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Abstract

In previous investigations Mg-10Dy (wt.%) alloy with a good combination of corrosion
resistance and cytocompatibility showed a great potential for the use as
biodegradable implant material. However, the mechanical properties of Mg-10Dy
alloy are not satisfactory. In order to allow the tailoring of mechanical properties
required for various medical applications, four Mg-10(Dy+Gd)-0.2Zr (wt.%) alloys
were investigated with respect to microstructure, mechanical and corrosion properties.
With the increase of Gd content, the amount of second phase particles increased in
the as-cast alloys and the age hardening response increased at 200 °C. The vyield
strength increased while the ductility reduced especially for peak-aged alloys with the
addition of Gd. Additionally, with increasing Gd content, the corrosion rate increased
in the as-cast condition due to galvanic effect, but all the alloys have a similar

corrosion rate (about 0.5 mm/year) in solution treated and aged condition.
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1 Introduction

Mg alloys have attracted much attention for their potential use in medical
applications due to the low Young’s modulus (40-45 GPa) compared with Ti alloys
(TiI6AI4V, 114 GPa) and stainless steels (193 GPa), appropriate strength compared to
bone, good biodegradability and bioresorbability [1-3]. Even though Mg and its alloys
have been investigated as implants for almost two centuries, implants of Mg and its
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alloys are yet to be commercialized. One of the key issues preventing this is that Mg
and its alloys would lose mechanical integrity before the sufficient healing of body
tissues, which can be caused by low mechanical properties, high corrosion rate and
localized corrosion [1]. One of the effective approaches to overcome this is the use of
alloying elements and heat treatments to enhance mechanical properties and
corrosion resistance but eliminate localized corrosion behaviour.

Many Mg-based alloy systems, such as Mg-Ca [4, 5], Mg-Zn [6, 7], Mg-Sr [8-10],
Mg-Y [11], Mg-RE (RE = rare earth) [12-15] systems, are proposed for medical
applications. Mg alloys containing RE elements, such as WE43 (Mg-4Y-3RE, wt.%)
and AE42 (Mg-4Al-2RE, wt.%), have already shown a good combination of
mechanical and corrosion properties in structural application. This has led to a
continuous evaluation of RE-containing Mg alloys for medical applications. In vivo
studies on LAE442 (Mg-4Li-4Al-2RE, wt.%) alloy for orthopedics applications show
that it has low corrosion rate and has an acceptable host response [16-18]. The more
advanced applications are biodegradable cardiovascular stents made of Mg-RE
alloys. Heublein et al. [19] reported on the degradation of AE21 (Mg-2AI-1RE, wt.%)
in a coronary artery and concluded that the vascular implants made of Mg alloys
seemed to be a realistic alternative to permanent implants. Moreover, several clinical
human trials have been conducted with biodegradable stents made of Mg-RE, and it
is found that the Mg-RE stents had good biocompatibility but the combination of
mechanical and corrosion properties needs further improvement [20, 21]. Mg-RE
alloy was the only Mg alloy used in clinical trials reported to date [21]. These previous
investigations indicate that some of the RE-containing Mg alloys are promising
candidates for degradable biomaterials.

Previous work has shown that Mg-10Dy alloy has a low corrosion rate, uniform
corrosion behavior and good cytocompatibility [22, 23]. However, the mechanical
properties of Mg-10Dy alloy are not satisfactory. Moreover, Mg-10Dy alloy shows no
age hardening response during ageing [24], which limits the potential for tailoring
mechanical properties by heat treatment. Gd has similar chemical properties but
better age hardening response compared with Dy [25, 26]. Based on earlier research
[15, 27] the use of Gd as alloying elements seems to be suitable. Furthermore, Gd-
based contrast agents are widely used as the contrast medium in magnetic
resonance imaging as the biocompatibility of Gd is acceptable [28-30]. Therefore,

Mg-10(Dy+Gd)-0.2Zr alloys are developed in this work to enhance the age hardening



response and to tailor the mechanical properties through replacing some of the Dy in
Mg-10Dy alloy with Gd. The addition of Gd is expected to potentially improve age
hardening response while reduce the ductility. Meanwhile, the total amount of Dy and
Gd is set at 10wt% to maintain the corrosion resistance. A small amount of Zr was

added in the alloys as grain refinement agent to obtain homogeneous microstructure.
2 Experimental procedure

2.1 Material preparation

Mg-10(Dy+Gd)-0.2Zr alloys were designed and their nominal chemical composition
is listed in Table 1. High-purity Mg (Magnesium Elektron, UK, 99.94%) was molten in
a mild steel crucible under a protective atmosphere (Ar + 2% SFg). Pure Dy (Grirem,
Beijing, China, 99.5%), pure Gd (Grirem, Beijing, China, 99.5%) and Mg-33 wt.% Zr
master alloy (Magnesium Elektron, UK) were added to the melt at 720 °C in the
nominal amount. The melt was stirred for 30 min at 200 rpm and then poured into a
mould preheated to 500 °C. The filled mould was held at 670 °C for 30 min under the
protective gas to let the heavy impurities settle to the bottom and let the light
impurities float up to the top of the ingots. Then permanent mould direct chill casting
[31] was used to prepare the alloys. The size of ingots is @12cmx20cm. After casting
both the bottom and top of the ingots were cut away, and the middle parts were used
for further investigations. Solution treatment (T4) was carried out at 520°C for 8 h
followed by water quenching. Ageing treatment (T6) was performed at 200 °C for
various times followed by air cooling.

The chemical composition of the alloys and impurities were analyzed using a X-ray
fluorescence (XRF) analyzer (Bruker AXS S4 Explorer, Germany) for Dy, Gd, Zr and
Ni, and using spark optical emission spectroscopy (Spectrolab M9 Kleve, Germany)
for Fe and Cu. The content of Ni could not be determined with spark optical emission
spectroscopy due to interference of strong Dy peaks. Therefore, the Ni content was
determined from the XRF results. The content of Zr at the bottom of the ingots (the

cut away part) was also measured using XRF.

2.2 Microstructure analysis

Specimens were ground using silicon carbide emery paper up to 2500 grit, and

mechanically polished. Optical microstructure was characterized using a light



microscope (Reichert-Jung MeF3, Germany) with a polarization system. Grain sizes
were determined using the line intercept method [32]. For scanning electron
microscopy (SEM), specimens were electropolished using an electrolytic apparatus
(LectroPol-5, Struers Inc). A Zeiss Ultra 55 (Carl Zeiss GmbH, Oberkochen, Germany)
SEM, operating at 15kV, equipped with energy dispersive X-ray spectroscopy (EDX)
was used to observe the microstructure.

Transmission electron microscopy (TEM) specimens were ground mechanically to
about 120 um and then thinned with twin jet electropolishing in a solution of 2.5 %
HCIO, and 97.5 % ethanol at about -45°C and a voltage of 40 V. The TEM
examinations were carried out on a Philips CM 200 operating at 200 kV.

For the phase analysis, X-ray diffraction (XRD) measurements were performed
using a diffractometer (Siemens D5000, Germany) with Cu K-a; radiation
(wavelength A = 0.15406 nm) and a secondary monochromator. The step size was
0.02 ° and the time at each step was 3 s. CaRlIne crystallography software (version
3.1) was used to simulate the diffraction peak of B’ phase based on its crystal
structure (orthorhombic, a = 0.64, b = 0.22, ¢ = 0.52) [33, 34].

2.3 Mechanical tests

Hardness measurements were carried out using a Vickers hardness test machine
(Karl Frank GMBH, Germany) with a load of 5 kg and a dwelling time of 10 seconds.
Ten points were averaged for each test condition. Tension and compression tests
were performed at room temperature using a Zwick 050 testing machine (Zwick
GmbH & Co., KG, Ulm, Germany) according to DIN EN 10002 [35] and DIN 50106
[36]. Tensile specimens with a gauge length of 30 mm, a diameter of 6 mm and
threaded heads of 10 mm were used. The compression specimens were cylinders
with a height of 16.5 mm and a diameter of 11 mm. Both tension and compression
tests were done at a strain rate of 1x10° s™*. A minimum of three specimens were

tested for each condition.
2.4 Corrosion

Weight loss tests were performed in a cell culture medium (CCM) under cell culture
conditions (37°C, 21% O,, 5% CO,, 95% rH). The CCM consists of Dulbecco’s
modified eagle medium (DMEM, Life Technologies, Darmstadt, Germany) and 10%
fetal bovine serum (FBS, PAA Laboratories, Linz, Austria). Composition of the DMEM



can be found elsewhere [23]. Compared with simulated body fluid and Hank’s
solution the composition of CCM is closer to the real body fluid. The cell culture
conditions are more similar to in vivo environment. The specimens with a size of 10 x
10 x 10 mm? were prepared by grinding each side with 2400 grid emery paper and
degreasing the surfaces with ethanol prior to corrosion tests. For the corrosion tests
in CCM, the specimens were sterilized in 70% ethanol for 15 min before the corrosion
tests and all subsequent procedures were carried out under sterile conditions. The
specimens were immersed in CCM with a ratio of 1.5 ml / cm? for 14 days. Corrosion
products were removed via immersing the specimens in chromic acid (180 g/l) for 20
min at room temperature. The average corrosion rate was calculated in millimetre per
year (mm/y) using the following equation [37]:

B 8.76x10* xA g

A-t-p

where Ag is weight change in g, A is surface area in cm?, t is immersion time in hours

CR

(h) and p is density of the alloy in g-cm™. At least three specimens were tested for
each condition. In order to understand the corrosion mechanism, the corrosion

morphology was examined.

3 Results

3.1 Chemical compositions

Table 2 shows the experimentally measured composition of Mg-Dy-Gd-Zr alloys.
The loss of alloying elements is around 10-20% for Gd and Dy, but is much higher for
Zr (around 85%). Only ~0.03 wt.% Zr was detected in the middle part of the ingots.
However, the content of Zr at the bottom of the ingots (the part cut away) is around 1
wt.%, which is much higher than its nominal content (0.2 wt.%). No Ni content was
detected using XRF. Since the detection limit of Ni for the used XRF instrument is
0.004 wt.%, the content of Ni is less than 0.004 wt.%.

3.2 Microstructure and phase characterization

Optical microstructures were similar for all alloys investigated, thus only the
microstructures of DG28K alloy in the as-cast and the T4 conditions are shown (Fig.
1). Ahomogeneous distribution of equiaxed grains were observed in both as-cast and
T4 condition. All the alloys have a similar grain size (around 60 pm) in the as-cast

condition, and they did not coarsen following the T4 treatment (Fig. 2). The typical



dendritic structure observed in the as-cast condition disappeared after T4 treatment.

The SEM analysis showed that the microstructures of the as-cast alloys consisted
of Mg matrix, segregation area of alloying elements and second phase particles as
indicated by arrows in Fig. 3. The segregation of alloying elements (bright bands) is
mainly located at the interdendritic region and the grain boundaries. All second phase
particles are distributed in the segregation area. For D10K and DG82K alloy, only
very few and small (nano-scale) second phase patrticles are observed (Fig. 3 (a, b)).
When the amount of Gd is increased, both the volume fraction and size of second
phase particles increase (Fig. 3 (c, d)).

The distribution of alloying elements in the a-Mg matrix, segregation area and
second phase particles was analyzed by EDX, as listed in Table 3. With the increase
in Gd, Dy content reduced and Gd content increased in all the areas, while the total
amount of alloying elements in the matrix and segregation area decreased. For
example, in the segregation area the amount of alloying elements is around 19.6
wt.% and 15.5 wt.% for D10K and DG28K alloys, respectively. Since the second
phase particles in D10K and DG28K alloy are very small (< 1 um), EDX analysis
could not be carried out properly. Thus, only the phase compositions for DG55K and
DG28K are shown in Table 3. Both Dy and Gd are found in the second phase
particles, while the Gd amount is much higher than Dy. For example, Gd (32.5 wt.%)
is more than twice that of Dy (14.6 wt.%) in the DG55K alloy, although Gd and Dy are
equally available. In the second phase particles, although the amount of Dy and Gd
changes with the change in alloy compositions, the total amount of them is similar
(around 57 wt.% / 14 at.%).

Fig. 4 shows the SEM microstructure of alloys after T4 treatment. The segregation
region is disappeared completely. Almost all of the second phase particles are
dissolved into the matrix for D10K and DG82K alloys (Fig. 4 (a, b)), while a few very
small second phase particles can be found in the DG55K and DG28K alloys (Fig. 4 (c,
d)). The remaining second phase particles mainly distribute along the grain
boundaries (Fig. 4 d)).

To investigate the age hardening response of Mg-10(Dy+Gd)-0.2Zr alloys, Vickers
hardness was measured after ageing for different times at 200 °C (Fig. 5). By
comparing the Vickers hardness of different alloys after ageing for same length of
time, the age hardening response increases with the increased Gd. For D10K alloy,
there is little age hardening response. For DG82K and DG55K alloys, 64.4 and 85.5



Hv of peak hardness is obtained after 216 h aging, respectively. While for DG28K
alloy, 100.2 Hv of peak hardness is obtained only after 72 h aging. There are
plateaus of peak-ageing region from 210 h to 384 h and from 72 to 120 h for DG55K
and DG28K alloys, respectively. Further ageing led to a slow decrease in the
hardness.

Since DG28K alloy showed the highest age hardening response, it was selected
for the precipitation observation using TEM. Fig. 6 presents the TEM micrographs of
precipitates and their selected area diffraction pattern recorded from DG28K alloy at
peak aged condition (200°C / 72 h). Large number of precipitates distributed
uniformly in the matrix (Fig. 6 (a, c)). The additional reflections were observed on the
selected area diffraction pattern with the incident electron beam approximately

parallel to <1213>q and [OOOl]q (Fig. 6 (b, d)). These additional reflections can be

indexed according to metastable B’ phase which has a composition close to Mgi13RE3
and a base-centered orthorhombic structure (a = 0.64 nm, b = 2.22 nm, ¢ = 0.52 nm)
[33, 34, 38, 39]. The orientation relationship between ' and Mg matrix phase is

[001] g // [0001]4 and (100)g // (1210) 4 [38]. In peak-aged condition at 200 °C, B’

precipitates were also observed as the dominant precipitates in other Mg-RE alloys
[34, 40].

As DG28K alloy showed the highest amount of second phase particles in the as
cast condition and the most apparent age hardening response, it was selected for the
XRD phase analysis. Fig. 7 shows the XRD pattern of DG28K alloy in different
conditions. MgsRE and B’ phase are identified in the as-cast and peak aged condition,

respectively. This is consistent with the phase analysis results using EDX and TEM.

3.3 Mechanical properties

Fig. 8 presents the mechanical properties obtained in tension and compression
tests. The tensile yield strength (TYS) and ultimate tensile strength (UTS) of alloys in
different conditions are shown in Fig. 8 (a, b). In the as-cast condition, the TYS and
UTS improved slightly with the increase in Gd, and they increase by around 17 MPa
and 29 MPa respectively when Gd is increased from 0 (D10K) to 8 wt.% (DG28K). T4
treatment did not alter the TYS and UTS. After T6 treatment, the TYS and UTS still
remained unchanged for D10K and DG82K alloys, while they increase apparently for
DG55K and DG28K alloys. For example, the TYS and UTS increased by 96 MPa and
140 MPa for DG28K alloy.



The tensile elongation of alloys in different conditions is shown in Fig. 8 (c). In the
as-cast condition, the tensile elongation reduces gradually with the increase of Gd
content, reducing from 21% to 17.6% when Gd content is increased from 0 (D10K) to
8wt.% (DG28K). After T4 treatment, the tensile elongation increased marginally for all
alloys. After T6 treatment, the elongation reduced slightly for D10K and DG82K alloys,
whereas in DG55K and DG28K alloys a dramatic decrease can be observed (e.g.
from 18.3% to 7.5% for DG28K alloy).

A similar trend to that observed for tensile properties is found for the compressive
properties of Mg-Dy-Gd-Zr alloys (Fig. 8). In the as-cast conditions, the increase in
Gd led to a slight increase in both the CYS and the UCS, and a decrease in the
compressibility to failure. T4 heat treatment did not change the CYS and
compressibility (Fig. 8 (d, f)), while it reduces the UCS for all alloys investigated (Fig.
8 e). The UCS reduced from 350 MPa to 290 MPa for DG28K alloy following the T4
heat treatment (Fig. 8 e). After the T6 treatment, the CYS, UTS and compressibility to
failure marginally changed for the D10K and DG82K alloys (Fig. 8 (d, e, f)). The CYS
increases for DG55K and DG28K alloys while a large reduction in the compression to
failure is observed (Fig. 8 (d, f)). The UCS increases only for the DG28K alloy
following the T6 heat treatment (Fig. 8 e).

3.4 Corrosion properties

Fig. 9 shows the corrosion rate of alloys after immersion in CCM for 14 days under
cell culture conditions. In the as-cast condition, the corrosion rate for D10K and
DG82K alloys is similar (about 0.55 mm/year). The corrosion rate increased to 0.7
and 0.85 mm/year when Gd content increases to 5 and 8 wt.% in DG55K alloy and
DG28K alloy. After T4 treatment, the corrosion rate has little change for D10K and
DG82K alloy, while it reduced to around 0.5mm/year for DG55K and DG28K alloys.
As a result, all the alloys had a similar corrosion rate in T4 condition. Aging treatment
had no adverse influence on the corrosion rate, and even reduced it slightly.

To check the corrosion type of the studied alloys, the macro corrosion
morphologies of weight loss tests samples (after removal of corrosion products) were
recorded as presented in Fig. 10. In the as-cast condition, localized corrosion occurs
on the surface of all alloys as indicated by arrows. The localized corrosion becomes
increasingly serious with the increase of Gd. In the T4 and T6 conditions, no localized

corrosion is found and the corrosion is very uniform.



4 Discussion

4.1 Chemical compositions

The Zr content is low (around 0.03 wt.%) in the middle part of the ingots and is
very high at the bottom of the ingots (around 1 wt.%). This can be attributed the
following reasons. Before the final casting, the melt was held for 30 minutes without
stirring. During this time, firstly Zr can react with impurities such as Fe and Ni and
form compounds [41]. Due to their density (much higher than those of the Mg melt)
they settle and deposit at the bottom of the ingots. Secondly, if Zr is not reacting with
alloying elements or impurities it forms metallic Zr particles in a peritectic reaction
during solidification or holding at the given temperatures [42, 43]. Zr has a density of
6.5 g cm™. As long as a melt is not stirred properly, metallic Zr particles will form,

grow and they will settle.

4.2 Microstructure and age hardening behavior

Based on the Mg-Dy and Mg-Gd binary phase diagrams [44] (Fig. 11), the
maximum solid solubility of Dy (25.3 wt.%) and Gd (23.5 wt.%) in Mg matrix are
similar at eutectic temperature. However, their solid solubility decreases at different
rates with the decrease in temperature. The solid solubility of Dy reduces gradually
with the decrease in temperature and reach to ~10 wt.% at 200 °C (Fig. 11 a). In
contrast, the solid solubility of Gd in Mg reduces dramatically with the decrease in
temperature, and reaches to ~3wt.% at 200 °C (Fig. 11 b). As a result, the driving
force for precipitation is higher with Gd than Dy additions. This could be the reason
that in the as-cast condition the amount of second phase particles increase with the
increase in Gd amount in alloys, despite the total amount of alloying elements remain
constant (Fig. 3). According to the EDX and XRD analysis, the second phase
particles in DG55K and DG28K alloys are approximately Mgs(Dy+Gd) phases and
the Dy and Gd content depends on the Dy and Gd content in the alloys. In general,
MgsRE could be formed in Mg-Dy, Mg-Gd and Mg-Y based Mg-RE alloys [45]. The
ratio of the rare earth elements present in the second phase particles varies in
different alloys. It is reported that MQgs(NdosGdos), Mgs(Ndo7Dyos) and
Mgs(Ndo33Y067) are formed in Mg-7Gd-2Nd, Mg-7Dy-2Nd and Mg-4Y-2Nd alloys
respectively [45].

The solubility of Dy and Gd in a-Mg matrix is 22 wt.% and 19wt.% at 520 °C,



respectively (Fig. 11), suggesting complete dissolution of Dy- and Gd-containing
second phase particles into a-Mg matrix during solid solution treatment. However, a
few fine second phase particles were found in DG55K and DG28K alloys after solid
solution at 520 °C for 8 hours. During solution treatment, the composition
homogenization occurs by the diffusion of Dy and Gd from the regions near grain
boundaries to the centre of the grains. The annealing time during which the second
phase particles can completely dissolve depends on the size of particles and the
diffusion rate of alloying elements. It is reported that the diffusion rate of RE elements
in solid Mg matrix is slow [46]. Even after solution treatment at 525 °C for 24 hours, a
few MgsGd phases is still left in Mg-15wt.%Gd alloy [15]. Therefore, the remained
second phase particles in DG55K and DG18K alloys can be attributed to the slow
diffusion rate of RE in solid Mg.

No age hardening response was observed for D10K alloy. This is due to the high
solubility (~ 10wt.%) of Dy at 200 °C in Mg matrix, causing all the Dy to remain in the
a-Mg matrix rather than form precipitates. As mentioned, Gd has a lower solubility (~
3wt.%) than Dy at 200 °C. Thus, Gd has higher driving force to form precipitates than
Dy in Mg-Dy-Gd-Zr alloys during ageing. With the increase in Gd content in Mg-Dy-
Gd-Zr alloys, the amount of B’ precipitates increased and the age hardening
behaviour becomes more significant. An enhanced age hardening response is
obtained with Gd addition. Apps et al. [26] investigated the age hardening behaviour
of Mg-7Dy-2Nd and Mg-7Gd-2Nd alloys, and they also found that Gd is more
effective in strengthening than Dy. The peak Vickers hardness of 104 Hv was
achieved for the Mg-7Gd-2Nd alloy, while it only reached 86 Hv for Mg-7Dy-2Nd alloy.

4.3 Mechanical properties

In the as-cast alloys, Hall-Petch strengthening, solid solution strengthening as well
as precipitation strengthening contributes to the total strength. After T4 treatment,
precipitation strengthening is negligible as only very few particles remain in the a-Mg
matrix. The Hall-Petch strengthening is similar in all alloys due to the similar grain
sizes. As a result, solid solution strengthening is the only factor which contributes to
the different values of hardness and yield strength observed. The total amount of
alloying elements in the alloys is similar, but with the increase in Gd the hardness and
yield strength increase. This indicates Gd has a better solution strengthening effect
than Dy. The Vickers hardness of Mg-7Gd-2Nd alloy is 20% higher than that of Mg-



7Dy-2Nd alloy in T4 condition [26].

During T6 treatment, the decomposition of the supersaturated a-Mg solid solution
occurs and ' precipitates form (Fig. 6). These precipitates block dislocation
movement and contribute to precipitation strengthening. The high density of
intrinsically strong, plate-shaped precipitates with prismatic habit planes and large
aspect ratios contributes to significant precipitation strengthening [47]. Consequently,
higher increase in yield strength was obtained after T6 treatment with the increase of
Gd, as listed in Table 4. However, these precipitates deteriorate the ductility of the
alloys and both of the tensile elongation and compressibility reduced after T6
treatment, especially for DG28K alloy in which large amount of ' precipitates were
observed (Table 4).

4.4 Corrosion

In this work, the corrosion rate and localized corrosion increases (Fig. 9 and Fig.
10) with the increase in second phase particles in the alloys (Fig. 3). This is attributed
to the galvanic corrosion effects between the second phase particles and a-Mg matrix.
Although the electrochemical potential of Mgs(Dy+Gd) phase is not reported to date,
it is reported that corrosion of Mg-Gd and Mg-Dy alloys is accelerated by MgsGd and
Mg.4Dys phase, respectively [15, 22]. Moreover, in Mg-Gd-Y alloys Mgs(Gd+Y)
intermetallics act as cathode and form galvanic corrosion couples with a-Mg matrix,
accelerating corrosion [48, 49]. Therefore, it can be deduced that the second phase
particles in Mg-Dy-Gd-Zr also form galvanic corrosion cells with a-Mg matrix and this
is consistent with the corrosion morphology (Fig. 10 ).

The negative electrochemical potentials of the elements Dy and Gd are 2.35 V and
2.4 V, which are close to that of Mg (-2.37 V). This indicates that the Dy and Gd
would not cause micro-galvanic corrosion with the Mg matrix if it is in solution. After
T4 treatment, only very few and small precipitates remain in the a-Mg matrix (Fig. 4).
Thus the galvanic corrosion is significantly reduced, which eliminates the localized
corrosion of all alloys (Fig. 10). After T6 treatment, large number of B’ precipitates are
distributed in the matrix especially for DG28K alloy. However, these B’ precipitates
show no adverse effect on the corrosion rate. In CCM, a protective corrosion film
forms on the surface of Mg alloys during corrosion [23]. Moreover, organic materials
such as proteins would be adsorbed on the surface of the corrosion film [23]. This

composite corrosion film could significantly reduce the penetration of ClI across the



corrosion interface between the fresh alloy surface and the corrosion film [50, 51],
and hence inhibit the tendency of galvanic corrosion. By comparing the corrosion rate
of high purity Mg, Mg-9Al-Zn, Mg-4Zn-1RE and Mg-2Zn-0.2Mn alloys in Hank’s
solution, it is found the galvanic tendency is only weakly influenced by second phase
particles [52]. This is attributed to the formation of protective corrosion film on the
surface. Another factor affecting the tendency of local micro galvanic corrosion is the
cathode to anode area, depending on the size of second phase particles. Compared
with the micro-sized second phase particles in the as-cast alloys, the nano-sized
precipitates in the aged alloys are much smaller. This largely decreases the local
micro galvanic corrosion tendency. No localized corrosion forms in the aged alloys
(Fig. 10). Therefore, the possible micro galvanic corrosion between the ' precipitates
and Mg matrix is inhibited due to the protective corrosion film and the small size of
the B’ precipitates. The similar corrosion behavior is observed for T4 treated and T6
treated alloys.

The degradation rate of the heat treated Mg-Dy-Gd-Zr alloys is always in the range
from 0.3 to 0.5 mml/year. In the previous work with the same corrosion conditions [23],
the degradation rate of pure Mg and Mg-10Dy alloy is found to be around 0.78 mm/y
and 0.55 mmly, respectively. Krikland et al. [53] investigated the degradation rate of a
range of Mg alloys in Eagle’s essential medium (Invitrogen) under cell culture
conditions. The lowest corrosion rate (0.6 mm/y) is observed for AZ91 and Mg-3Zn
alloys while the highest corrosion rate reaches to around 60 mm/y for Mg-5Ca alloy.
Fe and Fe alloys are also considered to be promising as biodegradable implants,
which have a range of in vitro corrosion rate from 0.03 to 0.5 mm/y in simulated body
fluid [54-56]. The Fe alloys with a high corrosion rate are proposed as potential
candidates for further investigations. This is because previous study shows that the
degradation rate of pure Fe is too slow as biodegradable stents [57, 58]. Compared
with the in vitro degradation rates of other potential biodegradable alloys, the
investigated Mg-Dy-Gd-Zr alloys show a very promising future as biodegradable

implants.

5 Summary

The mechanical properties of Mg-10(Dy+Gd)-0.2Zr alloys can be tailored in a wide
range by adjusting the alloy compositions and heat treatments. The TYS can be



varied between 99.8 and 211.6 MPa. The elongation to fraction is at a minimum value
of around 7.8%, while it reaches a maximum value at 24.1%. In addition, all the alloys
show a uniform corrosion and a corrosion rate of 0.5 mm/y in the solution treated and
aged condition. Therefore, for different medical applications different alloy
compositions and heat treatment technique can be selected, which depends on the

mechanical properties required.
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Figure captions

Fig. 1. Optical microstructure of the DG28K alloy in the: (a) as-cast condition; (b) T4

condition.
Fig. 2. Grain size of Mg-10(Dy+Gd)-0.2Zr alloys in as-cast and T4 conditions.

Fig. 3. SEM microstructure of the as-cast alloys: (a) D10K; (b) DG82K; (c) DG55K; (d)
DG28K.

Fig. 4. SEM microstructure of alloys after T4 treatment: (a) D10K; (b) DG82K; (c)
DG55K; (d) DG28K.

Fig. 5. Age hardening response of Mg-10(Dy+Gd)-0.2Zr alloys at 200 °C.

Fig. 6. TEM micrograph showing the precipitates distribution and the corresponding
diffraction patterns of DG28K alloy in peak-aged condition (200°C / 72 h). The

electron beam is parallel to: (a, b) (1213); (c, d) [0001],.

Fig. 7. XRD of DG28K alloy in different conditions.

Fig. 8. Mechanical properties of Mg-Dy-Gd-Zr alloys: (a) tensile yield strength; (b)
ultimate tensile strength; (c) elongation; (d) compressive yield strength; (e) ultimate

compressive strength; (f) compressibility (strain at maximum stress point).

Fig. 9. Corrosion rate of Mg-10(Dy+Gd)-0.2Zr alloys after immersion in CCM for 14

days under cell culture conditions.



Fig. 10. Macro corrosion morphology of Mg-10(Dy+Gd)-0.2Zr alloys after 14 days

immersion in CCM under cell culture conditions (after removal of corrosion products).

Fig. 11. Mg rich side of binary (a) Mg-Dy and (b) Mg-Gd phase diagrams (wt.%) [44].



Table captions

Table 1 Nominal chemical composition of experimental alloys (wt.%).

Table 2 Experimentally measured chemical composition of Mg-10(Dy+Gd)-0.2Zr
alloys (wt.%).

Table 3 Distribution of alloying elements in various region of the as-cast Mg-
10(Dy+Gd)-0.2Zr alloys (wt.%), analyzed by EDX.

Table 4 Difference in mechanical properties in T4 to T6 (peak aged) conditions.
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Fig. 12. Optical microstructure of DG28K alloys: (a) as-cast condition; (b) T4

condition.
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Fig. 13. Grain size of alloys in as-cast and T4 conditions.
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Fig. 14. SEM microstructure of as-cast alloys: (a) D10K; (b) DG82K; (c) DG55K; (d)
DG28K.



Fig. 15. SEM microstructure of alloys after T4 treatment: (a) D10K; (b) DG82K; (c)
DG55K; (d) DG28K.
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Fig. 16. Age hardening response of Mg-10(Dy+Gd)-0.2Zr alloys at 200 °C.



Fig. 17. TEM micrograph showing the precipitates distribution and the corresponding
diffraction patterns of DG28K alloy in peak-aged condition (200°C / 72 h). The

electron beam is parallel to: (a, b) [1213]a; (c, d) [0001]a.
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Fig. 18. XRD of DG28K alloy in different conditions.
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Fig. 19. Mechanical properties of Mg-Dy-Gd-Zr alloys: (a) tensile yield strength; (b)
ultimate tensile strength; (c) elongation; (d) compression yield strength; (e) ultimate

compression strength; (f) compressibility (strain at maximum stress point).
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Fig. 20. Corrosion rate of alloys after immersion in CCM for 14 days under cell culture

conditions.



Fig. 21. Macro corrosion morphology of alloys after 14 days immersion in CCM under

cell culture conditions (after removal of corrosion products)
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Fig. 22. Mg rich side of binary (a) Mg-Dy and (b) Mg-Gd phase diagrams (wt.%) [43].



Table 5 Nominal chemical composition of experimental alloys (wt.%).

alloys code Dy Gd Zr Mg
Mg-10Dy-0.2Zr D10k 10 0.2 Balance
Mg-8Dy-2Gd-0.2Zr DG82K 8 2 0.2 Balance
Mg-5Dy-5Gd-0.2Zr DG55K 5 5 0.2 Balance
Mg-2Dy-8Gd-0.2Zr DG28K 2 8 0.2 Balance

Table 6 Experimentally measured chemical composition of Mg-10(Dy+Gd)-0.2Zr alloys (wt.%).

alloys code Dy | Gd Zr Fe Ni Cu Mg

Mg-10Dy-0.2Zr D10k |8.74| -- |0.033 | 0.002 | <0.004 | 0.004 | Balance

Mg-8Dy-2Gd-0.2Zr | DG82K | 7.08 | 1.57 | 0.037 | 0.002 | <0.004 | 0.004 | Balance

Mg-5Dy-5Gd-0.2Zr | DG55K | 4.28 | 4.09 | 0.026 | 0.001 | <0.004 | 0.004 | Balance

Mg-2Dy-8Gd-0.2Zr | DG28K | 1.60 | 7.24 | 0.030 | 0.003 | <0.004 | 0.006 | Balance

Table 7 Distribution of alloying elements in various region of as-cast Mg-10(Dy+Gd)-0.2Zr alloys
(wt.%), analyzed by EDX.

alloys | Dy (matrix) | Gd (matrix) | Dy (segregation) | Gd (segregation) | Dy (phase) | Gd (phase)

D10K | 4.08+0.26 -- 19.6+0.73 -- -- --

DG82K | 3.27+0.11 | 0.68+0.08 14.8+1.61 4.1+0.64 -- --
DG55K | 2.24+0.38 | 1.52+0.23 8.77+0.57 8.16+0.85 14.6+0.81 32.5+1.8
DG28K | 1.03+0.06 | 2.36+0.14 3.3+0.17 12.2+0.34 6.74+0.25 | 44.1+1.82

Table 8 Difference in mechanical properties in T4 to T6 (peak aged) conditions.

condition alloy TYS UTS Elong. CYS uUcs Comp. Duct.
D10K -4.8 7.3 -1.9 9.8 -20.9 -3.9
DG82K 0.5 13.3 -1.1 16.1 -1.8 -0.7

(T6-T4) DG55K 66.5 100.3 -5.8 76.9 44.4 -9.5
DG28K 89.1 139.3 -10 115.4 120.1 -8.9
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