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ABSTRACT

Magnesium alloy has been considered as one of the third-generation biomaterials for the regeneration and sup-
port of functional bone tissue. As a regeneration implant material with great potential applications, in-situ Mg,Si
phase reinforced Mg-6Zn cast alloy was comprehensively studied and expected to possess excellent mechanical
properties via the refining and modifying of Mg,Si reinforcements. The present study demonstrates that the pri-
mary and eutectic Mg,Si phase can be greatly modified by the yttrium (Y) addition. The size of the primary Mg,Si
phases can be reduced to ~20 um with an addition of 0.5 wt.% Y. This phenomenon is mainly attributed to the
poisoning effect of the Y element. Moreover, wear resistance and tensile properties of the ternary alloy have also
been improved by the Y addition. Mg-6Zn-4Si-0.5Y alloy exhibits optimal tensile properties and wears resistance.
The ultimate tensile strength and the elongation of the alloy with 0.5 wt.% Y are 50% and 65% higher than those
of the ternary alloy, respectively. Excessive Y addition (1.0 wt.%) deteriorates the tensile properties of Mg-Zn-Si
alloy. The improvement of the tensile properties is mainly due to the modification of primary and eutectic Mg,Si
phases as well as the solid solution strengthening of the Y atoms. This study provides a certain implication for the
application of Mg-Zn-Si alloys containing Y elements as regeneration implants.
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1 Introduction

Magnesium alloys have received widespread concern over the past decade for their potential
applications in biodegradable implants because of their good biocompatibility and mechanical properties,
such as guided bone regeneration (GBR) for dental implants [1-3]. In addition to its excellent biological
properties, the density of Mg (1.74 g/cm?) is very close to that of human bone (1.8-2.1 g/em’®) [4,5].
Magnesium alloys based on the hyper-eutectic Mg-Zn-Si ternary system have great potential application
in barrier membranes for GBR due to their advantages of matched bone density, excellent wear behavior,
etc. [6-9]. It is well known that Mg-Zn binary system exhibits a significant age-hardening response
during heat treatment [10]. Zn also plays an important role in hundreds of biological functions [11,12]. It
not only promotes osteogenic activity but also inhibits the growth of many tumor cells [13,14].
Meanwhile, the appropriate addition of Si element is also beneficial to improve the tensile strength and
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wear resistance of magnesium alloys, which contributes to the growth and regeneration of bone and
connective tissue [15—17]. Mg,Si phase forms after the addition of Si into magnesium alloys, which has
been considered as an efficient reinforcement phase due to the superior physical properties (e.g., high
melting point, high hardness and low thermal expansion coefficient [18,19]). The thermally stable Mg,Si
phase with optimal morphology and size can not only restrain the grain boundary sliding that eventually
improves the mechanical properties of Mg alloys, but also greatly enhances the wear resistance.

However, the Mg,Si phase with the morphology of coarse dendrite or Chinese script type is harmful to
the mechanical behavior of magnesium alloys [20,21]. Therefore, the modification of the primary and
eutectic Mg,Si phase is of great importance to the improvement of mechanical properties for magnesium
alloys. Previous studies demonstrated that the Mg,Si phase could be modified by a variety of alloying
elements, such as RE, Ca and Sb [21-25]. The addition of KBF,; and K,TiFs can also effectively
influence the morphology of the Mg,Si [26]. Among these alloying elements, RE has attracted extensive
attention in the field of biomaterials due to its superior modification ability [27-29]. Jiang et al. [30]
pointed out that the coarse dendritic and Chinese script type Mg,Si crystals can be significantly refined
by the addition of the Y element. However, systematic investigations on the influence of Y on the
mechanical properties of in-situ synthesized high Si magnesium alloys as regeneration implants have not
been reported yet. In the case of the Mg-Zn-Si system, the interactive influence of Y elements on the
formation, morphology and distribution of the second phase has not been fully investigated. In addition,
there will be some friction and wear of the alveolar bone under complex bite force, which may cause the
implant to lose structural integrity. In order to meet the time required for bone regeneration, magnesium
alloy should be able to withstand a certain external force to maintain structural integrity during the
degradation of the osteogenic stage. It is necessary to have sufficient mechanical properties for Mg-base
implants.

Therefore, our present work systematically studied the influence of Y addition on the microstructure, the
tensile properties and the wear resistance of in-situ synthesized Mg,Si/Mg-Zn alloys. The in-depth
understanding of the microstructure-property relationship in this study may accelerate the potential
application of magnesium alloy as regeneration implants.

2 Experimental Details

Mg-6Zn-4Si alloys were prepared by Mg (>99.9%), Zn (>99.8%) and Si ingot in an electric resistance
furnace under a protective gas with 1 vol.% SFg + 99 vol.% Ar. The melts were kept at a temperature of
750°C for 15 min and then decanted in a preheated steel mould. Nominal amounts of Y were added into
the remelted ternary alloys by means of Mg-30%Y master alloy. To meet the mechanical behavior
required for bone regeneration implants, tensile properties and wear resistance were systematically
studied. All samples for microstructure and tensile properties were cut from the ingots. A schematic
diagram of the samples for tensile tests is shown in Fig. 1. Further details about the measurement of
tensile properties are found in [31]. Considering the friction and wear in the regeneration implantation
process of magnesium alloys, the wear resistance of magnesium alloy was studied under the low load of
1, 5, and 10 N. Meanwhile, the wear tests of the experimental alloys at room temperature were carried
out on the friction and wear test machine (HT-500). The friction material is GCr15. A schematic diagram
of the wear test is shown in Fig. 2.

Microstructure was characterized using optical microscopy (OM; XJP-300) and scanning electron
microscopy (SEM; LEO 1550) affiliated with an energy dispersion spectrum (EDS). The phase formation
was analyzed by X-ray diffraction system (XRD; Bruker D8-advance) employing Cu Ka radiation with a
scanning rate of 1°/min and step scan of 20 from 10° to 110°. Image-Pro Plus 6.0 was used for
calculating the size of primary Mg,Si phase.
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Figure 1: Schematic diagram of shape and size of the samples for tensile tests (unit: mm)
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Figure 2: The schematic diagram of wear test

3 Results and Discussion

3.1 Microstructure Characterization

Fig. 3 displays the XRD patterns of as-cast Mg-6Zn-4Si alloys with different amount of Y addition. It
can be seen that the main intermediate phases are Mg,Si and MgZn in the Mg-6Zn-4Si-xY alloys. Figs. 4a—
4d show the microstructural images of these alloys. As shown in Fig. 4a, the master alloy consists of a-Mg,
intermetallic compound MgZn phase, primary and eutectic Mg,Si phases (marked by red and blue circles,
respectively). MgZn phase, which exhibits semicontinuous net, distributes between a-Mg and the eutectic
Mg,Si phase. The primary and eutectic Mg,Si exist as coarse dendrites and Chinese character,
respectively [31]. The size of primary Mg,Si reaches more than 200 um. The addition of the Y element
leads to significant changes in the morphologies and distributions of the primary Mg,Si and eutectic
Mg,Si phase as compared to the Y-free alloy. When Y content is 0.1 wt.%, the morphology of primary
Mg,Si becomes a fine polygonal structure (as shown in Fig. 4b). With increasing addition of Y up to
0.5 wt.%, all of the primary Mg,Si phases are changed into polygonal or spherical particles, while the
eutectic Mg,Si is changed into short rods. This indicates that the refinements of both primary and eutectic
Mg,Si are very significant compared to those of lesser Y-added alloy (as shown in Fig. 4c). With a
further increase in the Y content, the primary Mg,Si becomes coarser dendritic, which is smaller in size
compared to the Y-free alloy, the eutectic Mg,Si exhibits Chinese script like morphology again.
Therefore, an excessive Y addition leads to the over-modification of Mg,Si phases, which is in
conformity with the study by Jiang et al. [30]. In addition, there are some tiny granular phases in the
edge of the primary Mg,Si phase, which can be found in Fig. 4d.
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Figure 3: XRD results of the experimental alloys
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Figure 4: Optical images of the as-cast Mg-6Zn-4Si-xY alloys ((a) Without Y; (b) 0.1% Y; (c) 0.5% Y; (d)
1.0% Y) and the relationship between Y content and average area of primary Mg,Si grains (e)
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The average areas of the primary Mg,Si phase were calculated and shown in Fig. 4e, where the average
areas of the primary Mg,Si phase in all of the alloys have been normalized with respect to that of the ternary
alloy (1125.4 yum?). It can be intuitively seen that the size of the primary Mg,Si is significantly reduced with
an addition of the Y up to 0.5 wt.%, while it goes up again with a further increase in the Y content. The
smallest average area which was obtained in the Mg-6Zn-4Si-0.5Y alloy is about 478.3 um?* (normalized
to 0.51 in Fig. 4e). The normalized results of the primary Mg,Si phase in the alloy with 0.1 wt.% Y and
1.0 wt.% Y are 0.61 and 0.78, respectively.

The SEM image and EDS results of the tiny granular phase in the alloy with 1.0%Y are shown in Figs. 5a
and 5b, respectively. As shown in Fig. 5b, the tiny granular phase consists of Mg, Si and Y atoms. In general,
the possibility of compound formed among elements depends to a significant extent on the electronegativity
difference. The larger the electronegativity difference, the higher the binding force among elements and thus
the easier the possibility of compound formation [32]. The electronegativity differences of Mg, Si and Y
atoms are displayed in Fig. 5c. The electronegativity difference between Y and Si is 0.6, while that
between Y and Mg is 0, which means that Y atoms are more inclined to react with Si atoms than with
Mg atoms during solidification. Combine with the EDS result, the tiny new particle in the alloy with
1.0Y addition may be Y-Si compounds. In addition, the excessive contents of Mg and Si atoms in the
EDS result may be derived from Mg-Si master alloy.
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Figure 5: (a) SEM image of the as-cast Mg-6Zn-4Si-1.0Y, (b) EDS results of a tiny granular phase and (c)
the electronegativity differences of Mg, Si and Y atoms

Alloying elements and refining agent can accelerate nucleation in the melt, which is a simple and
effective way to modify the microstructure of Mg-base alloy [33,34]. Generally, there are two major
modification and refinement mechanisms for Mg,Si phase as stated in previous work. One is the
acceleration of nucleation due to the formation of heterogeneous nucleation [35]. The other is the
inhibition of crystal growth by changing the solidification condition, which is attributed to the poisoning
effect [33,36]. Jiang et al. pointed out that the modification mechanism of Mg,Si crystals modified by Y
in the Mg-5Si alloy was attributed to the poisoning effect [30]. Meanwhile, the research by Lu et al. [37]
indicated that the atoms of modifier element absorbed on the growth interface of silicon crystal, which
leads to the impurity-induced twinning mechanism. As the atomic radius ratio of the modifier relative to
Si is upon 1.65 (1.54-1.85), a growth twin will be generated at the growth interface. While the atomic
radius ratio of Y (ry = 2.27 x 107'° m) to Si (rs; = 1.46 x 107'° m) is 1.55. Y atoms cause lattice
distortion due to their adsorption on the growth interface of the Mg,Si crystal, which results in the
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changes in crystal surface energy. Thus, the preferred growth of primary Mg,Si crystal is suppressed by Y
addition. This is also in conformity with the research by Jiang et al. [30].

As the addition of Y changes from 0.5 to 1.0 wt.%, the primary Mg,Si phase becomes slightly
coarsened, while the eutectic Mg,Si changes to the Chinese script type again. The possible reason for this
phenomenon is the consumption of Y atoms due to the formation of Y-Si compounds. Thus, the
refinement and modification effect of Y on the Mg,Si phase have been weakened, which leads to
the over-modification. Therefore, it is necessary to control the Y addition at a low level. In this work, the
optimum Y content is 0.5 wt.%.

3.2 Mechanical Properties

The mechanical properties of Mg-6Zn-4Si-(x)Y alloys, consisting of ultimate tensile strength (UTS) and
elongation (Elong.), are displayed in Fig. 6. The ultimate tensile strength and elongation of the alloys with Y
addition are higher than those of the ternary alloy, indicating that the addition of Y has dramatic benefits for
the mechanical properties of the ternary alloy. The maximum of the ultimate tensile strength and elongation
can be achieved for the ternary alloy with 0.5 wt.% Y addition, which are 50% and 65% higher than those of
Mg-6Zn-4Si alloy, respectively. In addition, the alloy with 0.5 wt.% Y addition possesses the best mechanical
properties among the Y-containing Mg-6Zn-4Si alloys. Gouveia et al. [38] and Brar et al. [39] also studied
the mechanical properties of Mg-0.6Si-xZn alloys as bone implant materials and Mg-Sr(-Zn) alloys as
potential biodegradable implant materials, respectively. Compared to the biodegradable magnesium
alloys, the ultimate tensile strengths obtained in this study are slightly greater than Mg-Zr-Sr-Sc alloys
[40], similar to Mg-4Zn-0.5Sr and Mg-0.6Si-xZn alloys with big secondary dendritic arm spacings. The
elongations are slightly greater than Mg-4Zn-0.5Sr alloys, and similar to Mg-Zr-Sr-Sc alloys.
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Figure 6: Mechanical properties of the experimental alloys

Fig. 7 illustrates the fracture surfaces of Mg-6Zn-4Si alloys with or without 0.5%Y. Some cleavage
planes and many cracks present in the coarse primary Mg,Si crystals can be observed in Fig. 7a. Mg,Si
crystals may lead to the intergranular failure in the ternary alloy. As the flow stress increases firstly in
matrix alloy, a higher level of stress forms gradually, which will transfer to the primary Mg,Si crystals
during the tensile testing [41—43]. While the tensile stress reaches or surpasses the intrinsic fracture stress
value of Mg,Si, the crystals may fracture, which leads to the formation of cracks. Moreover, the tips of
primary and eutectic Mg,Si in ternary alloy also serve as the initiation sites of stress and crack during the
tensile process, then the cracks tend to expand along the interface of a-Mg matrix and Mg,Si phase.
Thus, these cracks can link with each other and cause the fracture of Mg-6Zn-4Si alloy. The results of
fracture surfaces indicate that a brittle failure type occurs in the alloy.
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Figure 7: SEM images of the fracture surface of Mg-6Zn-4Si-xY alloys: (a) Without Y; (b) 0.5%Y; (c) EDS
result of point A in Fig. 7a

Compared with Mg-6Zn-4Si alloy, less cracks and Mg, Si crystals can be observed in Mg-6Zn-4Si-0.5Y
alloy as shown in Fig. 7b. The Griffith theory pointed out that the fracture stress of composite was inversely
proportional to the square root of their reinforcement phase size. Therefore, the composite with fine structure
possesses high fracture stress, which is confirmed in the literature reports [44,45]. The internal defects of fine
primary Mg,Si particles are much less than those of the coarse Mg,Si, which can significantly increase the
intrinsic fracture stress value of the primary Mg,Si crystal. As mentioned above, the addition of Y
significantly changes the morphology of Mg,Si crystals and decreases their sizes. Therefore, the
mechanical properties of the ternary alloy are improved after Y addition. Besides that, the mechanical
properties of engineering alloys can be effectively tailored through solution strengthening. The research
by Tsuru et al. [46] has indicated that Y interacted strongly with %(11§0> screw dislocation, which
decreased the dislocation slip anisotropy in the alloy. Its addition not only increases the stress needed for
slip on the basal plane, but also enables cross-slip to prismatic and pyramidal planes, which have the
potential to improve the ductility of Mg. The improvement of mechanical properties may also be
attributed to the solution strengthening caused by the Y addition.

In summary, the fracture mechanism of Mg-Zn-Si alloys with Y addition is mainly attributed to the
following four factors: (a) the morphological modification of the primary and eutectic Mg,Si phases, (b)
the bonding strength of a-Mg matrix and Mg,Si phase, (c) the ease of Mg,Si crystals crack and (d) the
solid solution strengthening of Y atoms. The fracture mechanism in the present paper is almost in
accordance with the research on Al-Si alloy [43], which may be due to the similarity between the Mg,Si
phase in the Mg-Si alloy and Si in the Al-Si alloy.

3.3 Wear Resistance

In the preliminary stage of guided bone regeneration for the oral cavity, a small bite force will still lead to
frication and wear. Therefore, the wear test was carried out under low loads. The friction coefficient of the
experimental alloys under a load of 5N is shown in Fig. 8. It can be seen that the friction coefficient of
the material decreases significantly at first and then increases slowly with the increase of Y content.
When the amount of Y element is 0.5 wt.%, the friction coefficient is the lowest (0.247).
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Figure 8: Friction coefficient of the experimental alloys with Y elements under a load of 5 N

Fig. 9 shows the variation curves of friction coefficient with wear time under different loads. As can be
seen from the figure, the friction coefficient of the material decreases gradually with the increasing load when
the wear time is consistent. With the same load, the friction coefficient increases greatly at the beginning of
the friction process, finally tends to be stable gradually after dry sliding for 20 min (about 140 m), which
means two stages of Mg alloys during the friction: running-in and stable period. Zhu et al. [47] studied
the wear behavior of ZK60 alloy as implantation in dry environment and simulated body fluid with
different PH values, they also found two stages in the dry sliding wear behavior. Literature reports [48—
50] also showed that the friction between the two hard materials generated small abrasive particles, which
would be carried together and gradually formed a film on the friction surface. Thus, the friction contact
surface is changed from two different materials to the same material, leading to an increase in wear
coefficient. In the low load, the surface temperature of magnesium alloy during dry sliding process is
very low, the hardness of the friction surface keeps stable. As the load increases, the temperature of the
friction interface increases, which results in the softening of the magnesium substrate on the friction
surface. Therefore, the friction coefficient is small due to the reduced friction resistance of materials
under high loads.
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Figure 9: The relation diagram of the friction coefficient of Mg-6Zn-4Si-0.5Y alloy with the friction time
under different loads

The wear rate of magnesium alloys under different loads after dry sliding for 30 min is shown in Fig. 10.
The wear rate of materials increases linearly with the increasing load. The minmum of wear rate takes place
in the alloy with 0.5 wt.% Y addition under low load (1 N), which is 50% less than that of Mg-6Zn-4Si alloy.
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Asthe load is 5 or 10 N, the wear rate of Mg-6Zn-4Si alloy with 0.5 wt.% Y addition is no less than that of the
base alloy. Tayebi et al. [51] also investigated wear behavior of in situ and ex situ Mg composite for implant
applications, they found the similar change trend between wear rate and loads.
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Figure 10: Wear rate of the expermental alloys under different loads after dry sliding for 30 min

Furthermore, wear behavior for the base alloy without or with 0.5 wt. % Y addition is shown in Fig. 11. It
can be seen that kinds of morphologies can be obtained from the worn surfaces after wear test. Traces of
parallel grooves and scallops can be observed on the surfaces of the unmodified samples (as shown in
Fig. 11a). These scratches and scallops may be formed because of the detached coarse dendritic primary
Mg,Si and Chinese script-like eutectic Mg,Si particles during the friction and wear process. The research
by Mert [52] pointed out that fine microstructure could effectively improve the wear resistance of hot
rolled AZ31 alloy as candidate for biodegradable implant materials. Cigek et al. [53] also investigated the
wear behavior of the Mg-Al-Si Composite, the research indicated that various parameters consisting of
type, size and content of the reinforcement significantly influenced the wear behavior of the composite. In
this study, the Mg,Si phase becomes uniform by the modification of the Y element, thus the abrasion
degree on the contact face between the steel ball and the experimental alloys also becomes homogeneous.
In addition, the Mg,Si phase with a small size also eases the abrasion wear. Therefore, the above factors
result in the smooth surface of Mg-6Zn-4Si-0.5Y alloy (as shown in Fig. 11b).

Figure 11: Characteristic scheme of worn behavior for (a) Mg-6Zn-4Si alloy, (b) Mg-6Zn-4Si-0.5Y alloy

4 Conclusions

Microstructural evolution of Mg,Si/Mg-Zn alloy with Y addition as biomaterials, along with the
mechanical properties has been systematically studied. The findings provide an optional development of
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Mg-based materials as regeneration implants and enlarge the biomedical applications of Mg alloys. The
conclusions are as follows:

(1) The morphologies and the size of the primary and the eutectic Mg,Si phases can be modified by an
appropriate addition of the Y element. The morphology of the primary Mg,Si turns to fine polygons
firstly and then becomes coarsened again; its size is decreased firstly and then increased with the
increase of Y content. The concentrating distribution of partial Y atoms at the front zone of
growing Mg, Si crystal causes a “poisoning effect”.

(2) The optimal level of Y addition effectively enhances the mechanical properties of magnesium alloys
at room temperature. The alloy with 0.5 wt.% Y possesses the best ultimate tensile strength and
elongation. This is mainly due to the grain refinement and the morphology optimization of the
Mg, Si particle triggered by Y addition as well solid solution strengthening of Y atoms.

(3) The appropriate addition of Y element is also beneficial for the wear resistance of the ternary alloys.
The wear rate of the alloy is decreased to the lowest value at the Y content of 0.5 wt.% before a
subsequent degradation with a further Y addition.
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