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A large amount of lamellar phases were precipitated in Mg-9Gd-xAl (x = 0.4, 0.6, 0.8, 1.0,

3.0  wt.%) alloy after solution treatment. In order to explore the composition and formation

condition of the lamellar phase, the Mg-9Gd-xAl alloys were subjected to solution treat-

ment  at different time, then the influence of lamellar phase on mechanical properties was

investigated in Mg-9Gd-xAl alloys. The results indicate that the lamellar phase consists

of  three elements, Mg, Al, and Gd, and the atomic ratio is close to 1:1:1. It was identified

that the lamellar phase is (Mg, Al)2Gd phase which has the same crystal structure with

Al2Gd. In addition, the lamellar phases were parallel to each other inside one grain, but the

alignment directions inside the adjacent grains were different, which provide strong sec-

ond  phase strengthening effect. After solution treatment, the ultimate tensile strength of
Mg-9Gd-0.6Al alloy with abundant lamellar phase is greatly improved to 193 MPa.

©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the

Y-NC

earth element Al was added. Previous studies have shown
CC  B

1.  Introduction

Magnesium alloy is widely used in automobile and aerospace
industry because of its low density, high specific strength and
remarkable casting performance [1–5]. The rare earth element

has been an active research topic due to its improvement effect
to the strength and high temperature performance of the mag-
nesium alloy [6–9]. Specially, the Gd element has attracted

∗ Corresponding authors.
E-mails: wanghxia1217@163.com (H. Wang), zhengliuwei@tyut.edu.

https://doi.org/10.1016/j.jmrt.2020.08.024
2238-7854/© 2020 The Authors. Published by Elsevier B.V. This is a
creativecommons.org/licenses/by-nc-nd/4.0/).
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

more  attention attributed to its relatively high solid solubil-
ity and grain refining effect [10–12]. It has been found that the
yield strength of Mg alloy (T4) increase 3.3 times after adding
9.26 wt.% Gd [13]. To further enhance the comprehensive per-
formance of Mg alloys containing rare-earth, the non-rare
cn (L. Zheng).

that the addition of Al can not only refine the grains, but also
control the microstructure of the alloy, resulting in fine grain
strengthening and second phase strengthening [14–16].
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Fig. 1 – SEM-EDS/BSE images of as-cast Mg-9Gd alloys with various Al addition: (a) 0.4 wt.%, (b) 0.6 wt.%, (c) 0.8 wt.%, (d)
1.0 wt.%, (e) 3.0 wt.%.

Fig. 2 – SEM micrographs of solid solution treated (20 h) Mg-9Gd-xAl alloys: (a) 0.4 wt.%, (b) 0.6 wt.%, (c) magnified SEM
m %, (f
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icrograph of red square frame in (b), (d) 0.8 wt.%, (e) 1.0 wt.

There are mainly two intermetallic compounds formed
n Mg-Gd alloy by adding Al element, which named Al2Gd
nd (Mg, Al)3Gd phase. Among them, the bulk Al2Gd has a
igher melting point (1798 K) and its particle size increases
s the Al content increases [17,18]. The (Mg, Al)3Gd phase
ith melting point of 823 K formed as a continuous network

tructure with the increase of Al content [19]. They both have
dverse effects on the properties due to their isolation effects
n the matrix. Typically, the solution treatment is applied to

liminate the adverse effect through dissolving the phases
nto the matrix before deformation or aging treatment. It has
een reported that the coarse Mg-Al-Gd phase and the Mg5Gd
) 3.0 wt.%.

phase disappear substantially when the Mg-10Gd-1Al (wt.%)
alloy was solution treated at 823 K. At the same time, a new
lamellar phase is formed inside the grains, and the essence
of the lamellar phase is considered to be Al2Gd phase [20].
Kishida et al. [21,22] found that a lamellar phase was formed
at the grain boundary when the Mg-5.0Gd-3.5Al (at.%) alloy
was solution-treated at 798 K, which was presumed as a kind
of long-period phase. Gu et al. [23,24] found lamellar phase in
Mg97Al1Gd2 (at.%) alloy after solution treatment at 793 K for

2 h. It is speculated that the crystal structure of the lamel-
lar phase is a face-centered cubic (fcc) structure. Obviously,
there is much controversy about the study of the structure



11394  j m a t e r r e s t e c h n o l . 2

Fig. 3 – The lamellar phase size and volume fraction of

Mg5Gd phase is hardly observed in all specimens. On the con-
Mg-9Gd-xAl alloys after solution treatment by 20 h.

of the lamellar phase. In addition, there is little research on
the microstructure evolution of the lamellar phase with the
solid solution time and the effect of lamellar phase on the
properties of the Mg-Gd-Al alloys.

Hence, in this study, the Mg-Gd alloys with different Al
content were treated by solution treatment under different
times. The evolution of the lamellar phase and the effect of
the lamellar phase on the mechanical properties of alloy were
investigated systematically. In addition, the formation mech-
anism of the lamellar phase was detailed discussed.

2.  Experimental  procedure

The Mg-9Gd-xAl (x = 0.4, 0.6, 0.8, 1.0, 3.0 wt.%) alloys were made
from pure Mg  (99.99 wt.%), pure Al (99.99 wt.%) and Mg-30Gd
(wt.%) master alloy in an electric furnace protected by the
mixed protective gas consisting of CO2 and SF6. Pure Al and
appropriate amounts of pure Mg  were added into a steel cru-
cible which was preheated at 673 K, then the temperature was
raised to 993 K and held for 20 min. After being stirred for

2 min, Mg-30Gd master alloy was mixed to the melt, which
was held at 1023 K for 30 min  to make Mg,  Gd and Al react
completely, and finally poured into steel molds with a diame-

Fig. 4 – X-ray diffraction patterns of Mg-9Gd-xAl alloys under
 0 2 0;9(5):11392–11401

ter of 75 mm,  which was preheated to 523 K. Then, the samples
were solution treated at 803 K for a series of times followed
by water quench. Tensile tests were conducted on a DNSl00
test machine with a speed of 0.5 mm/min. And the Vickers
hardness test performed on HVS1000A.

Samples for scanning electron microscopy (SEM, TESCAN
Mira3 LMH) were polished and etched in the solution con-
sisted by 4 ml  nitric acid and 96 ml  ethyl alcohol. The second
phase identities were determined by energy dispersive X-ray
spectroscopy (EDS) and an X-ray diffractometer (XRD) using
TD-3500 equipped with a Cu anode at a scanning velocity
of 6◦/min and range of 20–80◦. The transmission electron
microscopy (TEM) using a JEM-2100F (JEOL Ltd, Tokyo, Japan)
was applied to certified the crystal structure of second phases.
The samples for TEM analysis were prepared by Gatan691 ion
milling. The sample speed is 4 rpm, the ion beam voltage is
5 keV, and the angle of ion gun is ±10◦.

3.  Results  and  discussion

Fig. 1 shows the SEM-EDS/BSE images of as-cast Mg-9Gd-xAl
alloys. It can be observed in Fig. 1(a), the enrichment Gd
element regions regarded as white regions in SEM images
appear in the Mg-9Gd alloy when the Al contents are less than
1.0 wt.%, but disappear in Mg-9Gd-3Al alloy. As observed in
Fig. 1(a)–(d), the short rod-like Mg5Gd phase distributes in the
white regions in Mg-9Gd-0.4Al alloy and increases gradually,
finally transforms to net-like when the Al content reaches to
1.0 wt.%, then disappear when the content of Al element is
3.0 wt.%. The size of (Mg, Al)3Gd phase increases with increas-
ing the Al content, which changes from short fishbone-like in
Mg-9Gd-0.4Al alloy to petal shaped in Mg-9Gd-1Al alloy. When
the Al content increases further, the petal-like (Mg, Al)3Gd
interconnect into a network. Fig. 1(d) and (e) presents the
Al2Gd phase appears and the size of particles increase with
increasing of Al element.

The micrographs of solid solution treated (20 h) Mg-9Gd-
xAl alloys are illustrated in Fig. 2. After solution treatment, the
trary, the morphology and size of Al2Gd phase do not change
during solid solution due to its high melt point [25]. Partial
(Mg, Al)3Gd phases dissolve into Mg  matrix but there are still

 different states: (a) as-cast, (b) after solution treatment.
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Fig. 5 – TEM morphology of different phases after different solution treatment by 20 h: (a) (Mg, Al)3Gd phase, (b) Al2Gd
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hase, (c) lamellar phase and the result of TEM-EDS (d).

ome residual (Mg, Al)3Gd and the amount of residue increases
ith increasing the Al content. In addition, it is interesting

hat there are a lot of lamellar phases formed in Mg-9Gd-
Al alloys (x ≤ 0.8 wt.%) after solid solution treatment, which
resent parallel lamellar morphology within each grain and
ossess different parallel orientations in the adjacent grains.
esides, the lamellar precipitates sharply decrease with the
l content increased to 1.0 wt.%, and disappear when the Al
ontent reaches 3 wt.%, illustrated in Fig. 2(e) and (f), respec-
ively. The volume fraction and particle size of lamellar phase
n Mg-9Gd-xAl alloys were statistically analyzed by ImageJ
oftware. In order to minimize the statistical error, at least 10
EM 3000* images were used, and then the statistical results
hould be averaged. The results were converted into a line
hart as shown in Fig. 3. When the Al content belows 0.8 wt.%,
he volume fraction of lamellar phase firstly increases and
hen decreases with the increasing Al content, but they are
ll above 10%. It is obviously that there is a sharp fall between
.8 wt.% and 1.0 wt.%. The maximum value is 19.6% appearing
n Mg-9Gd-0.6Al alloy. However, the size of lamellar phase has
o obvious change with the Al content is less than 0.8 wt.%,
hich fluctuates in 2.29–2.44 �m,  and decreases to 1.63 �m at

.0 wt.% Al.
The X-ray diffraction patterns of as-cast and solid solution

reated Mg-9Gd-xAl alloys (x = 0.4 wt.%, 1.0 wt.%, 3.0 wt.%) are
xhibited in Fig. 4. It is obviously observed that the as-cast

g-9Gd-xAl alloys consist by �-Mg, Al2Gd, (Mg, Al)3Gd and
g5Gd phase, which is consistent with the results of scanning

bservation. With increasing Al content from 0.4 to 3 wt.%, the
intensity of the (Mg, Al)3Gd phase at 23◦ and 57◦ increases,
which indicates that the (Mg, Al)3Gd phase increases with
increasing the Al content [20,26]. By comparing the Fig. 4(a)
with Fig. 4(b), the diffraction peaks of Mg5Gd phase(PDFNo.
65-7133) disappear during the solid solution treatment. More-
over, the intensity of the Al2Gd phase diffraction peaks at
the degrees of about 32◦ and 37◦ increase [27]. However, it is
surprising that no new crystallization peak appears in XRD
pattern for parallel lamellar precipitates.

The crystal structure and composition of the lamellar
phase were explored by TEM observation on the Mg-9Gd-0.6Al
alloy. As shown in Fig. 5(a)–(c), the TEM morphology and SAED
patterns of the second phase in the Mg-9Gd-0.6Al alloy have
been given. Comparing Fig. 5(b) and (c), although the lamel-
lar phase and the Al2Gd phase under TEM have completely
different morphology, the corresponding diffraction patterns
specifically show that the crystal structure of lamellar phase
is the same as the Al2Gd ones (fcc) [23]. According to the calcu-
lation, the lattice parameter of the lamellar phase is 7.925 Å,
which is close to that of Al2Gd (7.903 Å, PDFNo. 65-5383). That
is why there is no new diffraction peak in XRD measurement.
The TEM-EDS results clearly show that the summation of the
atomic percentage of Al and Mg is about twice that of Gd. Com-
bined with the diffraction patterns and TEM-EDS results in
Fig. 5(c) and (d), it is speculated that the lamellar phase is (Mg,
Al)2Gd phase.
In order to study the formation mechanism of the lamellar
phase, Mg-9Gd-0.4Al alloy was selected for solution treatment.
During the solution treatment, the lamellar phase increases
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rent
Fig. 6 – The SEM image of Mg-9Gd-0.4Al Alloy after diffe

while the (Mg, Al)3Gd phase and Mg5Gd phase decrease in
the Mg-9Gd-xAl alloys. Therefore, the formation of the lamel-
lar phase is related to the consumption of (Mg, Al)3Gd phase
and Mg5Gd phase. As shown in Fig. 6, the yellow arrows in
the figure indicate the diffusion paths of the Gd and Al ele-
ments. In the initial stage of solution treatment, the main
elements, such as Gd and Al, begin to diffuse from the two sec-
ond phases into the grain, meanwhile the Gd element in the
Gd-rich regions also diffuse into the grain due to the atomic
concentration difference [28]. Hence, inside the grain, the Gd
element consists of two parts. One part is the Gd dissolved
from the (Mg, Al)3Gd, Mg5Gd and Gd-rich region, the other is
the original Gd in the �-Mg  matrix, which makes the ratio of
Gd to Al element in this region greater than 2. That is, the
composition condition of the lamellar phase is satisfied in the
region, so the initial line-like lamellar phase begins to appear.
Nevertheless, there is no Gd enrichment region and Mg5Gd in
the as-cast Mg-9Gd-3Al alloy, as shown in Fig. 1. In addition,
abundant Al2Gd formed in the Mg-9Gd-3Al alloy consuming
a lot of Gd elements, which is not dissolved into the matrix.
Consequently, there is no sufficient Gd to meet the composi-
tion requirement, which results in no (Mg, Al)2Gd forming in
solid solution treated Mg-9Gd-3Al alloy. As the solution treat-
ment time increases, more  Gd and Al elements diffuse into

the region, and Mg,  Gd, and Al elements continue to bond
on one side of the lamellar phase improving the lamellar
phase size. At the same time, the (Mg, Al)3Gd phase gradually
 solution treatment time (a) 3 h, (b) 15 h, (c) 20 h, (d) 50 h.

disappears. When the solution treatment time continues to
increase, both (Mg, Al)3Gd phase and lamellar phase dissolve
in the matrix.

In order to further study the variation of lamellar phase
with solid solution time, Mg-9Gd-0.6Al alloy was selected for
solution treatment at smaller time intervals. The microstruc-
tures are shown in Fig. 7. The arrows in the figures indicate
the directions of the lamellar phase, l indicates the length of
the lamellar phase, and b indicates the width of the lamellar
phase. The lamellar phase has not yet formed in the initial
stage of the solution treatment, as shown in Fig. 7(a) and
(b), which distributes inside the grain, and presents a short
line shape. As the solution treatment time increases to 7.5 h,
some linear lamellar phase grow into a rectangle shape and
exhibit reproducible morphology. This indicates that there is
a unique orientation relationship between the lamellar phase
and the matrix, which is (10−10)m‖(1−10)L (m represents the
�-Mg matrix, L represents the lamellar phase)[23,29], as shown
in Fig. 8. As the solution treatment time continues to increase
to 20 h, all the linear lamellar phase almost changed into
the rectangle lamellar and grew to thicker. When the solu-
tion treatment time reaches 35 h, the b of lamellar phase
becomes larger while the l of lamellar phase does not change
significantly. As the time extends to 50 h, the b of lamellar

phase distributing in the matrix further decreases, as shown
in Fig. 7(f), and some lamellar phases melt from the middle
resulting in the smaller l of lamellar phase.
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ig. 7 – The lamellar phase in Mg-9Gd-0.6Al alloy at differen

According to the above observation, the sketch map  of
amellar phase morphology after solution treatment at dif-
erent times can be shown in Fig. 9. The red arrows in
he figure represent the diffusion direction. There is a large
mount of (Mg, Al)3Gd, Mg5Gd and Gd element segregation
ones along the grain boundary in the as-cast Mg-9Gd-xAl
lloy. In the initial stage of solution treatment, the elements
d and Al begin to diffuse into the matrix and the linear

amellar phase appears when the composition meets the
equirements. When the solid solution treatment time is pro-

onged, the elements required for the lamellar phase assemble
n one side of linear lamellar phase, resulting in the lin-
ar forms growing into rectangle. As the solution treatment
ution time: (a) 1 h, (b) 3.5 h, (c) 7.5 h, (d) 20 h, (e) 35 h, (f) 50 h.

time is prolonged to 20 h, the length of the lamellar phase
is constant, the width is increased, and the particle size
is maximized. When the solution treatment time continues
to increase, the lamellar phase begins to dissolve into the
matrix, and breaks at the intermediate position of the parti-
cles. Meanwhile, the elements in the lamellar phase diffuse
toward the matrix, leading to a smaller width of lamellar
phase, even partial lamellar phase dissolved in the matrix
completely.

The Vickers hardness of Mg-9Gd-xAl at different solution

treatment time is shown in Fig. 10. With the extension of
the solution treatment time, the hardness of the alloy firstly
decreases and then rises slightly in same composition, reach-
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Fig. 8 – (a) TEM morphology of lamellar phase and corresponding diffraction pattern at the edge-on interface, yellow points
belong to Mg,  (b) HAADF-STEM image of the edge-on interface.

Fig. 9 – Lamellar phase formation diagram of M

Fig. 10 – The hardness of Mg-9Gd-xAl at different solution

treatment time (x = 0.4, 0.6, 0.8, 1.0, 3.0 wt.  %).

ing the lowest value around 20 h. In addition, as the Al content
increases, the Vickers hardness value of the alloy decreases.
In the initial stage of solution treatment, there are two
main factors to reduce the hardness of the alloy. On the
one hand, although according to the experimental princi-
g-9Gd-xAl alloy during solution treatment.

ple of Vickers hardness [30–32], the dispersed lamellar phase
will produce a distinct second phase strengthening, the large
number of lamellar phases form inside the alloy grains con-
suming Gd and Al in the alloy, which results in a decrease
in the solid solubility of the alloy matrix and a decrease in
hardness. Jiwu et al. [33] found that the saturated solid solu-
tion fraction resolves the metal phase, causing the degree of
supersaturation of the matrix to decrease, and resulting in a
decrease in the hardness of the 7055 alloy. When the solu-
tion treatment time reaches about 20 h, as show in Fig. 4,
the hardness of the alloy reaches the minimum value due
to the maximum volume fraction of the lamellar phase pre-
cipitated inside the grain. On the other hand, the (Mg, Al)3Gd
phase and the Mg5Gd phase are dissolved in the matrix dur-
ing the solution treatment lead to a greatly reduced of volume
fraction and size. Then, the strengthening effect from the
two phases on the hardness in the alloy is weakened. The
main factor to the improvement of hardness of the alloy is
that both the (Mg, Al)3Gd phase and the (Mg, Al)2Gd phase
are dissolved in the matrix as the solution treatment time
increases, which will increase the matrix solid solution atoms

and increase the lattice distortion. Therefore, the hardness
of Mg-9Gd-xAl alloy increases when solution treatment for
20–50 h.
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Fig. 11 – (a) Stress–strain curves of as-cast Mg-9Gd-xAl alloy, (b) stress–strain curves of Mg-9Gd-xAl alloy after solution
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reatment for 20 h and (c) the increase of ultimate tensile str

In addition, the atomic size difference between the Gd
toms and Mg  atoms causes the production of lattice dis-
ortion in the �-Mg  matrix resulting in the solid solution
ardening [34,35]. Although the size of Al atoms is similar

o Mg  atoms, the added Al element weakens the lattice dis-
ortion caused by the Gd element. This leads to the smaller
ardness value of the solid-solution state alloy in the larger of
l content.

While for the Mg-9Gd-3Al alloy, the hardness increases
teadily with the time of solution treatment (Fig. 10), which
s quite different from the other four alloys. This is because,
n the Mg-9Gd-3Al alloy, there is no lamellar phase formed
uring the solution treatment, the solid solution atoms (Al,
d) are dissolved into the matrix with the increase of time.
herefore, the hardness of the alloy is positively related to the
olution time.

Fig. 11(a) and (b) are the stress-strain curves of the Mg-9Gd-
Al alloys before and after solution treatment. The solution
reatment has a great influence on the Mg-9Gd-0.4Al, Mg-9Gd-
.6Al, and Mg-9Gd-0.8Al alloys as shown in Fig. 11(c). It is
ndicated that the Al element greatly improves the mechanical
roperties of the solid-solution state Mg-9Gd alloy. After solu-
ion treatment, the ultimate tensile strength of Mg-9Gd-0.6Al
lloy is the highest, which is 57% higher than that of as-cast
lloy. The increase value in ultimate tensile strength of Mg-
Gd-0.4Al alloy and Mg-9Gd-0.8Al alloy were 66 and 61 MPa,
espectively.

The strengthening mechanisms of the solution-treated Mg-
Gd-xAl alloy mainly contains solid solution strengthening
nd second phase strengthening. Since the Al content is differ-
nt, it is necessary to calculate the contribution value of solid
olution strengthening after adding the Al element. According
o the classical formula of solution strengthening, the con-
ribution of solid solution strengthening is related to the 2/3
ower of the solid solubility of Al in the alloy [36]. There-
ore, in the Mg-9Gd-xAl alloy, the contribution of solid solution
trengthening increases with the increase of Al content.

According to the principle of the second phase strengthen-
ng, the second phase distributed in the alloy greatly hinders
he dislocation slip, and the effect is dictated to the size and
olume fraction of the second phase. During the process of
ensile deformation, the lamellar phase inside the grain can

inder the movement  of dislocations to the grain boundary,
o the dislocations are entangled near the lamellar phase par-
icles. It results in the external force must be increased if the
h by solution treatment.

alloy continues to deform. Meanwhile, the (Mg, Al)3Gd phase
is partially dissolved and becomes dispersed in the form of
particles distributed near the grain boundary, which acts as a
pinning grain boundary. Therefore, the strength of the alloy is
significantly improved when the Al content is between 0.4 and
0.8 wt.%. Under the case of Al content more  than 0.8 wt.%,  only
a little lamellar phase formed in the alloy, and the (Mg, Al)3Gd
phase distributed at the grain boundary is still coarse after
20 h solution treatment. Consequently, the ultimate tensile
strength of Mg-9Gd-1Al alloy and Mg-9Gd-3Al alloy increase
less compared with the Mg-9Gd alloys with low Al content.

4.  Conclusions

(1) The Mg5Gd phase in the Mg-9Gd-xAl alloy disappears
during solution treatment. As the solution treatment time
increases, the fishbone or petal-like (Mg, Al)3Gd phase dis-
solves into the matrix, and the bulk Al2Gd has almost no
change. In addition, the lamellar phase is formed inside the
crystal grains after the solution treatment.

(2) The lamellar phase in the Mg-9Gd alloy appears at a
content of less than 1 wt.% of the Al element. As the solu-
tion treatment time increases, the lamellar phase eventually
dissolves in the matrix. According to the diffraction patterns
and TEM-EDS results, the lamellar phase can be determined
as (Mg, Al)2Gd phase.

(3) After solution treatment of Mg-9Gd-xAl alloy, the lamel-
lar phase inside the grain provides a strong second phase
strengthening effect. The tensile strength of Mg-9Gd-0.6Al
alloy is greatly improved, which is attributed to the com-
bined action of solid solution strengthening and second phase
strengthening.

Conflicts  of  interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
Acknowledgments

This work was supported by National Natural Science
Foundation of China (51704209, U1810208), Shanxi province



 o l . 2

r

treatment on hardness and conductivity of 7055 alloy. Chin J
11400  j m a t e r r e s t e c h n

scientific facilities and instruments shared service plat-
form of magnesium-based materials electric impulse aided
forming (201805D141005), Science and Technology Major
Project of Shanxi Province (20191102008, 20191102007,
20181101008), Natural Science Foundation of Shanxi Province
(201701D121045), The Projects of International Cooperation
in Shanxi (201803D421086) , Patent Implementation and
Promotion Project of Shanxi Province (20200718).

 e  f  e  r  e  n  c  e  s

[1] Gan Wei, Liu Chenfu, Lu Fuqin, et al. Study on surface
modification and properties of the AZ91D magnesium alloy
used for automobile engine. J Mater Res Technol 2020,
http://dx.doi.org/10.1016/j.jmrt.2020.03.084.

[2] Figueiredo RB, Langdon TG. Achieving superplastic
properties in a ZK10 magnesium alloy processed by
equal-channel angular pressing. J Mater Res Technol
2017;6(2):129–35.

[3] Cui Y, Li Y, Wang Z, Ding X, Koizumi Y, Bian H, et al. Impact
of solute elements on detwinning in magnesium and its
alloys. Int J Plast 2017;91:134–59.

[4] Lu L, Liu T, Chen Y, Wang Z. Deformation and fracture
behavior of hot extruded Mg alloys AZ31. Mater Charact
2012;67:93–100.

[5] Yu H, Xin Y, Wang M, Liu Q. Hall–Petch relationship in Mg
alloys: a review. J Mater Sci Technol 2018;34:248–56.

[6] Apps PJ, Karimzadeh H, King JF, Lorimer GW. Precipitation
reactions in magnesium-rare earth alloys containing
yttrium, gadolinium or dysprosium. Scr Mater
2003;48:1023–8.

[7] Bohlen J, Yi S, Letzig D, Kainer KU. Effect of rare earth
elements on the microstructure and texture development in
magnesium–manganese alloys during extrusion. Mater Sci
Eng  A 2010;527:7092–8.

[8] Mirzadeh H. Quantification of the strengthening effect of
rare earth elements during hot deformation of Mg-Gd-Y-Zr
magnesium alloy. J Mater Res Technol 2016;5(1):
1–4.

[9] Liu D, Yang D, Li X, Hu S. Mechanical properties, corrosion
resistance and biocompatibilities of degradable Mg-RE alloys:
a  review. J Mater Res Technol 2019;8(1):1538–49.

[10] Huang H, Miao H, Yuan G, Chen C, Zhang H, Pei J.
Deformation behavior and texture randomization of
Mg–Zn–Gd alloys reinforced with icosahedral quasicrystal.
Int J Mater Res 2017;108(6):455–64.

[11] Zhong L, Peng J, Sun S, Wang Y, Lu Y, Pan F. Microstructure
and thermal conductivity of as-cast and as-solutionized
Mg–rare earth binary alloys. J Mater Sci Technol
2017;33:1240–8.

[12] Nagarajan D. Anelasticity in cast Mg-Gd alloys. Mater Sci Eng
A  2017;695:14–9.

[13] Xu Y, Gensch F, Ren Z, Kainer KU, Hort N. Effects of Gd
solutes on hardness and yield strength of Mg alloys. Prog Nat
Sci: Mater Int 2018;28:724–30.

[14] Fang C, Liu G, Liu X, Hao H, Zhang X. Significant texture
weakening of Mg-8Gd-5Y-2Zn alloy by Al addition. Mater Sci
Eng A 2017;701:314–8.

[15] Kishida K, Inoue A, Yokobayashia H, Inuia H. Deformation
twinning in a Mg–Al–Gd ternary alloy containing precipitates
with a long-period stacking-ordered (LPSO) structure. Scr

Mater 2014;89:25–8.

[16] Pourbahari B, Mirzadeh H, Emamy M. Toward unraveling the
effects of intermetallic compounds on the microstructure
and mechanical properties of Mg–Gd–Al–Zn magnesium
 0 2 0;9(5):11392–11401

alloys in the as-cast, homogenized, and extruded conditions.
Mater Sci Eng A 2017;680:39–46.

[17] Pourbahari B, Emamy M, Mirzadeh H. Synergistic effect of Al
and Gd on enhancement of mechanical properties of
magnesium alloys. Prog Nat Sci: Mater Int 2017;27(2):
228–35.

[18] Raghavan V. Al-Gd-Mg (aluminum-gadolinium-magnesium).
J  Phase Equilib Diffus 2007;28:464–8.

[19] Wang X, Du W,  Liu K, Wang Z, Li S. Microstructure, tensile
properties and creep behaviors of as-cast Mg–2Al–1Zn–xGd
(x  = 1, 2, 3, and 4 wt.%) alloys. J Alloys Compd 2012;522:
78–84.

[20] Dai J, Easton M, Zhu S, Wu  G, Ding W.  Grain refinement of
Mg–10Gd alloy by Al additions. J Mater Res
2012;27(21):2790–7.

[21] Yokobayashi H, Kishida K, Inui H, Yamasaki M, Kawamura Y.
Enrichment of Gd and Al atoms in the quadruple close
packed planes and their in-plane long-range ordering in the
long  period stacking-ordered phase in the Mg–Al–Gd system.
Acta Mater 2011;59(19):7287–99.

[22] Kishida K, Yokobayashi H, Inui H, Yamasaki M, Kawamura Y.
The crystal structure of the LPSO phase of the 14 H-type in
the  Mg–Al–Gd alloy system. Intermetallics 2012;31(12):
55–64.

[23] Gu X-F, FuruharaGu T. Characterization of crystal structure
and precipitation crystallography of a new MgxAl2−xGd
phase in an Mg97Al1Gd2 alloy. J Appl Crystallogr 2016;49(4):
1177–81.

[24] Gu X. Near atomic row matching in the interface analyzed in
both direct and reciprocal space. Crystals 2020;10(3):
192–208.
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