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Abstract

As a potential candidate for a biodegradable implant material, we designed the composition and investigated
the properties of the magnesium alloy containing rare earth metals, namely yttrium and neodymium, with an
addition of silver showing the evidence of antibacterial effects and promising corrosion rate in a body[2]. The
as-cast Mg-2Y-1Nd-1Ag alloy exhibits hard regions of eutectics containing Y, Nd and Ag along the grain
boundaries and contains also the long period stacking-ordered structure inside the Mg matrix. The eutectic
regions continuously dissolve at 500 °C with increasing time while new particles develop in form of discs
embedded in the magnesium matrix parallel to each other within a grain. During this process, an overall
microhardness decreases to its minimum value. However, after homogenization annealing at 525 °C neither
eutectic regions nor disc-shape particles were revealed in scanning electron microscope even though the
microstructure development during the prolonged annealing at 525 °C leads to superior microhardness value.
Microhardness measurements, electrical resistivity measurements at low temperature, scanning electron
microscopy and synchrotron diffraction methods were used in this work.
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1. INTRODUCTION

Biodegradable alloys based on magnesium recently receive a lot of public attention due to requests for
implants that do not need removing after healing process. Such implants improving quality of life of the
individual highly demand proper mechanical properties, biocompatibility and optimal corrosion in body fluids
[1]. In this work we designed and investigated the properties of magnesium alloy containing rare earth metals,
namely yttrium and neodymium, with an addition of silver showing the evidence of antibacterial effects and
promising corrosion rate in a body [2]. Microstructure acts as an important factor in corrosion process due to
different corrosion properties of matrix, grain boundaries and precipitates in an alloy. Moreover, for medical
purposes it is inevitable to control the size of the particles which are released into the body. Therefore, in this
work we thoroughly investigated the microstructure of Mg-2Y-1Nd-1Ag alloy in the as-cast state and after high
temperature annealing used for alternation of particle distribution.

2. EXPERIMENTAL

The Mg-2Y-1Nd-1Ag alloy was cast at HZG-Magic using permanent mould casting. For producing the alloy
the pure materials Mg (99.95 %), Ag (99.99 %), Y (99.95 %) and Nd (99.95 %) were used. After melting the
pure Mg the melt was kept at 720 °C for 20 minutes with continuous stirring after the addition of the alloying
elements. A protective atmosphere containing 2 wt.% SFe in argon was used during the process. The melt was
poured into a steel mould preheated to 550 °C. The chemical composition of the alloy in various locations in
the form was determined by inductively coupled plasma mass spectroscopy analysis resulting in the
composition with 2 % of yttrium, 0.7 % of neodymium and 1 % of silver by weight and magnesium as the
balance. The samples were cut non-invasively and gradually ground and polished into requested shapes for
measuring methods. The Vickers microhardness was tested by STRUERS Duramin 2 micro-tester at the load

1086



JEV . v o
ME 1AL

2014 (0 G+ o+ HS% +

of 10 N applied for 10 seconds. HVO0.1 values were determined as an average of at least 10 measurements.
Scanning electron microscopy (SEM) was performed on TESCAN MIRA 1 with the accelerating voltage of 20
keV. Transmission electron microscopy (TEM) images and electron diffraction patterns (ED) were obtained by
the use of JOEL JEM 2000FX microscope. The electrical resistometry measurements were performed at 77K
in liquid nitrogen bath by means of the DC four-point method with the accuracy within ~10-4. Thermal annealing
was carried out in a furnace with Ar gas atmosphere and the samples were quenched into water of room
temperature. The X-ray diffraction analysis was performed in the sideline of the P07 (HEMS High Energy
Material Science) beam-line at Petra Ill in Deutsches Elektronen-Synchrotron DESY (Hamburg, De) by
synchrotron X-rays with the energy of 87 keV corresponding the wavelength of / = 0.01424 nm. The diffraction
patterns were obtained by mar611 Se direct conversion flatpanel detector with the pixel size of 168 x 168 nm
and subsequently the fit2d software was used to integrate the 2D diffraction pattern to azimuthal line profile.

3. RESULTS AND DISCUSSION

Diffraction of synchrotron radiation was employed in order to characterize the sample phase composition. Fig.
1la shows the diffraction pattern obtained for the sample in the as-cast state, which reveals the texture of the
as-cast sample as random oriented coarse grain particles of Mg matrix or intermetallic phases - note that the
smooth circles originate from the graphite crucible, where the samples were placed in. Moreover, the diffraction
spectrum was constructed into Fig. 1b. Besides the Bragg reflections of Mg matrix and graphite crucible, two
other sets of peaks were determined. Firstly, Mg24Ys body centered cubic phase (bcc) or MgsRE face centered
cubic (fcc) phase reflections were recognized in the spectrum. This equilibrium Mgz24Ys phase of Mg-Y binary
system or MgsRE phase of Mg-Y-Nd ternary system that were indentified in Mg alloys containing Y and Nd
[3,4] solidified during casting of the alloy.
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Fig. 1 a) As-cast state diffraction pattern of synchrotron X-ray radiation with the wavelength of / = 0.01424
nm. b) X-ray diffraction spectrum created by integrating the intensity of the diffraction pattern

Unfortunately, from our data it was impossible to determine the structure diffraction factor more exactly and
therefore only lattice parameter was determined as a = 1.126 nm (bcc), which falls within the range 1.124-
1.128 nm quoted by [5] or a = 2. 23 nm (fcc) for the phase isomorphous with MgsGd [6]. Secondly, the diffraction
peak at 2g = 1.67°, which corresponds to the plane spacing d = 0.49 nm, is presumably caused by the long
period stacking-ordered (LPSO) structures, that were first observed by Kawamura [7] in Mg-Y-Zn alloys,
exhibiting improving effects on mechanical properties. Afterwards LPSO structures were observed in various
ternary Mg-TM-RE alloys (TM=transition metal), e.g. [8] and in Mg-Y-Zn-Ag alloy [9]. Nevertheless, to the
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authors' knowledge LPSO structures have never been observed in Mg-Ag-RE alloys yet. The TEM
observations of as-cast sample show regions of stacked basal plates or stacking faults in the a-Mg matrix, see
Fig. 2a. Selected area ED pattern from this region in Fig. 2a ([( (Ja-mg zone, Fig. 2b) revealed 5 intensity
streaks between primary beam and {Y ( } reflection parallel to (0002)a-mg reflection vector typical for LPSO
structure phases 18R and 14H [10]. The 18R phase has monoclinic structure (a=1.112 nm, b = 1.926 nm, c
=4.689 nm, b =83.25°) and following orientation relationship with a-Mg matrix - (001)1sr || (0001)a-mg, [010]18r
[|< Y (>awmg. The 14H phase has ordered hexagonal structure with a=1.112 nm, ¢ = 3.647 nm and orientation
relationship to the -Mg matrix (001)14n  (0001) mg, < ( >1a4 < Y(>amg. A closer look back at Fig. 1a
suggests that three diffraction spots with d = 0.49 nm lay exactly in the middle of the line connecting the primary
beam and three very strong diffraction spots from { (  }a-vg. According to the orientation relationship of 18R
and -Mg matrix the (135)1sr plane with this plane spacing is parallel to the (1 0 -1 1)a-mg plane. As there is no
plane with the plane spacing equal to 0.49 nm in 14H hexagonal phase, the LPSO phase observed in as-cast
alloy is of 18R type.

Fig. 2 a) TEM image of stacking ordered structure region b) Selected area electron diffraction from
stacking ordered structure region [10-10]a-mg ZOne

The as-cast samples exhibited grain size of around 200 hm and the grain boundaries (GB) were decorated by
particles seen in Fig. 3a which are intermetallic phase particles of the Mg-Y-Nd system equilibrium phase
which creates eutectics with a-Mg matrix. Energy dispersive X-ray spectroscopy showed that these particles
contain all alloying elements present in the alloy.

Isothermal annealing at 500 °C was performed in order to decrease the volume fraction of eutectic particles
containing high amount of alloying elements and therefore produce oversaturated solid solution of a-Mg matrix.
Figs. 3b, ¢ and d show the continuous dissolution of these GB decorating particles during the annealing at
500 °C for 1.5 h, 7h and 24 h, respectively. One can see that already after the 1.5 h annealing the most particle
volume dissolves and the characteristic elongated eutectic particles almost disappear.
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Fig. 3 Scanning electron microscopy images
of Mg-2Y-1Nd-1Ag during isothermal
homogenization annealing:

a) as-cast sample, secondary electrons (SE)
signal acquisition image

b) after annealing at 500 °C for 1.5 h, back-
scattered electrons (BSE) signal acquisition
c) after annealing at 500 °C for 7 h, BSE

d) after annealing at 500 °C for 24 h, BSE

e) after annealing at 525 °C for 24 h, BSE.
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The volume fraction of these particles decreases from 2.9 % to 1.5 % and evidently some of the particles did
not dissolve completely and therefore rests of the particles still remained, which is caused by rather slow
diffusion rate of rare earths in magnesium alloys. By elongation of the annealing time to 7 h, one can notice
the decrease of the size of the particles and the volume fraction of particles decreased to 0.42 %.
Simultaneously, a growth of disc shaped particles embedded in the matrix was observed after the 7 h annealing
which were further developed more evidently after 24 h annealing at 500 °C, which lead to the increase of the
particle volume fraction to 0.54 %. New disc shaped particles are parallel to each other, which is the fact that
strongly suggests their defined orientation relationship to the a-Mg matrix. However, the character of the disc
shaped particles needs further investigations. The effect of the annealing at 500 °C on mechanical properties
was determined by measuring Vickers microhardness. Fig. 4 illustrates the continuous decrease of the
microhardness with annealing time of the Mg-2Y-1Nd-1Ag alloy at 500 °C. Furthermore, an abrupt increase in
resistivity (see Fig. 4) already after 30 minutes of annealing time is caused by increasing number of scattering
centers for electrons due to dissolution of eutectic particles, which leads to the increase of solute concentration
in the a-Mg matrix. Consequently the stress necessary for dislocation motion decreases with decreasing
volume fraction of these particles and the microhardness decreases.

Furthermore, the annealing at the temperature 525 °C was performed in order to compare the effect of
annealing temperature on the alloy phase composition and therefore on the possibility of homogenization by
dissolution of the particles. This temperature was chosen as the same temperature of the homogenization in
T6 annealing process of commercial WE43 alloy [3]. Surprisingly, after 24 h of annealing at 525 °C, the Vickers
hardness reached the value of 69 £ 1 HV, which represents even higher hardness than was measured in the
as-cast sample. Moreover, the decrease of particle volume fraction to 0.25 % (the Fig. 3e) suggests that the
sample is more homogeneous than in the as-cast state. Therefore, the possible explanation of the hardness
increase is the higher solid solution hardening and/or the ordering of the alloying elements on the very atomic
level which is not observable by SEM and demands further investigations.

Fig. 4 Vickers hardness and
resistivity of isothermally annealed
Mg-2Y-1Nd-1Ag alloy at 500 °C.
Relative differences of resistivity
were measured in liquid nitrogen
i.e.at 77 K.

CONCLUSIONS

Mg-2Y-1Nd-1Ag alloy samples were studied in the as-cast state and during the isothermal high temperature
annealing by various complementary methods. Long period stacking-ordered structure is evidently present in
the form of 18R phase in the as-cast alloy due to the Ag addition to WE type alloy. Particles present at the
grain boundaries enriched in Y, Nd and Ag are continuously dissolving by the annealing at 500 °C up to 24
hours. Simultaneously, disc-like particles grow inside of the a-Mg matrix parallel to each other with the definite
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orientation to the a-Mg matrix and increased amount of alloying elements. These particles were not detected
by SEM in the samples after the annealing at 525 °C for 24 h.
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