilization. Mater. Sci. Eng. C 2016, 62, 68-78.
[CrossRef] [PubMed]

Cecchinato, F; Agha, N.A.; Martinez-Sanchez, A.H.; Luthringer, B.J.C.; Feyerabend, F.; Jimbo, R.;
Willumeit-Romer, R.; Wennerberg, A. Influence of Magnesium Alloy Degradation on Undifferentiated
Human Cells. PLoS ONE 2015, 10, e0142117.

Tie, D.; Feyerabend, F.; Miiller, W.-D.; Schade, R.; Liefeith, K.; Kainer, K.U.; Willumeit, R. Antibacterial
biodegradable Mg-Ag alloys. Eur. Cell Mater. 2012, 25, 284-298. [CrossRef]

Ropp, R.C. Encyclopedia of the Alkaline Earth Compounds; Elsevier: Amsterdam, The Netherlands, 2013.
Stulikova, I; Smola, B. Mechanical properties and phase composition of potential biodegradable
Mg-Zn-Mn-base alloys with addition of rare earth elements. Mater. Charact. 2010, 61, 952-958. [CrossRef]
Nie, J.F; Gao, X.; Zhu, S.M. Enhanced age hardening response and creep resistance of Mg-Gd alloys
containing Zn. Scr. Mater. 2005, 53, 1049-1053. [CrossRef]

Wu, D.; Chen, RS.; Ke, W. Microstructure and mechanical properties of a sand-cast Mg-Nd-Zn alloy.
Mater. Des. 2014, 58, 324-331. [CrossRef]

Xia, X.; Luo, A.A_; Stone, D.S. Precipitation sequence and kinetics in a Mg—4Sm-17Zn-0.4Zr (wt %) alloy.
J. Alloys Compd. 2015, 649, 649-655. [CrossRef]

Sasaki, T.T.; Oh-ishi, K.; Ohkubo, T.; Hono, K. Enhanced age hardening response by the addition of Zn in
Mg-Sn alloys. Scr. Mater. 2006, 55, 251-254. [CrossRef]

Mendis, C.L.; Oh-ishi, K.; Hono, K. Enhanced age hardening in a Mg—2.4 at % Zn alloy by trace additions of
Ag and Ca. Scr. Mater. 2007, 57, 485-488. [CrossRef]

Mendis, C.L.; Oh-ishi, K.; Kawamura, Y.; Honma, T.; Kamado, S.; Hono, K. Precipitation-hardenable
Mg-2.47n-0.1Ag-0.1Ca-0.16Zr (at %) wrought magnesium alloy. Acta Mater. 2009, 57, 749-760. [CrossRef]
Zhu, YM.; Morton, A.J.; Nie, ].F. Improvement in the age-hardening response of Mg—Y-Zn alloys by Ag
additions. Scr. Mater. 2008, 58, 525-528. [CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2008.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19000636
http://dx.doi.org/10.1016/j.msec.2015.12.064
http://www.ncbi.nlm.nih.gov/pubmed/26838918
http://dx.doi.org/10.1016/j.corsci.2010.07.019
http://dx.doi.org/10.1016/j.corsci.2011.03.010
http://dx.doi.org/10.1016/S0013-4686(03)00605-4
http://dx.doi.org/10.1016/j.msec.2009.09.014
http://dx.doi.org/10.1177/153303460900800109
http://www.ncbi.nlm.nih.gov/pubmed/19166244
http://dx.doi.org/10.2320/matertrans.48.84
http://dx.doi.org/10.1016/j.msec.2016.01.039
http://www.ncbi.nlm.nih.gov/pubmed/26952399
http://dx.doi.org/10.22203/eCM.v025a20
http://dx.doi.org/10.1016/j.matchar.2010.06.004
http://dx.doi.org/10.1016/j.scriptamat.2005.07.004
http://dx.doi.org/10.1016/j.matdes.2014.01.061
http://dx.doi.org/10.1016/j.jallcom.2015.07.129
http://dx.doi.org/10.1016/j.scriptamat.2006.04.005
http://dx.doi.org/10.1016/j.scriptamat.2007.05.031
http://dx.doi.org/10.1016/j.actamat.2008.10.033
http://dx.doi.org/10.1016/j.scriptamat.2007.11.003

Materials 2017, 10, 55 12 of 12

31. Gao, X.; Nie, ].F. Enhanced precipitation-hardening in Mg—-Gd alloys containing Ag and Zn. Scr. Mater. 2008,
58, 619-622. [CrossRef]

32. Barucca, G.; Ferragut, R.; Lussana, D.; Mengucci, P.; Moia, F.; Riontino, G. Phase transformations in QE22
Mg alloy. Acta Mater. 2009, 57, 4416-4425. [CrossRef]

33. Rakowska, A.; Socjusz-Podosek, M.; Lityriska, L.; Ciach, R. Analytical electron microscopy of a magnesium
alloy containing neodymium. Microchim. Acta 2002, 139, 145-149. [CrossRef]

34. Gradwell, KJ. Precipitation in high strength magnesium casting alloy. Ph.D. Dissertation, University of
Manchester, Manchester, UK, 1972.

35. Kiehn, J.; Smola, B.; Vostry, P,; Stulikov4, I.; Kainer, K.U. Microstructure Changes in Isochronally Annealed
Alumina Fibre Reinforced Mg-Ag-Nd—Zr Alloy. Phys. Status Solidi A 1997, 164, 709-723. [CrossRef]

36. Rakowska, A.; Podosek, M.; Ciach, R. Some aspects of solidification and homogenisation of Mg—Ag alloys.
Mater. Des. 1997, 18, 279-283. [CrossRef]

37. Peng, Q.; Huang, Y.; Zhou, L.; Hort, N.; Kainer, K.U. Preparation and properties of high purity Mg-Y
biomaterials. Biomaterials 2010, 31, 398-403. [CrossRef] [PubMed]

38. Shi, Z; Cao, E; Song, G.-L.; Liu, M.; Atrens, A. Corrosion behaviour in salt spray and in 3.5% NaCl solution
saturated with Mg(OH), of as-cast and solution heat-treated binary Mg-RE alloys: RE = Ce, La, Nd, Y, Gd.
Corros. Sci. 2013, 76, 98-118. [CrossRef]

39. Bowen, PK,; Drelich, A ; Drelich, J.; Goldman, J. Rates of in vivo (arterial) and in vitro biocorrosion for pure
magnesium: Biocorrosion for Pure Magnesium. |. Biomed. Mater. Res. A 2015, 103, 341-349. [CrossRef]
[PubMed]

40. ELEKTRON® QE22, Technical Specification Datasheet, Magnesium Elektron.  Available online:
https:/ /www.magnesium-elektron.com/wp-content/uploads /2016 /10/Elektron-QE22_2.pdf (accessed
on 9 January 2017).

41. Ran, Q.; Lukas, H.L.; Effenberg, G.; Petzow, G. Thermodynamic optimization of the Mg-Y system. Calphad
1988, 12, 375-381. [CrossRef]

42. Fabrichnaya, O.; Lukas, H.; Effenberg, G.; Aldinger, F. Thermodynamic optimization in the Mg-Y system.
Intermetallics 2003, 11, 1183-1188. [CrossRef]

43. Shi, X,; Zou, J.; Liu, C.; Cheng, L.; Li, D.; Zeng, X.; Ding, W. Study on hydrogenation behaviors of a Mg-13Y
alloy. Int. |. Hydrogen Energy 2014, 39, 8303-8310. [CrossRef]

44. Zhu, SM.,; Nie, J.E; Gibson, M.A; Easton, M.A. On the unexpected formation of rare earth hydrides in
magnesium-rare earth casting alloys. Scr. Mater. 2014, 77, 21-24. [CrossRef]

45. Rokhlin, L.L. Magnesium Alloys Containing Rare Earth Metals: Structure and Properties; Taylor and Francis:
London, UK, 2003.

46. Nie, J.F; Wilson, N.C.; Zhu, Y.M.; Xu, Z. Solute clusters and GP zones in binary Mg-RE alloys. Acta Mater.
2016, 106, 260-271. [CrossRef]

47.  Socjusz-Podosek, M.; Lityniska, L. Effect of yttrium on structure and mechanical properties of Mg alloys.
Mater. Chem. Phys. 2003, 80, 472-475. [CrossRef]

48. Zheng, Y.F; Gu, X.N.; Witte, F. Biodegradable metals. Mater. Sci. Eng. R Rep. 2014, 77, 1-34. [CrossRef]

49. Sanchez, A.H.M.; Luthringer, B.].C.; Feyerabend, F.; Willumeit, R. Mg and Mg alloys: How comparable are
in vitro and in vivo corrosion rates? A review. Acta Biomater. 2015, 13, 16-31. [CrossRef] [PubMed]

50. Virtanen, S. Biodegradable Mg and Mg alloys: Corrosion and biocompatibility. Mater. Sci. Eng. B 2011, 176,
1600-1608. [CrossRef]

51. Forrester, ].S.; Fishbein, M.; Helfant, R.; Fagin, ]. A paradigm for restenosis based on cell biology: Clues for
the development of new preventive therapies. J. Am. Coll. Cardiol. 1991, 17, 758-769. [CrossRef]

52. Riiedi, T.P; Murphy, W.M. AO Principles of Fracture Management; Thieme: New York, NY, USA, 2000.

53. Bowen, PK,; Drelich, J.; Goldman, J. A new in vitro—in vivo correlation for bioabsorbable magnesium stents
from mechanical behavior. Mater. Sci. Eng. C 2013, 33, 5064-5070. [CrossRef] [PubMed]

® © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.scriptamat.2007.11.022
http://dx.doi.org/10.1016/j.actamat.2009.06.003
http://dx.doi.org/10.1007/s006040200053
http://dx.doi.org/10.1002/1521-396X(199712)164:2&lt;709::AID-PSSA709&gt;3.0.CO;2-B
http://dx.doi.org/10.1016/S0261-3069(97)00064-2
http://dx.doi.org/10.1016/j.biomaterials.2009.09.065
http://www.ncbi.nlm.nih.gov/pubmed/19800117
http://dx.doi.org/10.1016/j.corsci.2013.06.032
http://dx.doi.org/10.1002/jbm.a.35179
http://www.ncbi.nlm.nih.gov/pubmed/24665048
https://www.magnesium-elektron.com/wp-content/uploads/2016/10/Elektron-QE22_2.pdf
http://dx.doi.org/10.1016/0364-5916(88)90039-9
http://dx.doi.org/10.1016/S0966-9795(03)00156-0
http://dx.doi.org/10.1016/j.ijhydene.2014.03.115
http://dx.doi.org/10.1016/j.scriptamat.2014.01.007
http://dx.doi.org/10.1016/j.actamat.2015.12.047
http://dx.doi.org/10.1016/S0254-0584(02)00549-7
http://dx.doi.org/10.1016/j.mser.2014.01.001
http://dx.doi.org/10.1016/j.actbio.2014.11.048
http://www.ncbi.nlm.nih.gov/pubmed/25484334
http://dx.doi.org/10.1016/j.mseb.2011.05.028
http://dx.doi.org/10.1016/S0735-1097(10)80196-2
http://dx.doi.org/10.1016/j.msec.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24094225
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Results and Discussion 
	Conclusions 

