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A B S T R A C T

Introduction. Today, bioresorbable magnesium alloys possessing the required physical, mechanical, 
corrosion, and biological properties, are promising materials for orthopedic and cardiovascular surgery. The 
addition of rare earth elements such as yttrium, neodymium, and cerium to magnesium alloys improves its 
properties. Compared to widely used titanium alloys, magnesium alloys have a number of advantages. Biore-
sorbable materials slowly dissolve in the body, and recurrent operation to remove the implant is not needed. 
Biocompatible magnesium alloys have a fairly low elastic modulus (10 to 40 GPa), approaching to that of 
cortical bone, that reduces the contact stress in the bone-implant system. At the same time, strength proper-
ties of magnesium alloys alloyed with rare earth elements do not always meet the requirements for medical 
applications. Severe plastic deformation, for example, equal channel angular pressing, torsion under quasi-
hydrostatic pressure, uniaxial forging, extrusion, is therefore very promising technique to gain the high level 
of mechanical properties of metals and alloys. Severe plastic deformation of magnesium alloys improves its 
structural strength by 2.5 times due to the generation of an ultrafine-grained and/or fine-grained structure. 
The issues related to the study of heat resistance, structure and phase composition of magnesium alloys with 
appropriate strength are relevant. Purpose of the work is to determine the influence of thermal effects on the 
microstructure of the extruded Mg-Y-Nd alloy. Methodology. The extruded Mg-2.9Y-1.3Nd alloy (95.0 wt. % 
Mg, 2.9 wt. % Y, 1.3 wt. % Nd, ≤ 0.2 wt. % Fe, ≤ 0 wt. % Al) is investigated in this paper. The thermal stability 
of the alloy microstructure is studied after annealing at 100, 300, 350, 450 and 525 °С in argon for one hour. 
The microstructure and phase composition are investigated using optical, transmission and scanning electron 
microscopes and analyzed on an X-ray diffractometer. Results and discussion. The extruded Mg-2.9Y-1.3Nd 
alloy has the bimodal fine-grained microstructure. It is found that along with the stable α-Mg phase, the alloy 
structure consists of Mg24Y5 intermetallic particles and b-, b′-, and b1-phase precipitates. Annealing in the 
temperature range of 100–450 °С for one hour has no effect on the structure of the Mg-2.9Y-1.3Nd alloy, but 
promotes the growth in the linear dimensions of b-, b′-, and b1-phases precipitates. In the temperature range 
of 300–450 °С, the morphology of b-, b′,- and b1-phases changes, while the average grain size of the major 
a-phase remains unchanged. Annealing at 525 °С leads to a notable transformation of the bimodal micro-
structure of the alloy, which is associated with the intensive growth in the grain size of the a-phase, Mg24Y5 
particles, and b-, b′-, and b1-phases precipitates. Annealing in the temperature range of 100–450 °C leads 
to an increase in the linear dimensions of Mg24Y5 particles, b-, b′-, and b1-phases precipitates and bimodal 
microstructure of the Mg-2.9Y-1.3Nd alloy remains unchanged.
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Introduction

Today, bioresorbable magnesium alloys, possessing the required physical, mechanical, corrosion, and 
biological properties, are promising materials for orthopedic and cardiovascular surgery [1–8]. The addition 
of rare earth elements (REE) such as yttrium, neodymium, and cerium to magnesium alloys, improves its 
properties [9]. Yttrium provides the formation of stable phases with magnesium, thereby improving the 
alloy strength and plasticity. Neodymium and cerium improve the corrosion resistance and thermal stability 
of these alloys.

Compared to widely used titanium alloys, magnesium alloys have a number of advantages. Firstly, 
bioresorbable materials slowly dissolve in the body, and recurrent operation to remove the implant is not 
needed [2–4]. Secondly, biocompatible magnesium alloys do not cause such negative reactions in the 
body as inflammatory processes, implant failure, and others. Thirdly, its elastic modulus is rather low
(10–40 GPa), approaching to that of cortical bone, that reduces the contact stress in the bone-implant sys-
tem [3, 4]. In this respect, severe plastic deformation, for example, equal channel angular pressing, torsion 
under quasi-hydrostatic pressure, uniaxial forging (abc-pressing), extrusion, is therefore a very promis-
ing technique to gain the high level of mechanical properties of metals and alloys [10–16]. Severe plastic 
deformation of magnesium alloys improves its structural strength by 2.5 times due to the generation of an 
ultrafine-grained and/or fine-grained structure.

Mg-Y-Nd-based (commercial WE43, WE54) deformable alloys with the addition of yttrium and neo-
dymium, are used in the production of units and parts for aircraft control systems [16]. Rare earth-based 
(neodymium, yttrium, cadmium, lanthanum) magnesium alloys are mostly used in aircraft and space equip-
ment, since its refractoriness ranges from 250 to 300 °С [17–19].

Relevant are issues relating to the exploration of thermal stability, structure and phase composition of 
magnesium alloys with the appropriate strength properties. This is determined by the structural variety of 
magnesium alloys, both in cast and deformed states, which significantly affects its physical and mechanical
properties. It is thus important to create high-strength magnesium alloys and analyze its thermal stability, 
structure, and phase composition.

The aim of this work is to determine the thermal effect on the microstructure and phase composition of
the extruded Mg-Y-Nd system alloy.

Materials and research methodology

The Mg-2.9Y-1.3Nd alloy (95.0 wt.% Mg, 2.9 wt.% Y, 1.3 wt.% Nd, ≤0.2 wt.% Fe, ≤0 wt.% Al) (com-
mercial WE43 alloy) was used in experiments. The alloy was obtained by permanent mold casting [20]. The 
alloy specimens were subjected to severe plastic deformation (extrusion at 350 °C) for the grain refinement
and enhancement of mechanical properties. The diameter of the initial bars was 60 mm, and after extrusion 
it decreased to 14 mm. True strain was determined by logarithm of the ratio of the initial and final thickness
of the specimens. Accumulated logarithmic strain after specimen treatment was 1.46.

The microstructure and phase composition of alloy specimens were studied on an Axio Observer In-
verted Microscope (Carl Zeiss, Germany), a JEM-2100 (JEOL Ltd., Japan) high-resolution transmission 
electron microscope (TEM) combined with X-ray microanalysis, and Zeiss EVO 50 (Germany) scanning 
electron microscope (SEM). The X-ray phase (XRD) analysis was carried out using DRON-7 diffractometer
(Burevestnik, Russia). Measurements were conducted using copper radiation (Ka). Medium sizes of grains, 
subgrains, fragments were detected on micrographs using the secant method [21].

The thermal stability of the alloy microstructure was studied after annealing at 100, 300, 350, 450, 
525 °С in argon for one hour. According to [20-24], the thermal treatment of Mg-Y-Nd system alloys at 
100 to 525 °С provides the formation of various structural and phase transformations and a complex behav-
ior of the temperature dependence of the heat capacity.

https://www.mdpi.com/1996-1944/15/13/4420#B1-materials-15-04420
https://www.mdpi.com/1996-1944/15/13/4420#B1-materials-15-04420
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Results and discussion

Figure 1 presents optical and TEM images of bimodal microstructure of the extruded Mg-2.9Nd-1.3Y 
alloy, which can be clearly observed in Fig. 1, a. TEM observations show that the microstructure of the 
extruded Mg-Nd-Y alloy is based on the hexagonal close packed (HCP) α-Mg phase solid solution (see  
Fig. 1, b) and intermetallic compounds based on Mg, Nd, Y. Intermetallic compounds can be observed inside 
grains and along grain boundaries (Fig. 1, b, c, d, e, f, g). According to [25–30], in Mg-Y-Nd system alloys 
these phases are identified as body centered cubic Mg24Y5 particles and three types of metastable phases. 
These phases include a face centered cubic (FCC) eutectic equilibrium β-phase (Mg14Nd2Y) in the form of a 
network, an orthorhombic b′-phase (Mg12YNd) with a globular morphology, and a FCC b1-phase (Mg3NdY) 
lamellas. Note that metastable β or β1 phases are considered to be the main reinforcing agents, which are 
usually present in the annealed WE43 alloy [25–29]. According to [28], in the deformed magnesium alloy 
WE43 during a long-term aging the metastable β1-phase is transformed into the equilibrium β-phase.

                   a                                                                        b                                                           c

                             d                                                                                                    e

                    f                                                                                               g

Fig. 1. Optical (а) and bright field TEM images (b, c, d, f, g), energy dispersive spectrums and elemental 
composition (d, e) of extruded Mg-2.9Y-1.3Nd alloy. Insert: selected area diffraction pattern
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The optical image shows two types of structural elements, namely coarse (~17 µm) and ultra-fine (~1 
µm) grains, the latter represent textured bands. The volume fraction of ultra-fine grains is 50 % of the total 
volume.

Intermetallic particles are additionally deduced from the energy-dispersive X-ray (EDX) analysis of the 
elemental composition shown in Fig. 1, c, d. EDX spectra in this figure are obtained at different points of 
thin specimen. Mg24Y5 particles are high in yttrium (30 wt.%) and locate mostly inside grains (Fig. 1, e). 
In the extruded alloy, Mg24Y5 particles are mostly irregular polyhedrons with the average size of 0.6 µm. 
According to TEM images, the volume fraction of these particles is not over 2 %. The eutectic equilibrium 
β-phase is localized along the grain boundaries as a network of precipitates up to 0.3–0.4 µm thick. This 
phase is also irregular polyhedrons and, to a lesser extent, regular tetrahedrons presented in Fig. 1, f. The 
medium size of b′-phase globules is 0.2 µm. The length and width of the b1-phase vary within the range of 
0.06–0.30 µm and 0.03–0.04 µm, respectively (Fig. 1, g). Note that b1-phase lamellas are positioned in the 
same direction. In the b-phase, yttrium and neodymium amount to (3.54–7.18) wt. % and (2.26–9.59) wt. 
%, respectively. In the b′-phase, the content ranges between 3.21 and 5.39 wt. % for yttrium and between 
1.83 and 2.07 wt. % for neodymium. In b1-phases, yttrium and neodymium range between (3.32–5.27) wt. 
% and (1.75–8.46) wt. %, respectively. The b′-phase contributes to the greatest extent to the increase in the 
mechanical properties of Mg-Y-1Nd alloys due to its strain hardening [24].

Figure 2 presents optical images of the Mg-2.9Nd-1.3Y alloy microstructure after annealing in the tem-
perature range of 100–450 °С. As can be seen in this figure, the bimodal microstructure does not change 
after annealing (Fig. 2, a-d). Finer grains of the a-phase range in size from 0.2 to 5.0 µm. After annealing, 
its medium size does not change and is equal to 1 µm.

                  а                                                b                                                c                                             d
Fig. 2. Optical images of extruded Mg-2.9Y-1.3Nd alloy microstructure after annealing at different temperatures: 

a – 100 °С; b – 300 °С; c – 350 °С; d – 450 °С

Note that the formation of the fine-grained structure in the extruded Mg-2.9Y-1.3Nd alloy significantly 
improves its yield strength and tensile strength up to 150 and 230 MPa, respectively. For the recrystallized 
structure obtained after 525 °С annealing for 6 hours, these parameters are 220 and 340 MPa, respectively 
[22]. The alloy plasticity also increases from 12 to 21 %. 

Figure 3 contains TEM images of the alloy microstructure after annealing at different temperatures. 
On bright field images, one can see four types of intermetallic inclusions after 100 °С annealing, namely 
Mg24Y5 particles (Fig. 3, а) and b-, b′- and b1-phases (Fig. 3, b), as in the extruded structure. Unlike the 
extruded structure, the medium size of Mg24Y5 particles grows up to 0.9 µm, and there is a slight increase 
in the width of the subgrain b-phase boundary, which varies in the range (0.4–0.5) µm (Fig. 3, a, b). Linear 
dimensions of secondary b′- and b1-phase precipitates do not change. 

The temperature growth up to 300 °С leads to a further increase in the medium size of Mg24Y5 par-
ticles from 0.9 to 1.2 µm and morphology transformation of some particles from irregular polyhedrons to 
regular tetrahedrons, as presented in Fig. 3, c. This indicates the occurrence of recrystallization process. 
The microstructure in Fig. 3, d–f, includes all types of secondary non-equilibrium phases described above. 
The network width of the grain boundary increases up to 1.2–1.7 µm and consists of the eutectic β-phase  
(Fig. 3, d). In Fig. 3, e, f, one can see b′-phase globules and b1-phase lamellas. A significant growth in b1-
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phase lamellas is observed with coarsening Mg24Y5 particles, i.e., the length grows from 0.3 to 0.8 µm and 
the width expands from 0.04 to 0.07 µm (Fig. 3, e). 

The average cross-sectional dimension of b′-phase precipitates is 0.2 µm (Fig. 3, f). It is notable that 
the length and width of smaller b1-phase lamellas localizing nearby the grain boundaries, vary from 0.3 to 
0.8 µm and from 0.02 to 0.08 µm, respectively. It is worth noting that according to [24], the formation of 
b1-phase lamellas is determined by the presence of b′-phase globules.

TEM observations [23] revealed b′-, and b1-phases precipitates in the Mg-Y-Nd system alloy after an-
nealing at 250 °С. The latter led to the formation of metastable b′-, and b1-phases followed by the formation 
of the equilibrium β-phase. It is shown that the b1-phase represented b′-phase nuclei and could generate 
much shear energy and shear energy accommodation. During a long-term annealing, e.g., aging at 250 °С, 
the b1-phase transferred to the equilibrium β-phase.

Annealing at 350 °С provides the width expansion of continuous subgrain boundary in the range of 0.8 
to 1.7 µm (Fig. 3, g). The average length and width of b1-phase lamellas are respectively 0.6 and 0.03 µm. 
The average size of b′-phase precipitates is 0.2 µm, as it is demonstrated in Fig. 3, h. Annealing at 350 °С 
promotes aggregation of Mg24Y5 intermetallic particles.

Annealing at 450 °С results in widening of the eutectic b-phase network up to 2 µm. In this case, most 
of Mg24Y5 particles are tetrahedrons having the medium size of 1.3 µm. Localized regions consist of typi-

Fig. 3. Bright field TEM images with corresponding microdiffraction patterns of extruded Mg-2.9Nd-1.3Y alloy  
microstructure after annealing at: 

a, b – 100 °С; c–f – 300 °С; g, h – 350 °С; i, j – 450 °С

                     a                                                                b

                     c                                             d                                                 e                                              f

                     g                                             h                                                 i                                              j
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cal b′-phase globules and b1-phase lamellas. The average size of b′-phase precipitates is 0.2 µm, while 
the length and width of the b1-phase lamellas vary from 0.6 to 0.7 and from 0.02 to 0.05 µm, respectively 
(Fig. 3, i). Eutectic β-phase particles are well-defined rhombs, as it is shown in Fig. 3, j. Annealing at  
450 °С provides further coarsening of Mg24Y5 intermetallic particles. At higher annealing temperatures, b′-, 
and b1-phases particles become larger or are replaced by the stable β-phase according to b′ → β or b1→ β 
phase transformations [24, 27–30].

After annealing at 525 °С, the alloy microstructure undergoes transformation. According to optical and 
SEM microscopy the structure becomes more homogeneous (Fig. 4, а, b). 

The average size of the base a-phase reaches 32 µm. There are no textured bands consisting of mag-
nesium fine grains, which indicates intensive recrystallization processes. Bright field TEM images demon-
strate four types of intermetallic inclusions, namely Mg24Y5 particles (Fig. 4, c) and b-, b′-, and b1-phases 
(Fig. 4, d, е) similar to those observed after annealing at 450 °С. The medium size of Mg24Y5 particles is  
1.4 µm, and its shape is a regular tetrahedron. The width of the subgrain b-phase boundary expands and 
ranges between 0.6 and 1.2 µm. The length and width of b1-phase lamellas vary from 1.1 to 6.2 and from 
0.4 to 1 µm, respectively. The average size of b′-phase precipitates is 0.3 µm.

                  c                                                                  d                                                              e
Fig. 4. Optical, SEM and TEM images of Mg-2.9Y-1.3Nd alloy microstructure after annealing at 525°С: 

a, b – optical and SEM images; c–e – bright field TEM images with corresponding microdiffraction pattern

                  a                                                           b

The dependence of the average size of structural elements of various phases on the annealing tempera-
ture is shown in Fig. 5. When annealing in the temperature range 100–450 °C, the average grain size of the 
a-phase does not change, but at the same time there is a slight increase in the particle size of Mg24Y5 particles 
and precipitates of b-, b′-, and b1-phases, which indicates its thermal instability at the above temperatures. 
At a temperature of 525 °C, there is a noticeable increase in both the grain size of the matrix a-phase of 
magnesium, and Mg24Y5 particles, and precipitates of b-, b′-, and b1-phases. Note that the Mg24Y5 particles 
and precipitates of b-,b′-, and b1-phases are present at fairly high temperatures, up to 525 °C. It should be 
noted that Mg24Y5 particles and b-, b′-, and b1-phases in the Mg-Nd-Y system alloy, are thermally stable at 
rather high annealing temperatures reaching 525 °С.

In Fig. 6, one can see fragments of XRD patterns of the extruded Mg-2.9Y-1.3Nd alloy and annealed at 
temperatures of 100–525 °С.
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Fig. 5. The dependences of the average 
size of structural elements of phases on the 

annealing temperature

Fig. 6. Fragments of XRD patterns of extruded Mg-2.9Y-1.3Nd 
alloy and after annealing

According to XRD patterns of the extruded Mg-2.9Y-1.3Nd 
alloy, high intensity peaks belong to the HCP α-Mg phase solid 
solution. After annealing at 100–450 ℃, XRD patterns do not 
change, whereas at a temperature of 525 ℃, the X-ray line width 
of the α-phase notably decreases and the intensity redistribu-
tion occurs in (100), (101) and (101) directions, indicating to 
intensive recrystallization processes accompanied by the grain 
growth. In addition to the major α-Mg phase, TEM investigations 
show the presence of fine-grained Mg24Y5 intermetallic particles 
and b-, b′-, and b1-phases precipitates in the alloy, which cannot 
be identified by the X-ray spectroscopy.

Thus, we can conclude, that the bimodal microstructure of 
the Mg-2.9Y-1.3Nd alloy does not change after one hour anneal-
ing in the temperature range of 100–450 °С, although a slight 
growth is observed for fine-grained Mg24Y5 particles and b-, b′-, 
and b1-phases precipitates with its morphology transformation.

Conclusions

In conclusion, this study has shown the formation of the bimodal microstructure in the extruded Mg-
2.9Y-1.3Nd alloy. The microstructure consisted of a a-phase and textured bands with an average grain 
size of 17 µm and 1 µm, respectively. It was found that along with the major stable α-Mg phase, the alloy 
microstructure comprised Mg24Y5 intermetallic particles and precipitates of the of three types phases. An-
nealing within 100–450 °С for 1 hour had no effect on the general structure of the Mg-2.9Y-1.3Nd alloy, 
but promoted the growth in the linear dimensions of precipitates of b-, b′-, and b1-phases. It is shown that 
within 300–450 °С, the morphology of b-, b′-, and b1-phases changed while maintaining the average size 
of the α-phase. Annealing at 525 °С resulted in a significant transformation of the bimodal microstructure, 
conditioned by the recrystallization process and intensive grain growth of the major phase, Mg24Y5 interme-
tallic particles, and secondary precipitates of b-, b′-, and b1-phases.
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