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Abstract: The effect of Gd content ranging from 6.5 wt.% to 8.5 wt.% on microstructure evolution and dynamic
mechanical behavior of Mg—xGd—3Y—0.5Zr alloys was investigated by optical microscopy, X-ray diffraction, scanning
electron microscopy and split Hopkinson pressure bar. The microstructure of as-cast Mg—xGd—3Y—0.5Zr alloys
indicates that the addition of Gd can promote grain refinement in the casting. Due to the rapid cooling rate during
solidification, a large amount of non-equilibrium eutectic phase Mg»4(Gd,Y)s appears at the grain boundary of as-cast
Mg—xGd—3Y—0.5Zr alloys. After solution treatment at 520 °C for 6 h, the Mg»4(Gd,Y)s phase dissolves into the matrix,
and the rare earth hydrides (REH) phase appears. The stress—strain curves validate that the solution-treated
Mg—xGd—3Y—0.5Zr alloys with optimal Gd contents maintain excellent dynamic properties at different strain rates. It
was concluded that the variation of Gd content and the agglomeration of residual REH particles and dynamically
precipitated fine particles are key factors affecting dynamic mechanical properties of Mg—xGd—3Y—0.5Zr alloys.
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absolute mechanical strength makes it challenging
to meet the increasingly stringent requirements of
modern industries, which has become a dominant

1 Introduction

Magnesium with abundant resource reserves is
the lightest engineering metal material in the
manufacturing industry, which is known as the
green engineering material of the 21st century [1,2].
Due to its outstanding physical and mechanical
performance, such as low density, high specific
strength, high specific stiffness and good damping
performance, magnesium and its alloys have been
successfully and widely used in the fields of
the aerospace, transportation and electronic
products [3—6]. However, the critical issue of low

obstacle restricting the widespread application of
the magnesium and its alloys.

The improvement of the microstructure and
mechanical properties of magnesium-based alloys
has attracted the close attention of many scholars.
Previous studies [7—11] have demonstrated that the
suitable addition of Gd, Y and Nd elements to
magnesium alloys can significantly improve the
mechanical strength of the alloys, thereby preparing
high-strength magnesium-based rare earth alloys.
Recently, with the excellent mechanical properties,
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the Mg—Gd-Y system rare-earth alloy has become
a new generation of light alloy material research
hotspot. SU et al [7] found that the extruded-T5
Mg—2.5Gd-0.75Y—0.5Zn—0.3Mn alloy exhibited
superior ultimate tensile strength of 520 MPa at
room temperature. HOMMA et al [8] concluded
that the ultimate tensile strength, the yield strength
and the elongation to failure of the high-strength
Mg—1.8Gd—1.8Y—0.7Zn—0.2Zr alloy fabricated by
extrusion and aging process are 542 MPa, 473 MPa
and 8.0%, respectively. MA et al [9] reported that
the tensile strength of the high-strength Mg—8.5Gd—
4Y-1Zn—0.4Zr alloy prepared by centrifugal
casting and ring rolling process reaches 511 MPa.
Therefore, the Mg—Gd—Y-based alloys with high
mechanical strength can be widely employed to
fabricate lightweight structural parts.

Currently, the concept of lightweight design
is highly acknowledged in energy conservation
and equipment performance improvement. For
lightweight design, high-strength aluminum alloy
materials such as 2519A, 7039 and 2139 are widely
used in the production of armored vehicles and
commercial vehicles. The ultimate tensile strength
of high-strength aluminum alloys usually ranges
from 480 to 550 MPa [12—-14]. Comparing the
mechanical properties between aforementioned
magnesium alloys and high-strength aluminum
alloys, it is clear that the Mg—Gd—Y-based alloys
with light weight and high strength can be
anticipated to be one of the important alternative
materials for structural parts in lightweight design.
The dynamic compressive properties of Mg—Gd—Y -
based alloys are generally investigated through
the split Hopkinson pressure bar experiment. YU et
al [15] and MAO et al [16] found that the extruded
Mg—Gd-Y alloys have excellent impact resistance
at room and high temperatures, and their dynamic
compressive strength exceeds 510 MPa. Besides,
the mechanical properties of the Mg—Gd—Y alloys
with different aging precipitation phases were
investigated in our group. It was concluded that the
aging precipitation phase is of great significance to
improve the mechanical properties of the alloys
[17,18].

The chemical composition and elemental ratio
are of great significance to the microstructure and
mechanical properties of the alloys. Thus, the
research work done by scholars in the research of
Mg—Gd—Y-based alloy can be mainly classified

into two aspects: one is the addition of other
alloying elements for this family [19—22]; the other
is the optimization of main alloying element content
in this department [23—25]. Therefore, the abundant
research work is concentrated on the composition
design and optimization of Mg-based alloy, which
has established a solid foundation for the
fabrication of high-performance Mg-based alloy. In
addition, the existing research mainly focuses on
the effect of chemical composition on the static
mechanical performance of Mg-based alloy.
However, the effects of chemical composition on
the dynamic mechanical behavior, as well as the
mechanism of microstructure evolution on dynamic
mechanical properties are still unclear. With the
widespread application of Mg-based alloy in
engineering, the increasingly stringent requirements
are put forward for its dynamic mechanical
properties. Consequently, in this work, the effect
of Gd content ranging from 6.5 wt.% to 8.5 wt.%
on the microstructure evolution and dynamic
mechanical properties of Mg—xGd—3Y—Zr alloy are
investigated, and the influence of second-phase
particles including the residual rare earth-rich
particles after the solution treatment and
dynamically precipitated fine particles during
SPHB tests on the dynamic mechanical properties
are analyzed and discussed.

2 Experimental

The preparation of Mg—Gd—Y-based alloy
ingots in this study was carried out in a resistance
furnace, where magnesium was added in the form
of pure magnesium and alloying elements Gd, Y
and Zr were added in the form of Mg—Gd, Mg-Y
and Mg—Zr intermediate alloys, respectively. Then,
the Mg—Gd—Y—Zr alloys were melted, refined and
poured. A protective argon atmosphere was
employed to prevent oxidation throughout the
melting process. The main chemical composition of
the designed Mg—xGd—3Y—0.5Zr alloys is designed
as listed in Table 1.

The samples for optical microscopy (OM) and
scanning electron microscopy (SEM) observation
were prepared by sandpaper grinding and mirror
polishing according to the standard metallographic
preparation methods, and then etched in a solution
of 4.0% (volume fraction) HNO; solution with
ethanol. SEM observation was performed on a
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ZEISS EVO MA10 with an acceleration voltage of
10 kV. The chemical composition of the second-
phase was analyzed by the equipped energy
dispersive spectrometer (EDS). X-ray diffraction
(XRD) was conducted on a Bruker D8A A25
diffractometer with Cu K, radiation.

Table 1 Chemical composition of designed Mg—xGd—
3Y—0.5Zr alloys (wt.%)

Alloy No. Gd Y Zr Mg
I 6.5 3 0.5 Bal.

I 7.5 3 0.5 Bal.

I 8.5 3 0.5 Bal.

The dynamic compression test of Mg—xGd—
3Y-0.5Zr alloys was carried out on a split
Hopkinson pressure bar (SHPB) system at room
temperature. The samples with a height of 4.0 mm
and a diameter of 6.0 mm were cut from the plate
using a wire electric discharge machine. To ensure
the mechanical strength and ductility of the
Mg—-xGd—3Y—0.5Zr alloys, the ingots were first
treated by solution treatment at 520 °C for 6 h and
then cooled in the water. In addition, the impact
surfaces of the specimens were polished with
metallographic sandpaper before SHPB tests. The
sample was placed between the incident bar and the
transmission bar, and the loading direction was
parallel to the extrusion direction in the sample
clamp.

3 Results

3.1 Microstructure evolution

The metallographic microstructure of the
as-cast Mg—xGd—-3Y-0.5Zr alloys with different
Gd contents is shown in Fig. 1. It can be found that
the grain size shows a decreasing trend with the
increase of Gd content during the casting and
forming process of Mg—xGd—3Y—0.5Zr alloys. The
average grain sizes of Mg—xGd—3Y—0.5Zr alloys
with Gd mass fractions of 6.5 wt.%, 7.5 wt.%, and
8.5wt% are about 38.0, 32.5 and 30.9 um,
respectively, which are calculated by the truncated
line method. Thus, the rare earth element Gd has
the effect of promoting grain refinement in the
casting process of Mg—xGd—3Y—-0.5Zr alloys.
Besides, some black particles with approximate
spherical geometry can be observed in the

microstructure of Mg—-xGd—3Y—0.5Zr alloys, as
shown in Fig. 1. According to the research of
literature [26,27], the approximately spherical
structure particles are Zr-rich particles. Zr
and Mg possess the identical hexagonal close
packed crystal structure and almost same lattice
constants (discrepancy <1.3%). In addition, Zr has a
relatively low solid solubility in Mg-based alloy,
which is not conducive to the formation of any
intermetallic phase. Thus, Zr-rich particles can also
promote grain refinement in casting process of
Mg-based alloys [28].
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Fig. 1 Optical microscopy images of as-cast Mg—xGd—
3Y—-0.5Zr alloys: (a) x=6.5; (b) x=7.5; (c) x=8.5

High-magnification SEM images and semi-
quantitative EDS analysis were conducted to further
determine the grain distribution features and the
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composition of the second-phase in as-cast
Mg—xGd—-3Y—-0.5Zr alloys, as given in Fig. 2. The
black second-phase and Zr-rich particles in
metallographic photographs in Fig. 1 are bright
white under the SEM. It can be observed that some
second-phase particles with skeletal shape appear at
the grain boundary of as-cast Mg—xGd—3Y—-0.5Zr
alloys. With the increase of Gd content, the amount
of the skeletal second-phase in as-cast Mg—xGd—
3Y-0.5Zr alloys presents a growth trend, while the

size of the second-phase exhibits a decreasing trend.

Based on the EDS results in Figs. 2(d) and (f), the
skeletal second-phase (Zones 4 and C) is rich in
rare earth elements Gd and Y, where the mass
fractions of Gd and Y elements are about 35 wt.%
and 7 wt.%, respectively.

The phase analysis of the as-cast Mg—xGd—
3Y-0.5Zr alloys was performed by XRD to
determine the existing state of the second-phase, as
shown in Fig. 3. Through the comparison of the
PDF card, the diffraction pattern of the as-cast
Mg—-xGd—3Y—0.5Zr alloys is composed of the
magnesium matrix phase and the MgxGds phase
(PDF No. 31-0817). Because the nature of the Gd
element is similar to that of the Y element, some Y
atoms usually replace Gd atoms in the MgxGds
phase. Therefore, according to previous EDS
analysis results of the second-phase in Fig.2 and
the XRD pattern results in Fig. 3, it can be
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determined that the existing state of the second-
phase at the grain boundary can be expressed as
Mg(Gd,Y)s. The skeletal-like Mgx(Gd,Y)s is a
body-centered cubic (BCC) structure with a lattice
constant of ¢=1.126 nm, which is consistent with
the findings of literature [29,30]. The non-
equilibrium eutectic phase Mgu(Gd,Y)s is
generated by high cooling rates during the
solidification of Mg—xGd—3Y—0.5Zr alloys, which
can be eliminated by solid solution treatment later.
The metallographic structure and EDS results
of the Mg—xGd—3Y—-0.5Zr alloys after solution
treatment at 520 °C for 6 h are illustrated in Fig. 4.
The results indicate that after the solution treatment,
the non-equilibrium eutectic phase Mg (Gd,Y)s
generated at the grain boundary of as-cast
Mg—xGd—3Y—0.5Zr alloys fully dissolves into the
matrix, and only a small amount of white
square-shaped second-phase particles and Zr-rich
particles remain at the grain boundary. It can be
found in Figs. 4(a)—(c) that the number of white
square-shaped second-phase particles tends to
increase gradually with the increase of Gd content.
In particular, when the mass fraction of Gd is
8.5 wt.%, the white square-shaped second-phase
particles in the metallographic structure exhibit
agglomeration, while the size of square-shaped
second-phase particles tends to decrease. According
to the EDS results of white square-shaped particles
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Fig. 2 SEM images (a, b, ¢) and EDS results (d, e, f) of as-cast Mg—xGd—3Y—0.5Zr alloys: (a) x=6.5; (b) x=7.5;

(¢) x=8.5; (d) Zone 4; (e) Zone B; (f) Zone C
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Fig. 3 XRD patterns of as-cast Mg—xGd—-3Y—0.5Zr
alloys with different Gd contents
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in Figs. 4(d)—(f), it can be obtained that there are
significant differences in the Gd and Y element
contents of the square-shaped second-phase
particles in the solution-treated Mg—xGd—3Y—0.5Zr
alloys. The research [31] demonstrated that the
white square-shaped second-phase particles are rare
earth hydrides (REH) formed during the solid
solution of Mg—RE-based alloys. The REH
particles have a face-centered cubic (FCC) structure
with a lattice constant of @=0.56 nm.

Furthermore, the XRD patterns of the solution-
treated Mg—xGd—3Y—0.5Zr alloys was performed
to determine the dissolution of the non-equilibrium
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eutectic phase Mg»4(Gd,Y)s, as shown in Fig. 5. It
can be seen that the diffraction peaks of the non-
equilibrium eutectic phase Mgx(Gd,Y)s disappear
after the solution-treated Mg—xGd—3Y—0.5Zr
alloys. Therefore, according to the SEM images and
the EDS analysis results in Fig. 4, it can be
concluded that the non-equilibrium eutectic phase
Mg»4(Gd,Y)s at the grain boundary has been fully
dissolved into the matrix after solution treatment.

3.2 Dynamic mechanical performance

The macro morphologies of the solution-
treated Mg—xGd—3Y—0.5Zr alloys after SHPB tests
are illustrated in Fig. 6. It can be observed that
when the strain rate reaches 3705s ', obvious
impact cracks occur on the solution-treated Mg—
6.5Gd—3Y—0.5Zr alloy specimen. Subsequently,
more serious impact cracks appear in the solution-
treated Mg—6.5Gd—3Y—0.5Zr alloy sample when
the strain rate reaches 4033 s '. Compared with the
macro morphology of Mg—6.5Gd—3Y-0.5Zr alloy
at the high strain rates of 3705 and 4033 s™', only
slight impact cracks appear at the edge of the
Mg—xGd—3Y—0.5Zr samples with Gd contents of
7.5 wt.% and 8.5 wt.% at the high strain rates of
3895 and 3995s'. Therefore, compared with
dynamic mechanical properties of Mg—6.5Gd—
3Y-0.5Zr alloy, the compression resistance of Mg—
xGd—3Y-0.5Zr alloys with Gd content of 7.5 wt.%
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Fig. 4 SEM images (a, b, ¢) and EDS results (d, e, f) of solution-treated Mg—xGd—3Y—0.5Zr alloys with different Gd
contents: (a) x=6.5; (b) x=7.5; (¢) x=8.5; (d) Zone A4; (e) Zone B; (f) Zone C
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Fig. 5 XRD patterns of solution-treated Mg—xGd—
3Y—0.5Zr alloys with different Gd contents

and 8.5 wt.% is significantly improved. Besides, the
angle between the impact crack and the
compression direction is approximately 45°, as
shown in Fig. 6(a). According to the principles of
mechanics, the main tangent plane of the cylindrical
specimen is 45° with the compression direction

@ ‘ ‘
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under the action of dynamic impact pressure,
therefore, the fracture occurs along the main tangent
plane of the sample during the dynamic impact.
Moreover, when the strain rate is extremely high in
SHPB tests, the cracks initiate and propagate
rapidly in different main tangent planes resulting in
the cone-shaped fracture morphology, as shown in
Fig. 6(a) at the strain rate of 4033 s™".

The stress—strain curves of the solution-treated
Mg—xGd—3Y—0.5Zr alloys derived from SHPB
tests at room temperature are shown in Fig. 7. The
effects of Gd content on the ultimate compressive
strength and yield strength of the solution-treated
Mg—xGd—3Y—0.5Zr alloys at different strain rates
are shown in Fig. 8. It can be obtained that the
solution-treated Mg—xGd—3Y—0.5Zr alloys with
different Gd contents exhibit excellent impact
resistance in SHPB tests. The compressive strength
and yield strength of the solution-treated
Mg—6.5Gd—3Y—0.5Zr alloy first increase and then
decrease with the increase of strain rate. And
the maximum compressive strength of the solution-

0s! 2078 s7! 3071 s7! 3705 s7! 4033 57!
e - S
S | 3471 s7! 3895 57!
-
s 2668 57! 3502 57! 3955 57!

Fig. 6 Photographs of solution-treated Mg—xGd—3Y—0.5Zr samples after dynamic compression under different strain

rates: (a) x=6.5; (b) x=7.5; (¢) x=8.5
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Fig. 7 Dynamic compressive stress—strain curves of solution-treated Mg—xGd—3Y—0.5Zr samples: (a) x=6.5; (b) x=7.5;

(c) x=8.5
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Fig. 8 Dynamic mechanical properties of solution-treated
Mg—xGd—3Y—0.5Zr samples with different Gd contents

treated Mg—6.5Gd—-3Y-0.5Zr alloy reaches
455 MPa at the strain rate of 3705 s'. According to
macro-fracture morphology, the premature fracture
of the solution-treated Mg—6.5Gd—3Y—0.5Zr
sample is the fundamental reason for the decrease
of compressive strength at high strain rates.

Under the designed strain parameters, the
compressive strength and yield strength of the
solution-treated Mg—7.5Gd—3Y—0.5Zr alloy exhibit
a monotonically growing trend with the increase of
strain rate. The maximum compressive strength of
503 MPa and yield strength of 351 MPa occur in
the solution-treated Mg—7.5Gd—3Y—0.5Zr alloy at
the strain rate of 3895s'. Compared with the
performance of solution-treated Mg—6.5Gd—3Y—
0.5Zr alloy, the impact resistance and yield strength
of solution-treated Mg—7.5Gd—3Y—0.5Zr sample is
significantly improved. The improvement of
compressive strength and yield strength can be
attributed to the refinement of grain and the
uniformity of microstructure with the increase of
Gd content.

The variation of dynamic mechanical
properties of the solution-treated Mg—8.5Gd—-3Y—
0.5Zr alloy is similar to that of the alloy with
6.5 wt.% Gd. The overall compressive strength of
the solution-treated Mg—8.5Gd—3Y—0.5Zr alloy at
different strain rates is significantly improved
except for the compressive strength at the strain rate
of 3955s'. This can be attributed to the
agglomeration phenomenon of the square-shape
second-phase in the microstructure resulting in
premature fracture. The maximum compressive
strength of the solution-treated Mg—8.5Gd—-3Y-
0.5Zr alloy reaches 486 MPa at the strain rate of

3502s7'. The yield strength of Mg—8.5Gd-3Y—
0.5Zr alloy increases significantly at low strain
rates. However, the yield strength of Mg—8.5Gd—
3Y-0.5Zr alloy decreases significantly when the
strain rate is greater than 2668 s ', which is related
to the effect of the square-shape second-phase on its
plasticity [32]. In short, the variation of Gd content
and the agglomeration of the second-phase particles
are the main factors affecting the dynamic
mechanical properties of Mg—xGd—3Y-0.5Zr
alloys.

Furthermore, the stress—strain curves of the
solution-treated ~ Mg—xGd—-3Y-0.5Zr  samples
exhibit a slight jitter characteristic indicating the
serrated yield phenomenon of the material in
SHPB. The jitter phenomenon is more pronounced
when the Gd content is 8.5 wt.%. The jitter
phenomenon of the stress—strain
consistent with the Portevin-Le Chatelier cluster
effect [33], which is caused by the dynamic strain
aging property of the material. The solute atoms
become an obstacle to the dislocation of the solvent
atom during the rapid deformation of the material.
When the velocity of solute atom is lower than that
of dislocation movement, i.e., pegging dislocation,

curves is

the solute atom will hinder the dislocation
movement. However, when the dislocation
movement speed is extremely high, the

phenomenon of debonding occurs. Therefore, the
slight jitter phenomenon occurs in the stress—strain
curves of the solution-treated Mg—xGd—3Y—0.5Zr
alloy samples in SHPB tests.

4 Discussion

4.1 Micro-morphology analysis

The micro-morphology of Mg—xGd—3Y—0.5Zr
alloys is shown in Fig.9 after the dynamic
compression with relatively low strain rates ranging
from 1924 to 2078 s”'. Both the volume fraction
and size of the precipitated second-phase particles
decrease significantly with the increase of Gd
content. The agglomeration of square-shaped
second-phase particles occurs in the Mg—6.5Gd—
3Y—0.5Zr alloys. Figure 9(d) shows that the content
of Gd is the highest reaching 45 wt.%, and the Y
content is 39 wt.%, both of which are greater than
the Mg matrix with 10 wt.%. Comparing to the
microstructure and EDS results of Mg—6.5Gd—-3Y—
0.5Zr samples before dynamic compression shown
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Fig. 9 Micro-morphologies (a, b, ¢) and EDS results (d, e, f) of Mg—xGd—3Y—0.5Zr alloys after SHPB tests under low
strain rates: (a) x=6.5, 2078 s™'; (b) x=7.5, 1936 s7'; (c) x=8.5, 1924 s7!; (d) Zone 4; (e) Zone B; (f) Zone C

in Fig. 4, it is clear that the square-shaped second-
phase is the residual rare earth-rich particles after
the solution treatment. Besides, some fine second-
phase particles are distributed around the coarse
massive particles, as shown by arrows B and C in
Fig. 9. The EDS results indicate that the fine
second-phase particles are composed of 20 wt.%
Gd and 15 wt.% Y. According to the research of
literature [34], the energy spectrum results of fine
second-phase particles are consistent with those of
the dynamic precipitation particles. Moreover, it
can be observed in Figs. 9(a—c) that the number of
the square-shaped second-phase particles decreases
while the number of fine second-phase particles
increases with the increase of Gd content. This
indicates that Mg—xGd—3Y-0.5Zr alloys undergo
dynamic precipitation during the dynamic impact
process. The dynamically precipitated particles and
the square-shaped second-phase particles hinder the
movement of dislocations to a certain extent, which
allows the alloy to maintain high impact resistance.
Figure 10 presents the micro-morphology of
Mg-xGd—3Y—0.5Zr alloys after the dynamic
compression with medium strain rates ranging from
3471 to 3705s'. Similar to the case given in
Fig. 9, the square-shaped RE-rich particles and fine
second-phase particles can be observed. Thus, it can
be concluded that the stable RE-rich particles do

not dissolve into the matrix during high-strain
dynamic impact. According to the micro-
morphology and EDS results of fine second-phase
particles, the dynamic precipitation phenomenon
occurs in the moderate speed dynamic impact
process of Mg—xGd—3Y—0.5Zr alloys. Nevertheless,
the number of dynamically precipitated particles at
moderate strain rates ranging from 3471 to 3705 s
increases significantly with respect to that at
low strain rates ranging from 1924 to 2078 s™'. The
fine dynamic precipitated particles are mainly
concentrated near the square-shaped RE-rich phase,
and there are no dynamic precipitated particles in
the region far away from RE-rich particles. This can
be attributed to the hindering effect of the RE-rich
particles on dislocations, resulting in a large number
of dislocations to accumulate around them.
Therefore, the dynamic precipitation only occurs in
near RE-rich particles in the microstructure of
Mg—xGd—3Y—0.5Zr alloys. In addition, the streak-
like second-phase appears in the microstructure of
Mg-xGd-3Y-0.5Zr alloys with 8.5 wt.% Gd
shown in Fig. 10(c). According to the EDS analysis
results in Fig. 10(f), the observed streak-like
second-phase is the aggregation phenomenon of
Zr-rich particles, which is beneficial to hindering
the dislocation movement and improve the impact
resistance of Mg—8.5Gd—3Y—0.5Zr alloys.
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Figure 11 shows the micro-morphology of
Mg—xGd—3Y—0.5Zr alloys after the dynamic
compression with high strain rates ranging from
3895 to 4033 s'. Compared with the amount of
dynamically precipitated particles in Fig. 10, it can
be found that the dynamic precipitation amount of
Mg—-xGd—3Y—0.5Zr alloys is relatively reduced
overall, which can be attributed to the extremely
short deformation time under high-strain dynamic
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impact. As shown in Fig. 11(a), a great number of
microcracks occur in the microstructure of
Mg—6.5Gd—3Y—-0.5Zr alloys at a strain rate of
4033 s'. The EDS results in Fig. 11(d) indicate
that the second-phase precipitated in the middle
of microcracks has a very high Gd content of
85.1 wt.%. The second-phase with extremely high
Gd content results in the premature fracture
and deterioration of the mechanical properties of

Dynamic precipitate free zone
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Fig. 10 Micro-morphologies (a, b, ¢) and EDS results (d, e, f) of Mg—xGd—3Y—0.5Zr alloys after SHPB tests under
medium strain rates: (a) x=6.5, 3705 s!; (b) x=7.5, 3471 s7!; (c) x=8.5, 3502 s7'; (d) Zone 4; (¢) Zone B; (f) Zone C
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Fig. 11 Micro-morphologies (a, b, ¢) and EDS results (d, e, f) of Mg—xGd—3Y—0.5Zr alloys after SHPB tests under high
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Mg—6.5Gd-3Y—0.5Zr alloys. The amount of
dynamic precipitation particles is obviously reduced
in Mg—7.5Gd-3Y—0.5Zr alloy as shown in
Fig. 11(b). However, the agglomeration of Zr-rich
particles occurs in Mg—7.5Gd—3Y—0.5Zr alloys at a
strain rate of 3895 s~!, which allows the alloy to
maintain excellent impact resistance. There are
few fine particles precipitated dynamically in
Mg—8.5Gd—3Y—-0.5Zr alloy at a strain rate of
3955 s except for some larger square particles, as
shown in Fig. 11(c). The agglomeration of large
block particles leads to stress concentration, which
has a negative effect on the mechanical properties
of Mg—8.5Gd-3Y—0.5Zr alloys.

4.2 Adiabatic temperature rise analysis

During the dynamic impact process, most of
the kinetic energy of the incident bar is dissipated in
the form of thermal energy, and only a few percent
of the energy is stored in the material in the form of
phase interface energy, dislocation energy and
elastic strain energy [35]. In a very short time, a
large amount of heat generated in the high-speed
impact process is difficult to dissipate before the
deformation process is completed. As a result, the
local temperature of the samples will rise rapidly.

The absorbed energy (W) per unit volume of
material can effectively evaluate the adiabatic
temperature rise of the sample during the dynamic
compression process. The absorption energy (W)
can be calculated by [36]
W=lode (1)
where ¢ and ¢ denote the stress and strain of the
material during dynamic compression, respectively.

According to the dynamic compression stress—
strain curves, the absorption energy values of the
Mg-xGd—-3Y-0.5Zr alloys wunder different
deformation conditions were calculated, as given in
Table 2. The adiabatic temperature rise (AT)
during the dynamic compression process can be
quantitatively calculated according to Eq. (2) [35]:

ar="t- [ode 2)
pe,

where f represents the conversion factor between
work and heat, and f=1; ¢, represents the specific
heat capacity and ¢,=1000 J/(kg-°C); p represents
the density and p=1.90x10* kg/m’. The calculated
results of the adiabatic temperature rise of
the Mg—xGd—3Y—0.5Zr alloys under different

deformation conditions are shown in Table 3.
Obviously, the adiabatic temperature rise of the
Mg—xGd—3Y—-0.5Zr alloys compressed at high
strain rates is significantly higher than that of the
samples compressed at low strain rates.

Table 2 Calculation results of absorption energy (W) of
Mg—xGd—3Y—-0.5Zr alloys

Deformation condition W/(MJ-m3)
x=6.5,2078 s! 82.52
x=6.5,4033 57! 219
x=7.5,1936 5! 72.44
x=7.5,3895 5! 251.59
x=8.5,1924 57! 80.08
x=8.5,3955¢s! 237.12

Table 3 Calculation results of adiabatic temperature rise
(AT) of Mg—xGd—3Y—0.5Zr alloys

Deformation condition AT/°C
x=6.5,2078 s! 43.43
x=6.5,4033 5! 115.26
x=7.5,1936 5! 38.13
x=7.5,3895s7! 132.42
x=8.5,1924 57! 42.15
x=8.5,395557! 124.8

It can be found in Table 3 that the adiabatic
temperature rise of Mg—7.5Gd—-3Y—0.5Zr alloy is
lower than that of magnesium alloys with Gd
content of 6.5 wt.% and 8.5 wt.% at low strain rates.
The stress—strain curves and dynamic mechanical
properties in Figs. 7 and 8 show that the mechanical
properties of Mg—7.5Gd-3Y-0.5Zr alloy are
slightly inferior to those of the other two alloys.
This can be attributed to the fact that relatively long
deformation time and low adiabatic temperature rise
at low strain rates cannot effectively suppress the
generation of dynamic precipitation. The micro-
morphology of Mg—xGd—3Y—0.5Zr alloys after
SHPB tests at low strain rates in Fig. 9 also
verified the results that the dynamic precipitates
of Mg—7.5Gd-3Y—0.5Zr alloy are obviously more
than those of other alloys. As shown in Table 3, the
adiabatic temperature rise of Mg—xGd—3Y-0.5Zr
alloys at high strain rates is significantly higher
than that of the alloys at low strain rates. Contrary
to the low strain rate, the adiabatic temperature
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rise of Mg—7.5Gd-3Y-0.5Zr alloy reaches the
maximum of 132.42 °C at high strain rates. The
high adiabatic temperature rise that can effectively
inhibit the dynamic precipitation is the key reason
for the excellent dynamic mechanical properties of
the Mg—xGd—3Y—0.5Zr alloy at high strain rates. In
addition, the effective deformation time of samples
at high strain rates is significantly less than that at
low strain rates. Therefore, the high adiabatic
temperature rise and the short deformation period
are important factors for the suppressed dynamic
precipitation behavior under high strain rates.

5 Conclusions

(1) The grain size shows a decreasing trend
with the increase of Gd content during the casting
and forming process of Mg—xGd—3Y—0.5Zr alloys.
The average grain sizes of Mg—xGd—3Y-0.5Zr
alloys with Gd mass fractions of 6.5 wt.%, 7.5 wt.%,
and 8.5 wt.% are about 38.0, 32.5 and 30.9 um,
respectively.

(2) The non-equilibrium eutectic Mg»(Gd,Y)s
appears at the grain boundary of as-cast
Mg—xGd—3Y—-0.5Zr alloys because of the high
cooling rate during solidification. The square-
shaped rare earth hydrides (REH) appear at
the grain boundary, while the second-phase
Mg»4(Gd,Y)s with skeletal shape dissolves into the
matrix after the solution treatment at 520 °C for 6 h.

(3) The ultimate compressive strength and
yield strength of Mg—xGd—3Y—0.5Zr alloys present
an increasing trend with the increase of Gd content
and strain rate in SHPB tests. The Mg—xGd—-3Y—
0.5Zr alloy with 7.5wt.% Gd exhibits better
comprehensive dynamic mechanical properties than
the alloys with 6.5 wt.% and 8.5 wt.% Gd. The
maximum compressive strength of 503 MPa and
yield strength of 351 MPa occur in the solution-
treated Mg—7.5Gd—3Y—0.5Zr alloy at the strain rate
of 3895 s7".

(4) The variation of Gd content and the
agglomeration of the second-phase particles are
main factors affecting the dynamic mechanical
properties of Mg—xGd—3Y—0.5Zr alloys. The
residual square-shaped particles after solution
treatment and the precipitated fine particles in
SHPB hinder the movement of dislocations to a
certain extent, which allows the alloys to maintain
excellent impact resistance.
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