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Abstract

Hot extrusion was introduced to the Mg—10Gd-3Y-1.5Zn-0.5Zr alloy and microstructure evolution, texture configuration
and elevated-temperature mechanical properties were investigated. The results show that the LPSO phase network-distributed
along grain boundaries in the as-cast and homogenized alloys is broken and elongated after extrusion, and is streamlined along
the extrusion direction (ED). After extrusion, a completely recrystallized microstructure with equiaxed grains of~ 10 pm
is formed. The most notable feature in as-extruded alloy is numerous fine lamellar structures in DRXed grains, which were
identified as basal stacking faults (SFs) with nano-spaced by TEM analysis. The <0001 > //TD texture results in the hard
orientation of most grains along ED. The extruded alloy exhibits excellent elevated-temperature mechanical properties
(UTS/287 MPa and YS/218 MPa at 300 °C; UTS > 200 MPa at 350 °C) along ED, which is significantly higher than alloys
with similar composition or even higher rare earth content. The high elevated-temperature strength is mainly related to the
fiber strengthening effect of streamline-distributed LPSO, the skeleton support effect of numerous SFs with nano spacing,
and the texture strengthening effect of hard grain orientation.
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1 Introduction

Magnesium alloys have imperative requisition prospects in
the fields of automobile and aerospace due to the advan-
tages of excellent creep resistance, light weight, high specific
strength, etc. At the same time, the application of magne-
sium alloy has gradually transformed from auxiliary load-
bearing components to heat-resistant structural parts. This
postures a higher challenge of the high temperature proper-
ties for magnesium alloys [1-4]. However, the currently used
AZ, AM, and ZK series of commercial magnesium alloys
exhibit medium room temperature strength and cannot meet
the high temperature performance requirements. Therefore,
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developing a new series of magnesium alloys with both
room temperature and high temperature properties is of great
significance [5-7].

Many scholars have done quantities of research to
enhance the mechanical strength of Mg alloys. The rel-
evant results show that alloying with rare-earth (RE) addi-
tion has a positive impact on mechanical performance. In
all rare-earth-containing magnesium alloys, the Mg—RE
(Gd, Y, Nd, etc.)-Zn series has great potential for further
development [1, 8—10]. The addition of Zn element can
significantly increase the aging-response of the alloy by
reducing the equilibrium solid solubility of RE elements
[11]. In addition, Zn can also form a long-period-stack-
ing-order (LPSO) structure with RE elements to greatly
improve the properties [7]. As an example, the yield
strength (YS) of Mgy;ZnsY, alloy prepared by hot extru-
sion and aging can reach 400 MPa [12]. Kawamura et al.
[13] developed a LPSO-containing Mgy;,ZnY, alloy with
ultra-high-strength through the rapid solidification powder
metallurgy (RS P/M) method. Its YS at room temperature
even exceeds 600 MPa, but with poor elongation. In recent
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years, researchers have developed Mg-Gd-Y-Zn alloys,
and obtained both of good room temperature strength
and elongation. Honma et al. [14] successfully produced
a Mg—1.8Gd—1.8Y-0.7Zn—0.2Zr alloy with the ultimate
tensile strength (UTS) of 542 MPa, YS of 471 MPa, and
the elongation of 8%. The excellent mechanical proper-
ties are due to the formation of fine precipitates during
the extrusion and aging process. Recently, Ramezani et al.
[15] obtained 581 MPa tensile strength and 15.9% elonga-
tion of Mg—-8.1Gd-4.3Y-1.6Zn-0.4Zr alloy by extrusion
and multi-directional forging. The ultra-fine grain structure
formed by particle stimulated nucleation (PSN) mechanism
due to high volume fraction of LPSO phase is the reason
for its excellent mechanical properties.

Additionally, the RE-addition can form high-strength
thermally stable precipitates, thus enhancing the elevated-
temperature performance of Mg—RE—Zn alloys. Research
had reported 250 °C/310 MPa and 300 °C/182 MPa
of heat resistance properties of Mg—10Gd-3Y-0.5Zr
alloy [16]. Meng et al. [17] reported a hot-extruded
Mg-7Y-4Gd-1.5Zn-0.4Zr alloy, and the heat resist-
ance is about 300 °C/230 MPa. Recently, Yang et al. [18]
designed a Mg—8Gd-3Yb-1.2Zn-0.5Zr alloy by conven-
tional hot-extruded, the UTS and YS at 300 °C can reach
204 MPa and 191 MPa, respectively. Obviously, these
alloys have better RT and elevated-temperature perfor-
mance than the traditional heat-resistant rare earth mag-
nesium alloys WE43 and WE54 [19], but the strength
still decreases significantly when the temperature is over
250 °C.

In the present study, conventional hot extrusion was
introduced to the Mg—10Gd-3Y-1.5Zn-0.5Zr alloy fabri-
cated by semi-continuous casting. Excellent elevated-tem-
perature strength (the UTS is 287 MPa and YS is 218 MPa
at 300 °C and the UTS is over 200 MPa even at 350 °C) is

obtained. It is noteworthy that except for the LPSO phase
previously reported in most Mg—RE—Zn alloys, numer-
ous special fine parallel lamellar structures are developed
inside almost all DRXed grains. Our paper investigates the
microstructure evolution and the strengthening mechanism
of the elevated-temperature high performance extruded
alloy.

2 Experimentation

The Mg-10Gd-3Y-1.5Zn-0.5Zr (wt%) cast ingot was
produced by a semi-continuous casting method with
atmosphere protection. High-purity metal Mg, Zn, and
master alloys Mg-30Gd (wt%), Mg-30Y (wt%), and
Mg-30Zr (wt%) were melted at ~ 750 °C. After removing
the surface slag, the cylindrical ingot of ®260 X 800 mm
was fabricated successfully, and its chemical composi-
tion was tested to be Mg-9.7Gd-2.5Y-1.5Zn-0.4Zr
(wt%) using an inductivity coupled plasma atomic emis-
sion spectroscope (ICP-AES). According to our previous
research [8], the solid-solution parameters are determined
as 520 °C/16 h. Before extrusion, the ingot was turned to
®247 mm and kept at 400 °C for 1 h, then direct extrusion
was performed on the ingot at 400 °C with the extrusion
speed of 0.3 mm/s and an extrusion ratio of 17.

The microstructure of the samples was tested via
optical microscopy (OM, OLYMPOS-DSX500), scan-
ning electron microscopy (SEM, Helios Nanolab 600i1)
equipped with an X-ray energy-dispersive spectrometry
(EDS) system and an electron back-scattered diffraction
(EBSD) system, X-ray diffraction (XRD), transmission
electron microscopy (TEM, JEM-2100F). The sam-
ples for OM characterization were etched with a mix-
ture of 4.2 g CcH3;N;054+ 10 mL CH;COOH + 10 mL

Fig. 1 SEM images of the as-cast alloy
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H,0+70 mL C,H;OH. Samples for EBSD observation
were electropolished in a 95% C,H;OH + 5% HCIO, solu-
tion at about — 35 °C and the EBSD results were post-
processed and analyzed with channel5 software. The
mechanically polished sample was punched to ®3mm
and thinned to a thickness of about 50 pm, and then sub-
jected to TEM observation after double spraying and
ion thinning. The above samples were all taken from the
normal direction (ND) and the extrusion direction (ED).
The volume fraction of the second phase is measured by
Image Pro Plus software. Cylindrical tensile specimens

of @5 mm (diameter) X 25 mm (gauge length) along ED
were conducted to RT and elevated-temperature tensile
tests with an initial strain rate of 107%/s.

3 Results and Discussion

3.1 Microstructure of As-Cast Alloy

The SEM images of the as-cast alloy sample are shown
in Fig. 1. In addition to the a-magnesium matrix, the
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Fig.3 SEM images of the alloy after solid-solution at 520 °C for 16 h
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eutectic phase is continuously network-distributed at the
grain boundary (Fig. 1a), and the volume fraction of the
eutectic phase is about 11.82% through statistical analysis.
The enlarged SEM image (Fig. 1b) shows that the eutectic
phase consists of two different phases of alternating distri-
bution: a blocky white phase (marked by arrow A) and a
fishbone-shaped phase (marked by arrow B). In addition,
there are many microcracks in the matrix near the eutectic
phase (Fig. 1b), which is mainly related to the internal stress
of the casting caused by the large size and high alloy com-
position of our ingot. The inconsistency of the solidification
speed between the eutectic phase and magnesium matrix
causes the microcracks to start near the eutectic phase and
further extend to the matrix.

Table 1 EDS results of phases in Fig. 3

Point Mg (at%) Gd (at%) Y (at%)  Zn (at%)  Zr (at%)
83.6 9.6 1.8 4.9 0.0
36.2 23.2 39.1 1.2 0.4

3 93.9 2.0 1.5 2.6 0.0

Strc}lmhhc'(.lief@i'gcd-". s g
irtegular-shaped LPSO phase &
=2 o
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In order to further determine the two eutectic phases, EDS
analysis was carried out on the phase components in the
arrows A and B in Fig. 1. The element content of the blocky
white phase (arrow A) is about Mg-3.6Gd—4.1Y-6.9Zn
(at%), the atomic ratio of Mg:(Gd + Y):Zn is similar to
Mg ,RE,Zn,, which is a typical LPSO phase with a 18R
structure [20-22]. The element content of the fishbone-
shaped phase (arrow B) is about Mg—5.9Gd-3.8Y-5.3Zn
(at%). The ratio of Mg element to solid solution element
(Gd, Y, Zn) in this phase is about 5.6, which is close to
Mgs(Gd, Y, Zn). Figure 2 exhibits the XRD patterns of the
alloy in different states. The characteristic diffraction peaks
of Mg, LPSO phase and MgsRE phase were detected in the
as-cast alloy, which was consistent with the results of EDS.
However, the peak intensity of MgsRE eutectic phase is not
obvious, which may be due to its small volume fraction.
However, the types of as-cast eutectic are of different per-
spectives [23, 24]. Some scholars believe that these eutectic
phases are Mg,,RE5 or Mg;RE compounds, which may be
related to different casting parameters [25], which needs
further research.
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Fig.4 OM and SEM images of the as-extruded alloy
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3.2 Microstructure of Solid-Solution Alloy

According to our previous study [8], the final solution
parameters were determined as 520 °C/16 h. Figure 3a,
b, c show the SEM images of the microstructure of solid-
solution alloy samples. Compared with the as-cast alloy,
the second phase is semi-continuously network distrib-
uted after solution (Fig. 3a), and the volume fraction also
decreases to 9.07%, which indicates that the coarse eutectic
phase gradually dissolves into the matrix during the solu-
tion. From Fig. 3b, the second phase is mainly in a block
shape at grain boundary, and extends into the a-Mg matrix
in a lamellar shape (marked by arrow A), and some lamel-
lae are coarsened and overlapped with another oriented
lamella (marked by arrow B in Fig. 3c). This will enhance
the bonding of the blocky LPSO phase with the matrix
and increase the critical resolved shear stress (CRSS) of
basal slip, thereby partly activating the non-basal slip of
the magnesium matrix and improving the plasticity of the
alloy [26]. EDS results of characteristic parts are shown in
Table. 1. XRD pattern (Fig. 2) shows that the characteristic
peak of MgsRE eutectic phase disappears and only LPSO
phase is detected except a-Mg matrix. Studies have also

shown that in the heat-treated Mg—RE—Zn alloy, the blocky
phase has a 14H-type LPSO structure, and the lamellar
phase is also the 14H-LPSO phase [10, 27, 28]. Tao Chen
et al. [29] studied the homogenization treatment process
of Mg-1.27n-3.4Y—4.7Gd-0.5Zr ingot. It is believed that
the formation of 14H-LPSO phase is mainly realized by
Mgs(Gg, Y, Zn) and 18R-LPSO phase via phase transfor-
mation processes. This is consistent with our observations.
At the same time, a small amount of bright white square
phase (Point 2) is also found, which is considered as rare-
earth rich phase [30]. During the solution process, the rare
earth elements diffuse from the grain boundary to the grain,
which provides an elemental guarantee for the formation of
the square phase.

3.3 Microstructure of Alloy After Extrusion

Figure 4 exhibits the microstructure of the
Mg—-10Gd-3Y-1.5Zn-0.5Zr alloy after direct extrusion
(400 °C). It is obvious that the second phase is broken
and elongated during the extrusion process, and is stream-
line distributed along the extrusion direction, as shown in
the yellow rectangle box in Fig. 4a, d. At the same time,

Element at. %
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Fig.5 TEM analysis of different phase of the as-extruded alloy: a and d BF-TEM images; b and f SEAD patterns; ¢ EDS data from the phase
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the shape of these blocky phases with variant phase sizes
becomes extremely irregular (Fig. 4e), which is related to
inhomogeneous deformation and metal flow in the extru-
sion process. According to EDS results of the irregular-
shaped blocky phase in Fig. 4e, the chemical composition
is Mg—10.9Gd-6.0Zn-2.3Y (at%), which is similar with the
blocky LPSO phase of solid-solution treated alloy. Com-
bined with the XRD results in Fig. 2, these blocky phases
also belong to the LPSO phase, which should be transformed
from the blocky LPSO phase network-distributed along the
grain boundary in the homogenized alloy under the effect of
extrusion. After extrusion, the matrix is almost completely
composed of equiaxed recrystallized grains, and the grains
are more refined with an average grain size of 11.7 pm
compared to grains size of about 91 pm before extrusion.
Notably, a needle-like lamellae structure was observed in
most grains, with lamellae in the same grain having the same
orientation, but the lamellae orientation of different grains
being more random (marked by red arrows). Similar mor-
phologies were observed in the study of extrusion speed by
Liu et al. [25], and they believed that lamellae formed inside
grains are stacking faults at low extrusion speed (0.1 m/min),
when increases to 0.3 m/min, the fine lamellar structure is
not stacking fault, but 14H structure. From Fig. 2, there is no
obvious difference in phase type after extrusion compared to
the solid-solution state, except for the intensity of the charac-
teristic peak. Therefore, it is necessary to further detect the
parallel lamellar structure in the extruded alloy.

Figure 5 shows the TEM analysis of different phases of
the extruded sample. The first type is in regular shape and
distributed at grain boundaries (Fig. 5a). From the SAED
pattern in Fig. 5b and the EDS result marked as the point
C phase in Fig. 5c, this second phase is determined to be
MgsRE, which belongs to face-centered cubic (fcc) struc-
ture with a lattice constant of 2.23 nm [31]. Many disloca-
tions (marked by red arrows) are distributed around these
MgsRE phases, and the trajectory of dislocation slip can
also be seen. During the deformation process, these phases
can not only stimulate DRX nucleation through the PSN
mechanism, but also inhibit dislocation slip and effectively
pin grain boundaries, thus improving the strength at RT and
high temperatures [32]. The second type is lamellar struc-
tures, with a width of 0.2—-1 pm and a length of less than
3 pm, and most of them present gray contrast (Fig. 5d). Fig-
ure Se is a high-resolution-TEM (HR-TEM) image of these
fine lamellae. The corresponding SAED pattern divides the
distance between the transmission spot and the (0002),,y;,
into 7 equal parts, indicating that it has a 14H-LPSO struc-
ture [33]. It is inferred from the morphology and size that
these lamellar structures were broken and detached during
extrusion process, mainly distributed at the grain boundaries
(GB). Dislocation entanglement was found near the GB and
the LPSO phase (white arrows in Fig. 5d). The interaction

between LPSO phase and dislocation indeed exists. Matsuda
et al. [26] studied the dislocation structure of rapidly solidi-
fied Mgy,Zn, Y, alloy containing LPSO phase, and observed
obvious dislocation aggregation and entanglement with
LPSO phase at grain boundary, which is very beneficial to
the strengthening of the alloy.

Figure 6a shows the BF-TEM analysis of the electron
beam (EB) parallel to the [11-20] Mg direction. The magni-
fied high-angle annular dark-field scanning TEM (HAADF-
STEM) and HR-TEM images are shown in Fig. 6¢ and
Fig. 6d. It is obvious that dense and fine parallel lamellae
are formed in the un-DRXed region, with the space between
each other from 20 nm to 200 nm. The abnormally stacked
atomic staggered surfaces in Fig. 6d together with the clear
streaks in SAED patterns indicates these fine parallel lamel-
lae belongs to stacking faults (SFs) and they may form dur-
ing the hot extrusion process due to solute segregated [34,
35]. Furthermore, these SFs are observed to pin the dislo-
cations effectively by numerous dislocation entanglements
occupying the dark contrast band in Fig. 6a. Figure 7 dis-
plays TEM images of a typical DRXed grain with obvious
grain boundary. The parallel lamellar structures with nano-
space are almost distributed in the whole grain (Fig. 7a),
according to HR-TEM analysis with SEAD pattern (Fig. 7b),
these fine lamellar structures are also basal plane stacking
faults (SFs), which are similar as the SFs in the un-DRXed
regions.

Generally, our alloy exhibits a special microstructure after
extrusion. Except for the LPSO phase and blocky MgsRE
phase, the most notable feature is that the basal plane SFs
with nano-spaced are formed in both of DRXed grains and
un-DRXed region. Some researchers have reported the SFs
in the Mg—RE-Zn alloy. The study of E. Abe et al. proved
that adding Zn and Y to Mg can form long-period chemical
ordered structure and stacking ordered structure [36]. Yang
et al. [37] studied the deformation stacking faults caused by
dislocation dissociation at an atomic scale. They believed
that the segregation of Zn/Y in Mg grains can decrease
the stacking fault energy and stabilize the SFs or LPSO
structure, which has a strong effect on improving the high
temperature strength of the alloy. Yamasaki et al. [35] pro-
posed a time—temperature transition diagram of Mg-Zn—-Gd
alloy. They believed that the formation of matrix stacking
faults and 14H-LPSO phase in the saturated a-Mg matrix
during medium and high temperature aging (above 623 K)
are the reason for the strengthening of Mg-Zn-Gd alloy.
Stacking faults have also been found in Mg—RE—-Zn alloys
after compression deformation [38]. On the one hand, after
solid solution treatment, the content of solute atoms in Mg
grains increased, forming chemical conditions. On the other
hand, deformation can promote the formation of metastable
LPSO/SFs and solute atom diffusion by inducing defects
such as dislocations. However, in this study, the formation of
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Fig.6 TEM analysis of the
un-DRXed region: a bright field
(BF)-TEM images; b SAED
pattern; c HAADF-STEM
image; d HR-TEM image

Fig.7 TEM analysis of a typi-
cal DRXed grain: a BF-TEM
image; b HR-TEM image

numerous SFs in the DRXed grains and un-DRXed regions
after extrusion has hardly been reported.

In the present work, EBSD analysis was also conducted
on the grain information of the extruded samples. Figure 8a
displays the inverse pole figure (IPF) of the observation sur-
face parallel to ED, no obvious large-size deformed structure

@ Springer

is found, and a homogeneous microstructure of equiaxed
grains is obtained. From the corresponding statistics of grain
size in Fig. 8b, most of the grain sizes are below 15 pm,
and the average grain size is 10.03 pm. According to the
statistics of grain boundary misorientation, LAGBs account
for 26.8%, and the grain boundary is mainly black lines



Metals and Materials International (2023) 29:2556-2570 2563

Average grain size: 10.03pm
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Fig.8 EBSD analysis of the as-extruded alloy: a IPF of superim- phase region, and the high angle grain boundary (HAGBs) and low
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below. The black area in the IPF diagram represents the unresolved
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representing HAGBs (Fig. 8a), indicating that the sample
is completely recrystallized. In addition, the grain orien-
tation is dominated by blue and green, combined with the
pole figure (PF) of Fig. 8d, a c-axes//TD orientation of the
majority grains with a maximum pole intensity peak of 7.8
is obtained, while a small part of the c-axes is around ED
with a much weaker pole intensity. The high RE content in
our alloy may be responsible for the abnormal <0001 > //
TD texture. Grain boundary segregation and low diffusion
of RE atoms hinder the movement of grain boundaries and
dislocations, resulting in the change of texture [39]. In addi-
tion, the activation of non-basal slip during hot deforma-
tion also hinders the movement of dislocations on the basal
plane, which also leads to texture modification. The change
of deformation mode will be discussed in more depth below.

It is generally believed that grains with different crystal
orientations lead to different deformation modes. Slips and
twins are more likely to activate during the deformation
of polycrystalline Mg alloy. However, almost no twinning
was observed in our extruded alloys, which may be related
to the texture configuration of <0001 > //TD and numer-
ous lamellar structures. The orientation of <0001 > //TD
results in the direction of vertical to ED of most grains
c-axis, which inhibits the formation of tensile twins during

extrusion. In addition, the presence of numerous lamellar
structures in our alloys also inhibit the growth of twins.
It has been reported that the densely distributed lamellar
LPSO phase in the rapidly solidifying Mg-Zn-Y alloy
allows the {10-12} twin nucleus to grow only along the
lamellar edges, which greatly limits the combined growth
and coarsening of the twins [40]. Therefore, we study three
main slip modes of (0001) [11-20] basal slip, {1-100}
[11-20] Prismatic slip and {11-22}[-1-123] pyramidal
slip. Figure 9 shows the Schmid factor (SF) maps and dis-
tributions of the three slip modes of the as-extruded sam-
ple. Obviously, the SF distribution of the basal < a> slip is
very uniform, while high SF of the prismatic <a> slip and
the pyramidal < c +a> slip account for a relatively large
amount, especially for the pyramidal < ¢ 4+ a > slip. There-
fore, the average SF of basal < a> slip is the lowest, only
0.276, compared to 0.324 for prismatic <a > slip and 0.413
for pyramidal < ¢ 4+ a > slip. Generally speaking, the larger
the SF value, the easier to activate the corresponding slip
system in plastic deformation [41]. Consequently, the hard
orientation of the basal plane increases the CRSS of the
basal < a> slip, which makes it more difficult to activate
basal < a> slip.

351 (d) Average value: 0.276

>

»
n
n

in
|
w

Number Fraction (%)
o <

Number Fraction (%)
-

e -
T o
- ~

e
o
e

0.0 0.1 0.2 03 04 05 0.0 0.1 0.2
Schmid Factor

? (E) Average value: 0.324

Schmid Factor

40U 02 1 ouoef
' e .
18
: (f) Average value: 0.413
~16
s
~14
=
=12
]
{: 10
58
=
£ 6
=
7z 4
2
0
03 04 0.5 0.0 0.1 0.2 03 04 0.5

Schmid Factor

Fig.9 Schmid factor (SF) maps concerning various slip systems and SF distributions: a and d Basal<a>: {0001} [11-20], b and e Pris-
matic<a>: {1-100} [11-20], ¢ and f Pyramidal <c+a>: {11-22} [-1-123]

@ Springer



Metals and Materials International (2023) 29:2556-2570 2565
400 400
(a (b)
) 378 [ |uts 41.2
350 ——25°C 350 4 332 YS 440
—e—250°C 308 [
—+—300°C 300 - 287
—— 350°C 259 ©
e —— —_—~
= 250 - 1308
=] =
z. )
% 2001 23 <
L/ e
& 150 142 120 o
=
100 13.
3 04 8 z// J10
1 \"\“v"v | |
0 T T T "" 0 T
0.0 0.1 0.2 0.3 0.4 25°C 250°C 300°C 350°C

Strain

Temperature (°C)

Fig. 10 Tensile properties of the as-extruded alloy at different temperatures

3.4 Mechanical Properties

The room temperature (RT) and elevated temperature prop-
erties of our extrusion alloy are illustrated in Fig. 10. Excel-
lent elevate temperature tensile properties are obtained.
At RT, while obtaining 378 MPa of the ultimate tensile
strength (UTS) and 308 MPa of yield strength (YS), the
elongation (E) can exceed 8%. A ~290 MPa of UTS can
remain at 300 °C, and its elongation increases by 184%.
When the temperature reaches 350 °C, the strength of the
alloy decreases rapidly, but its UTS can still be maintained
above 200 MPa. This excellent high-temperature property
has rarely been reported in wrought magnesium alloys.
The SEM of the cross-sections of tensile samples at dif-
ferent temperatures are shown in Fig. 11. It is obvious that
the fracture depth of the cross-section increases with increas-
ing tensile temperature (Fig. 11al-dl), 126 pm, 177 pm,
186 pm and 355 pm for RT, 250 °C, 300 °C and 350 °C,
respectively, showing different fracture mechanisms. The
microstructure of RT and 250 °C tensile samples are similar,
with relatively flat fracture section, and a large number of
lamellar structures with different orientations still exist (the
red lines display the lamellar orientation), which, accord-
ing to their morphology and distribution, are SFs and have
high thermal stability at 250 °C. The intergranular irregu-
lar-blocky-shaped LPSO phase is still streamline distributed
along the tensile direction, and fracture cracks were found at
the striped LPSO near the fracture surface, which cut across
the LPSO and at approximately 45° to the tensile direction
(at the yellow arrow), which is consistent with the direction
of the maximum critical resolved shear stress (CRSS) during
tension. When the tensile temperature is 300 °C, the number
of SFs in the sample decreases, and SFs tend to distribute

parallel to tensile direction, the matrix occurs flow behavior,
and the flow trace are shown as the white lines. In addition,
no shear cracks are found at the blocky LPSO, but numerous
drag holes are more prone to appear at the interface between
the blocky LPSO and the matrix, with a chain-distributed
along tensile direction (yellow ellipse). As for 350 °C, SFs
are almost completely parallel to the tensile direction, the
flow behavior of the matrix is more obvious, and the grain
boundaries are no longer visible. More chain-like drag holes
occur, extend and merge, resulting in increasing holes size
even more than 25 pm.

The schematic diagrams of the deformation mechanisms
at different tension temperature are demonstrate in Fig. 12.
At RT and 250 °C, the lower deformation temperature can-
not effectively activate the non-basal slip, so the dominant
deformation mechanism is still basal slip. However, numer-
ous lamellar SFs in the matrix due to solute segregation can
effectively pin dislocations by providing more dislocation
pinning sites. Meanwhile, as depicted in Fig. 11a3, a4, b3,
b4, the parallel lamellar SFs inside the DRXed grains can
also support the grains like a skeleton and limit the rotation
of the crystal lattice, while the SFs in the un-DRXed regions
hinder the sliding of the grain boundary, which provides a
significant strengthening effect, making the deformation of
the matrix more difficult, which further increases the strain
incompatibility between the matrix and the irregular blocky
LPSO with high modulus. Therefore, the LPSO and matrix
are more prone to shear fracture of ~45° to tension direction
under the effect of CRSS, and the inhibition of non-basal
slip also leads to a flatter fracture cross section, which is
related to the dominated deformation mechanism by shear
fracture (Fig. 12b). When tension at 300 °C, the CRSS of
non-basal slip is significantly reduced, which makes it easier
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to activate [50], greatly improving the strain compatibility
of the matrix, so that the flow behavior of the matrix occurs,
and the grains containing SFs tend to rotate to the direc-
tion parallel to tension to resist the shearing stress. Mean-
while, the blocky LPSO phase has higher modulus, and the
preferential deformation mode of (0001) < 11-20> slip of

LPSO phase in 77-673 K also makes the slip more difficult
than that of Mg matrix [47], thus the blocky LPSO is less
prone to shear fracture, but is easy to form drag holes at
the interface with the matrix. When the tensile temperature
further increases to 350 °C, the activation of more non-basal
slip improves the plastic deformation ability of the alloy,

Table 2 Tensile properties
(UTS, YS and E) of our alloy
and other typical heat-resistant

extrusion Mg alloys with similar
compositions

Alloys (Wt%) Tempera- UTS (MPa) YS (MPa) E (%) References

ture ( °C)
Mg-5Gd-3.1Y-2.1Zn-0.5Zr 200 294 196 18.6 [42]

300 237 182 30.1
Mg-11Gd—4.5Y-1Nd-1.5Zn-0.5Zr 250 286 268 10.5 [43]

300 193 172 54.4
Mg—-8Gd-2Y-1Nd-0.3Zn-0.6Zr 200 233 134 20.1 [44]

300 188 121 44
Mg-8Gd-3Yb-1.2Zn-0.5Zr 250 334 314 13 [18]

300 204 191 25.5
Mg-12Gd-3Y-0.5Zr 250 324 237 8.6 [19]

300 225 178 17.8
Mg-7Y-4Gd-1.5Zn-0.4Zr 250 316 282 19 [17]

300 231 127 39

RT 378 308 8.2

Mg-9.7Gd-2.5Y-1.5Zn-0.4Zr 250 332 259 13.6 This work

300 287 218 23.3

350 208 142 41.2
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resulting in a more obvious flow behavior of the matrix,
and the SFs are almost completely parallel to the tensile
direction to resist deformation, the number of drag holes
further increases, and the adjacent chain-like holes are also
more likely to expand along the tensile direction, forming
large-size drag holes and thus causing final fracture, at which
time the alloy is dominated by plastic fracture caused by the
expansion and fusion of micro holes, and the fracture section
forms a deeper necking (Fig. 12c¢).

The tensile properties (UTS, YS and E) of our alloy and
other typical heat-resistant magnesium alloys reported are
listed in Table. 2 to compare the high-temperature strength
more intuitively. It is found that the strength of our alloy
is significantly higher than alloys with similar composi-
tion or even higher rare earth content [17-19, 42-44]. Fur-
thermore, the YS at 300 °C is almost twice that of com-
mercial high temperature WE43 alloy (less than 150 MPa)
[45]. This is related to the different strengthening effects
caused by the microstructure of our alloy. Firstly, the spe-
cial texture of the alloy shows a relatively low basal slip
Schmid factor (Fig. 9¢), the hard orientation can strongly
restrain the basal slip, which requires more external force to
coordinate the plastic deformation [49], leading to a higher
strength in ED direction. Meanwhile, the irregular-shaped
LPSO phase is streamlined along ED after extrusion, thus
the fiber reinforcement will be stimulated by LPSO phase
due to the maximum resolved shear stress just cuts through
the streamline-distributed LPSO phase when tensile paral-
lel to ED [46], as depicted in Fig. 12a. It is also reported
that LPSO has better thermal stability than pure magne-
sium [48], and can effectively limit the movement of dis-
locations and grain boundaries even at high temperature,
thus greatly improving the high-temperature performance.
Meanwhile, as depicted in Fig. 12, the parallel layered SFs
inside the DRXed grains can also support the grains like a
skeleton and limit the rotation of the crystal lattice, while
the SFs in the un-DRXed regions hinder the sliding of the
grain boundary, which provides a significant strengthening
effect. In addition, parallel lamellae tend to align in the ten-
sile direction (Fig. 12b, c¢) during high-temperature tensile,
which also results in extra fiber strengthening. Also, the
SFs have high thermal stability as the basal LPSO phase
[35], which ensures a good strengthening effect on the high
temperature performance of the alloy even at 350 °C. As a
contrast, most of the previously reported heat-resistant mag-
nesium alloys are Mg—RE—Zn alloys without SFs [18, 43],
in which the strengthening mechanism is the basal blocky
LPSO phase and the nano-f} phase precipitated on prismatic
surface. Compared with irregular-LPSO phase, it is believed
that numerous SFs with nano-spaced contribute more to
the high temperature strength of the alloy by more effec-
tive pinning of dislocations and stabilizing grain structure
[51]. Therefore, the unique structure formed in our alloy

@ Springer

(numerous basal SFs) is the main reason for obtaining excel-
lent elevated-temperature tensile strength.

4 Conclusions

A conventional hot extrusion was introduced to the
Mg-10Gd-3Y-1.5Zn—-0.5Zr alloy fabricated by semi-con-
tinuous casting. Excellent elevated-temperature strength was
obtained and the microstructure evolution and the strength-
ening mechanism were discussed. The main conclusions
following can be reached:

(1) The eutectic phase with network-distributed at grain
boundary of as-cast alloy transforms into blocky LPSO
phases through solution treatment. After extrusion, no
obvious large-size deformed structure is found, and
a homogeneous microstructure of equiaxed grains
(10 pm) is obtained with the irregular-shaped blocky
LPSO streamlined along ED. Furthermore, the most
notable feature is the formation of the numerous fine
lamellar structures in DRXed grains, which were iden-
tified as basal plane SFs with nano-spaced by TEM
analysis.

(2) A special texture with c-axes//TD of the majority
grains and c-axes around ED of a small part of grains
is detected. Meanwhile, the higher SF of non-basal
slip makes it easier to activate than the basal slip when
stretching along ED.

(3) Excellent elevated-temperature strength of as-extruded
alloy (UTS/287 MPa and YS/218 MPa at 300 °C;
UTS >200 MPa at 350 °C) is obtained, which is mainly
related to the fiber strengthening effect of streamlined-
distribution irregular-shaped LPSO and the skeleton
support effect of numerous SFs with nano spacing
in the DRXed grains. The hard orientation along ED
by the <0001 > //TD texture also has a strengthening
effect.
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