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A Mg—7Zn—Y-Nd alloy was prepared by casting and hot extrusion. The microstructure and mechanical
properties of OM, SEM, XRD, TEM, and tensile tests were investigated with casting and hot extruded
alloys. The results demonstrate that in a casting Mg—Y-Nd—Zr alloy, the a-Mg matrix is separated
into the cell structure by a discontinuously distributed coarse Mg,,Ys/a-Mg eutectic structure and
Jfine Mg>:Nd particles. TEM analysis shows that the Mg;,Nd and Mg,,Ys phases have the orientation
of [001]yg,,Ng /10221, i, and [111}yg. v, //[0001], g and (10D, v, // (1010), g,
respectively. The hot extrusion separates the Mg,,Ys/a-Mg eutectic structure into fragments and
aligns fragmentary Mg,,Ys particles along the extrusion direction. The interaction of hot extrusion
and strengthening particles refines the a-Mg matrix greatly. Moreover, large strains result in the
stacking faults of the matrix. As compared to the casting alloy, the hot-extruded one exhibits high
yield strength, ultimate tensile strength, and elongation, which should be ascribed to the grain
fineness, optimum distribution of strengthening particles and multiple substructures.
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Introduction. Magnesium (Mg) alloys have attracted much attention as light-weight
structural materials because of their low density, good damping properties, high specific
strength and ease of recycling, which can be applied in many fields, including implants,
hand tools, sports equipment, automobiles, acrospace applications and electronic equipment
[1-4]. Moreover, recent research exhibited that the clinic trial of coronary stents made from
rare earth-doped Mg alloy exhibited a good therapeutic effect without thrombosis, which
demonstrated good application prospects of Mg-based implant [5]. However, the Mg matrix
possessed the hexagonal close-packed (HCP) crystal structure, which limited the number of
initiation slip systems during deformation at relative low temperature and resulted in its
poor deformability [6]. However, poor ductility and low strength of Mg alloy hinder its
wide application. To mitigate these shortcomings of Mg alloy, many methods had been
applied [7-9]. Alloying and thermal processing are assumed as efficient methods to
improve mechanical properties of Mg alloy at high and room temperatures.

Recently, many studies were carried out on the rare earth-modified Mg alloy,
including Y, Nd, Gd, etc. Among them, the Y element was considered as the most suitable
one to strengthen Mg alloy [10-12], due to its smaller atomic mass than other rare earth
elements. Cheng et al. [13] studied the minor Y-doped Mg alloy and revealed that a minor
addition of Y increases the impact toughness by changing the deformation mode from
twinning to dislocation slip. Kula et al. [14] investigated the deformation behavior of the
Mg-Y alloy and reported that the addition of Y can change the fracture mode by improving
the dislocation motion. Moreover, Li studied the Y and Zn-doped Mg alloy and proved that
the formed long period stacking ordered structure was beneficial to the strength [15]. Li et
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al. [16] investigated the Nd-doped Mg—Zn—Zr alloy and showed that Nd could enhance the
alloy strength. Moreover, the precipitation by the aging treatment improved the alloy
strength. However, the improvement by Y or Nd is limited, so other researchers added
multicomponent rare earth elements to Mg alloy. The recent investigation on the Y and
Nd-modified alloy revealed that the formation of [, phase was beneficial to the strength
[17]. Though the addition of Nd and Y improved the strength of the Mg alloy, but their low
solid solubility in the Mg matrix promoted their segregation along the grain boundary
during the solidification, which was detrimental to the ductility. Therefore, the treatment
and thermal processing (extrusion, forging and rolling) were applied to optimize the
microstructure of the rare earth-modified Mg alloy to improve its mechanical properties.
Zhao et al. [18] applied hot-extruded and equal-channel angular pressing to prepare
Mg-Nd—Zn-Zr alloy with an ultrafine microstructure and improved the strength and
ductility. Liu et al. [19] produced WES54 alloy by large-scale plastic deformation and
revealed that the increased deformation degree promoted the microstructure refinement and
improved the high-temperature performance. Although severe thermal processing could
increase mechanical properties of Mg alloy by great microstructure refinement, its
application was limited due to its size limitation. In the tube-processing, the hot extrusion
process is still the main method. Based on the application of Mg alloy in biomedical
implants, the conventional extrusion processing is still required. Therefore, in the present
research, the Mg—Y—-Nd—Zr alloy was prepared by casting and subsequent hot extrusion at
relatively low temperatures. The microstructure evolution and mechanical properties of
casting and hot-extruded alloys were investigated simultaneously.

1. Experimental Procedures. Pure Mg (>99.95%), Mg-25Y, Mg-25Nd, Mg—30Zr

(wt.%) master alloys were used as raw materials to fabricate the Mg—Y—Nd—Zr alloy with a
chemical composition of Mg—4.6Y-3.8Nd—0.45Zr (wt.%). During the metallurgical process,
raw materials were melted in an electric resistance furnace at about 750°C under the
protection of CO, and SF¢ with the ratio of 99:1. After then the melted alloy was poured
into the mild steel crucible to get casting rods (&150x400 mm) and the crucible was
preheated to 240-320°C. Some casting rods were studied in the casting state, the others
were heat-treated at 440°C for 4 h and, subsequently, hot extruded at 400°C with an
extrusion ratio of 8:1.

Specimens for tensile testing and microstructure observation were cut from casting
and hot-extruded rods, respectively. Axiovert 200 MAT optical microscope (OM),
Phenom™ Pro and S-3400 scanning electron microscopes (SEMs) were used to carry out
microstructure observation. Specimens for SEM and OM observation were grinded,
polished and chemically etched with a solution of 5% nitric acid and 90% alcohol. The
resultant phases in the Mg—Y—Nd-Zr alloy were studied by X-ray diffraction (XRD) with a
Cu radiation at 40 kV and 40 mA. The observation of precipitates and crystal defects were
performed using a JEOL-2010 transmission electron microscope (TEM) at an acceleration
voltage of 200 kV. The slices with 0.4 mm thickness were cut from the casting and hot
extruded alloys to prepare TEM specimens. The slice was polished to 30 um and shaped
into &3 mm followed by twin-jet electropolishing in a solution of 90% alcohol and 10%
perchloric acid at —20°C. During the twin-jet electropolishing, the twin-jet current is
maintained at 40 mA. The energy dispersive spectroscope (EDS) attached in TEM and
SEM was used to analyze the chemical compositions of constitute phases. The tensile
specimens had the gauge length of 8 mm, thickness of 1.5 mm, and width of 2 mm. For the
hot-extruded alloy, the tensile axis was parallel to the extrusion direction. The SANS-
CMT5105 tensile testing machine was used to perform tensile tests with an initial strain
rate of 1-107™> s~! at room temperature. Three identical tensile tests were performed to
evaluate tensile properties. After tensile tests, the fracture surfaces were cut from the
fracture surfaces and examined by SEM.
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2. Results and Discussion.

2.1. Microstructure Characteristics. The OM observation results on casting
Mg—Y-Nd-Zr alloy are depicted in Fig. 1. Obviously, the casting alloy mainly comprises
the a-Mg matrix and strengthening phase along the grain boundary, as shown in Fig. la.
The a-Mg matrix is almost separated by the discontinuously strengthening phase and
exhibits the cell structure. The statistical analysis on the casting Mg—Y-Nd-Zr alloy
indicates that its average grain size is about 70 um. The strengthening phase can be divided
into two kinds. The first one has a small size and is distributed semi-continuously along the
grain boundary, while the second one has a large size and forms the eutectic structure with
the a-Mg matrix, as shown in Fig. 1b.
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morphology of the strengthening phase.

SEM observations on the casting Mg-Y-Nd—Zr alloy are shown in Fig. 2. The
back-scattered SEM image shows that the black a-Mg phase is surrounded by white
strengthening phases, as shown in Fig. 2a. Moreover, the Y, Nd, and Zr elements are
segregated along the grain boundary, which is seen as a gray region adjacent to the grain
boundary. In addition, a white strengthening phase exhibits an obvious segregation and
some regions are covered by the bulk strengthening phase with an eutectic structure.
Further observation of the grain boundary shows that there are small white precipitates, as
seen in Fig. 2b. The bulk strengthening phase and small precipitate separate the matrix into
cell structures. The EDS analysis on the bulk strengthening phase shows that it is rich of
Nd and contains some Y, as shown in Fig. 2c.
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Fig. 2. Back-scattered SEM image of the casting alloy: (a) microstructure of the strengthening phase;
(b) distribution of small precipitates along grain boundary; (c) EDS analysis of the bulk precipitate.

To identify the constituent phases in the casting Mg-Y-Nd-Zr alloy, the XRD
analysis is carried out. Figure 3 exhibits the XRD pattern of the casting Mg—Y—-Nd-Zr
alloy, which indicates that the casting alloy is mainly comprised of a-Mg, Mg;,Nd, and
Mgy, Y5 phases. Based on the peak intensity, one can deduce that the share of Mgy,Ys is
higher than that of the Mg ,Nd phase. In addition, the a-Mg matrix exhibits a strong crystal
growth preference along (101).
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Fig. 3. XRD pattern of the casting Mg—Y-Nd-Zr alloy.
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Fig. 4. TEM image of precipitates in the casting Mg—Y—-Nd—Zr alloy: (a) morphology of the Mg,,Ys/
a-Mg eutectic structure; (b) SAED pattern of the Mgy, Ys/a-Mg eutectic structure; (c) morphology of
the Mg;,Nd phase along the grain boundary; (d) SAED pattern of the Mg;,Nd phase.

To confirm the precipitates further, the TEM observation has been carried out and the
results are depicted in Fig. 4. It can be found that there are fine eutectic structure in the
casting alloy, as shown in Fig. 4a. The selected area electron diffraction (SAED) pattern of
the fine eutectic structure exhibits that the phases in the eutectic structure are a-Mg and
Mg, Y5 phases, as shown in Fig. 4b. The Mg,,Ys phase possesses the body-centered crystal
lattice (a= b= c=1.120 nm) with [4/mmm space group. In the eutectic structure, the
a-Mg and Mg,,Y's phase lamellas are aligned alternately forming the chrysanthemum-like
shape. The average thickness of a-Mg lamella is about 300 nm and that of Mg,4Y's lamella
is about 250 nm. Moreover, the SAED pattern also demonstrates that the Mg,4Y's phase and
a-Mg matrix have orientation relationships of  [111]y,,,y, //[0001],_\;, and
(10D g,y / /(1010),_pgg - Though the well matched phase interface is beneficial to

improve the cohesion between phases, the eutectic structure of the strengthening phase
might be detrimental to the mechanical properties by promotion of stress concentration
along the eutectic boundary [20]. Further observation on the grain boundary region shows
that there are precipitates with dual-size, as shown in Fig. 4c. The SAED pattern reveals
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that the phase is Mg;;Nd, which has a tetragonal crystal lattice (¢= b= 1.031 nm and
c¢=0.593 nm) with the [4/mmm space group, as shown in Fig. 4d. Moreover, the SAED
pattern also demonstrates that the Mg ,Nd phase and a-Mg matrix have the orientation of
[OOI]MgIZNd //10221], g - Combined with the SEM observation, large Mg;,Nd phase has

the size of 2-3 um, while a small one has the size of 80-150 nm. The morphology and
distribution of Mg;,Nd phase can be instrumental for mechanical properties by impeding
the dislocation motion.

The hot extrusion results in great microstructure evolution of the alloy, as exhibited in
Fig. 5. No eutectic structure and bulk precipitate exist in the extruded alloy. The original
strengthening phases have been fragmented into small ones and exhibited rheological
morphology, as exhibited in Fig. Sa. Moreover, the fragmented strengthening phases align
discontinuously and are parallel with the extrusion direction. The distance between the
aligned strengthening phases varies from several to tens of microns, which may be
attributed to the inhomogeneous distribution of original strengthening phase, especially the
bulk a-Mg/Mg,,Y s eutectic structure. According to recent researches [21, 22], the presence
of stiffness particle benefits the grain refinement by segmenting the original grain during
the extrusion. However, in the present research, the coarse eutectic structure and Mg matrix
have to deform synergistically during the extrusion, which results in the simultaneous
fragmentation. As seen in Fig. 5b, the fragmented particles exhibit irregular shape and
aggregation morphology. Moreover, ultrafine precipitates along the grain boundary (GB)
can be observed. Based on the SEM observation, it can be concluded that the hot-extruded
alloy has the average grain size of about 13 um.

Fig. 5. Back-scattered SEM image of the hot extruded alloy: (a) fragmented strengthening phase and
its regular distribution in the hot extruded alloy; (b) morphology of small particle distributed along
grain boundary.

The XRD analysis results on the hot-extruded Mg—Y-Nd-Zr alloy is depicted in
Fig. 6. Distinctly, the constituent phases in the hotextruded alloy are mainly Mg;,Nd,
MgxnYs and a-Mg ones. As compared with the casting alloy, the crystal orientation
preferences of all phases have almost no changes. The difference is that the intensity of
a-Mg along (101) sharply decreases, while that along (102) sharply increases. The XRD
pattern indicates the hot extrusion exerts a feeble effect on the alloy texture, which may be
attributed to the relatively low extrusion temperature.

TEM observation on the hot-extruded alloy proves that the hot extrusion results in a
strong microstructural evolution, as seen in Fig. 7. Along the refined grain boundary, the
GB precipitates almost connect with each other and form the cell wall of the a-Mg grain, as
shown in Fig. 7a. Moreover, small fragmented particles traverse the a-Mg grain. Further
observation on the deformed matrix reveals that a large deformation leads to some strip
structure, as shown in Fig. 7b. The inset SAED pattern reveals that the diffraction spots
tend to be connected by a line, which indicates that stacking faults are formed in the strip
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Fig. 6. XRD pattern of the hot-extruded Mg—Y-Nd—Zr alloy.
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Fig. 7. TEM observation on precipitates and deformed matrix in the hot-extruded Mg—Y-Nd-Zr
alloy: (a) morphology of fragmented particles and precipitates along the grain boundary; (b)
morphology of the severely deformed matrix (inset image showing the SAED pattern); (¢c) HRTEM
image of the severely deformed matrix showing stacking faults.

structure. The high-resolution TEM observation on the strip structure confirms the SAED
analysis results, as seen in Fig. 7c. There is obvious atom misplacement between the crystal
plane and its width is 2-5 nm. Moreover, stacking faults are initiated from the grain interior
as indicated by the arrow. Based on the former research [23-27], a large deformation
during the hot extrusion would lead to large stresses and crystal torsion, which facilitate the
formation of crystal defects.

2.2. Mechanical Properties. To evaluate the effect of hot extrusion on mechanical
properties of the Mg—Zn—Y-Nd alloy, the tensile tests of the casting and hot-extruded
alloys were carried out. The tensile curves and mechanical properties of the casting and
hot-extruded alloys are shown in Fig. 8. Hot-extruded and casting alloys demonstrate a
similar deformation behavior comprising of yield state and plastic deformation stage, as
shown in Fig. 8a. The main difference between them is that the hot-extruded alloy has
higher strength and longer deformation stage. The analysis of mechanical properties reveals
that the hot extrusion has improved the elongation, ultimate tensile strength (U7S), and
yield strength (YS), as shown in Fig. 8b. The ultimate tensile and yield strength values of
hot-extruded alloy are almost twice and by 50% higher, respectively, than those of the
casting alloy. In addition, the YS/UTS ratios of casting and hot-extruded alloys are equal to
0.8 and 0.6. According to the recent research [26], the YS/UTS ratio reduction is beneficial
to the alloy safety during the deformation, because the resulting alloy would possess more
deforming tolerance. In addition, the hot extrusion increases the elongation of alloy to 15%,
which value is more than twice higher than that of the casting alloy.
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Fig. 8. Tensile curves (a) and mechanical properties (b) of casting and hot-extruded Mg—Y-Nd—Zr
alloys.

Observations on fracture surfaces of casting and hot-extruded Mg—Y-Nd—Zr alloys
after tensile test are shown in Fig. 9 and exhibit the difference in the fracture modes. For
the casting alloy, its fracture surface exhibits typical brittle fractography which comprises
transgranular cleavage and intergranular debonding, as shown in Fig. 9a. The morphology of
small grains still can be observed on the fracture surface as indicated by the arrow.
Moreover, there are some dimples in the fracture surface. Based on the microstructure
observation of casting alloy, the coarse eutectic structure and fine GB precipitates along the
grain boundary are mainly responsible for the fracture mode. Due to the high stiffness of
the Mgp,Nd and Mg,,Ys phases, the dislocations would accumulate along these phase
interfaces, promoting the stress concentration [26]. A larger size of stiff phase would result
in a higher stress concentration, so the coarse Mg, Y s/a-Mg eutectic structure becomes the
main crack initiation source. Moreover the brittleness of Mgy,Ys phase accelerates the
crack propagation speed and implies the cleavage fracture pattern. A small Mg;,Nd phase
could act as the obstacle of mobile dislocation and the initiation of the dimples. In contrast
to casting alloys, the fracture surface of hot-extruded alloys exhibits more ductile feature,
as shown in Fig. 9b. Moreover, the size of cleavage becomes small and number of dimples
increase obviously, which should be ascribed to the grain refinement and fragment of
coarse eutectic structure.

Fig. 9. Fracture surface of the tensile test specimen: (a) casting alloy, (b) hot-extruded alloy.

According to the recent studies [27, 28], the microstructural evolution is controlled by
processing parameters and the original strengthening phase morphology. The high
extrusion ratio and low extrusion temperature would generate ultrafine grains and massive
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substructures. Coarse and segregated original strengthening phases improve the
deformation resistance and are detrimental to the grain refinement. Small and uniformly
distributed original strengthening phases are beneficial to the synergetic deformation and
grain refinement. In the present study, about 7.4% of Y and Nd is added in the Mg alloy,
which exceeds the solid solubility of Nd and Y in Mg. Therefore, the superfluous Y and Nd
would react with Mg and form the precipitates. Due to relatively high eutectic temperature
of Mg—Y and sufficient supply of Y, the Mgy Ys phase precipitates grow into the bulk
eutectic structure. The Nd element mainly precipitates in the form of relatively small
Mg ,Nd particles along the grain boundary. The coarse eutectic structure is harmful to the
ductility, due to its obvious stress concentration effect. During the extrusion of the mold
neck, a high torsion promotes the refinement of the a-Mg matrix and fragmentation of the
Mgy, Ys/a-Mg eutectic structure. Moreover, the joint effect of fragmented strengthening
particles and extrusion contributes to the grain refinement. Additionally, a large deformation
in a-Mg matrix results in the formation of crystal defects, such as dislocations, stacking
fault and microtwinning [7, 29]. Based on recent findings [25, 30-32], original crystal
defects would impede the motion of dislocations and enhance the strength. Furthermore,
the refined a-Mg matrix and strengthening particles increase the ductility and strength of
the hot-extruded alloy. Although the refined microstructure is beneficial to the mechanical
properties, the aligned strengthening phase along the extrusion direction deteriorates the
synergetic deformability, which offsets the improvement of mechanical propertiesy.
Therefore, it can be concluded that the improved mechanical properties of the
Mg-Y-Nd-Zr alloy should be ascribed to microstructure optimization of grain size,
distribution of strengthening phase, and substructure by the hot extrusion.

Conclusions. In this study, the Mg—Y—Nd-Zr alloy was prepared by the conventional
casting and subsequent hot extrusion. Different fabrication methods significantly change
the microstructure and mechanical properties. In the casting Mg—Y—Nd—Zr alloy, the a-Mg
matrix is separated into cell structures by discontinuously distributed Mgy, Ys/a-Mg
eutectic structures and Mg;pNd particles. The Mg;;Nd and MgyYs phases have the
following orientation with the o-Mg matrix: [001] g ,Na //10221] , g » (111 ]vg,, v, /1

[0001],,_pyq > and (101)1\,Ig24Y5 / /(10710)&_Mg . The hot extrusion fragments the Mgy, Ys/a-Mg

eutectic structure and aligns fragmented Mg,,Y s particles along the extrusion direction. The
joint effect of hot extrusion and strengthening particles refines the a-Mg fraction.
Moreover, large deformation results in the stacking faults in the matrix. As compared with
the casting Mg—Y—Nd—Zr alloy, the hot extrusion improves the elongation, ultimate tensile
strength, and yield strength, which should be ascribed to the optimized distribution of
strengthening particles, grain refinement, and massive substructures.
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