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Abstract 

During the past decades, with the increasing demands in lightweight structural materials, Mg alloys with low density and high performance 
have been extensively investigated and partly applied in some industries. Especially when rare earth (RE) elements are added as major alloying 
elements to Mg alloys, the alloy strength and creep resistance are greatly improved, which have promoted several series of Mg-RE alloys. 
This paper reviews the progress and developments of high-performance Mg-RE alloys in recent years with emphasis on cast alloys. The main 
contents include the alloy design, melt purification, grain refinement, castability, novel liquid casting and semisolid forming approaches, and 
the industrial applications or trials made of Mg-RE alloys. The review will provide insights for future developments of new alloys, techniques 
and applications of Mg alloys. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

The research and application of Mg alloys have been put 
nto engineering practices for a long time since World War 
I, when aircrafts and missiles simply took advantages of 

g’s lightweight. However, the level of strength and creep 

esistance was not satisfactory until RE-containing Mg alloys 
ere developed in the late 1990s. With the coming of the 21st 

entury, various types of Mg-RE series alloys have been 

eveloped since Rocklin’s [1] first summarization of the 
echanical performance of Mg-RE binary alloys. In recent 

ears, new Mg-RE series alloys have received considerable 
esearches due to their low densities, high strengths and 
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reep resistances, good ignition proof ability and corrosion 

esistance. 
Quite contrary to the traditional Mg-Al series alloys, 

lloying with REs in Mg alloys brings several scientific and 

ndustrial problems into reality. For examples, the design 

trategy of the Mg-RE alloy is more complicated, which 

mploys various strengthening mechanisms especially precip- 
tation strengthening. The melt purification of Mg-RE alloys 
as extra problem of RE loss due to the chemical activities of 
Es. Grain refinement of Mg-RE alloys is easier through the 
ddition of Mg-Zr master alloy, but the settling of Zr particles 
auses the waste. Moreover, the commonly used die casting 

echnique for Mg-Al alloy is not applicable to Mg-RE alloys 
ecause it cannot exert the heat treatable potential, which has 
romoted new fabrication methods. In addition, although the 
se of RE increases the cost of Mg alloys, the applications 
f Mg-RE alloys in some key areas especially the aerospace 
nd defense areas have shown their irreplaceable advantages. 
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Fig. 1. Comparative illustrations showing the (a) yield strength and (b) ultimate tensile strength as a function of density for T6 heat-treated as-cast Al, Mg-Al, 
Mg-Zn and Mg-RE series alloys. Note that the data for Al, Mg-Al and Mg-Zn alloys are extracted from [3] and [4] , and the data for Mg-RE are mainly 
based on Table 1 and 2 . 
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Casting is the most fundamental technique for fabricating 

g alloy. A high quality of Mg casting usually includes the 
actors of melt cleanliness, castability, defect removal, and 

niformities in microstructures, grain size and properties etc. 
uch related work has already been done on the casting 

g-RE alloys, since Mg-RE alloys are the most promising 

igh-performance Mg alloys. It is also expected that the use 
f Mg-RE alloys will continue to be increased in the next 
ew decades. Therefore, the present paper will summarize 
oteworthy aspects related to the casting technique of Mg-RE 

lloys and applications of castings as follows: 
(i) recent developments of cast Mg-RE alloys with 

mphasis on Mg-Gd and Mg-Y alloys; 
(ii) melt purification methods and grain refinement 

echniques for Mg-RE alloys; 
(iii) precision liquid metal processing and semisolid 

orming techniques developed specifically for Mg-RE alloys; 
(iv) some real applications of Mg-RE in industries. 
This review provides the researchers and engineers with 

n overall understanding of current developments in high per- 
ormance Mg-RE cast alloys and new insights into future de- 
elopments. In addition, the development in Mg-RE wrought 
lloys can be referred to a recent review by Zhang et al. [2] .

. Development of high-performance MG-RE alloys 

Rare earth elements (REs) are generally classified into two 

roups, namely the light REs and heavy REs. The light REs 
re elements from La to Eu in the cerium group and heavy 

Es are elements from Gd to Lu in yttrium group. Due to 

imilar atomic structure and chemical behaviors, Sc and Y 

re two special cases that have always been classified into 

he light and heavy REs, respectively. Several Mg-RE system 

lloys, for instance, the Mg-Gd, Mg-Y, Mg-Nd, Mg-Dy, 
g-Sm and so on have been developed. The developed high- 

erformance Mg-RE alloys have shown relatively higher me- 
hanical properties and comparable densities to conventional 
g-Al or Mg-Zn series alloys, and relatively lower densities 
2 
nd comparable strengths to cast Al alloys. A schematic illus- 
ration on the YS and UTS as a function of density for light 
etals were shown in Fig. 1 . However, the Mg-Gd and Mg-Y 

lloys became the most studied ones due to their strong aging 

ardening abilities and potentials for real applications. Thus, 
his section will mainly focus on Mg-Gd and Mg-Y alloys. 

.1. Mg-Gd based alloys 

The solute limit of Gd in Mg is ∼23.5% at 548 °C (all 
he compositional percentage are weight percent other than 

pecified), and it can decrease to less than 3% at 200 °C, thus 
he precipitation strengthening effect from Gd is highly sig- 
ificant. In binary Mg-Gd system or ternary Mg-Gd- X ( x = Y 

5–10] , Sm [11 , 12] , Nd [13] , Zn [6 , 14–20] , Ag [21–23] ,
tc.) system, a prominent hardness increase can always be 
ade in peak-aged states when Gd content is approximately 

0%, and it is much higher than conventional Mg-Al alloys. 
 typical age hardening response of Mg-10Gd-3Y alloy at 
00 °C is comparatively shown with commercialized WE54 

lloy and AZ91D alloy in Fig. 2 [5] . 
The precipitation sequence of binary Mg-Gd alloys and 

ome ternary or quaternary Mg-Gd-REs system alloys is 
evealed to be: 

S.S.S.S. (Super saturated solid solution) → ordered G.P. 
ones → β’ ’ (D0 19 , Mg 3 Gd) → β’ (cbco, Mg 7 Gd) → β1 (fcc, 
g 3 Gd) → β (fcc, Mg 5 Gd) [24] . 
The peak hardness can be attributed to the precipitation 

f β’ phase with nanoscale and dense distribution, which is 
 metastable precipitate nucleated at the ( 11 ̄2 0 ) lattice plane 
prismatic plane, as shown in Fig. 3 ) and show a coherent 
nterface with the Mg matrix. Thus, a series of β’ strength- 
ned alloys were developed and showed relatively excellent 
oom temperature strength and heat resistance. The long been 

esearched Mg-10Gd-3Y-0.5Zr series alloys has been reported 

o show a yield strength (YS) of 220 ∼240 MPa, ultimate 
ensile strength (UTS) of 340 ∼380 MPa and elongation to 

ailure ( E f ) of 2 ∼4%, and other developed Mg-Gd-RE alloys 
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Fig. 2. Comparison of age hardening responses between typical Mg-RE alloy 
and conventional AZ91D alloy during iso-thermal aging treatment at 200 °C 

[5] . 
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uch as Mg-Gd-Sm [12] , Mg-Gd-Nd [13] alloys and qua- 
ernary Mg-Gd-Y-Nd alloys [25 , 26] also show comparative 
trengths (Note that the addition of Zr only contributes to 

rain refinement which will be discussed in Section 3.3.1 ). 
Alloying with the third element in Mg-Gd system, the pre- 

ipitation sequence would be quite different. In the Mg-Gd-Zn 

ystem, apart from the aforementioned precipitation sequence 
n prismatic plane of Mg matrix, a precipitation sequence can 

lso be found in the basal plane of Mg matrix as follows: 
S.S.S.S . → γ ” ( hcp , Mg 70 Gd 15 Zn 15 ) → γ ’ ( hcp , Mg-

dZn) → γ ( hcp , Mg 12 GdZn). 
The strengthening effect of β’ and γ ” precipitates (as 

hown in Fig. 3 ) together with the long period ordered 
Fig. 3. Schematic diagrams showing (a) basal plane precipitates 

3 
tacking (LPSO, please find details in Section 2.2 ) phases 
onsequently lead to the development of Mg-Gd-(RE)-Zn 

lloys. For instance, the Mg-17.4Gd-1.1Zn-0.6Zr alloy can 

chieve a YS of 278 MPa and UTS of 405 MPa [15] . Simi-
arly, in the Mg-Gd-Ag system, the reported highest strength 

f YS 328 MPa and UTS 423 MPa can be achieved in the 
g-15.6Gd-1.8Ag-0.4Zr alloy under peak-aged condition. 

he strength contribution to the final yield strength can 

ainly be attributed to the co-precipitation of prismatic β’ 
nd basal γ ” precipitates. The room temperature tensile 
trengths of recently developed Mg-Gd based alloys prepared 

y various casting methods and heat treatment procedures 
re listed in detail in Table 1 . 

.2. Mg-Y based alloys 

Before Y was chosen as the major alloying element, 
E22 (Mg-2.5%Ag-2.1%RE-0.6%Zr) alloy developed by 

agnesium Elektron Ltd. had long been used in aerospace 
uch as aircraft engine intermediate compressor casing and 

enerator housings [28] . The presence of RE (or Th, but Th 

ith radioactivity) and Ag improved elevated temperature 
trength of Mg alloy. However, QE22 has higher cost and 

orse corrosion resistance caused by Ag. Thereafter, alloying 

ith Y had attracted much researches because Y shows 
elatively higher solubility in Mg matrix (the solute limit 
f Y in Mg is ∼12.8% at 552 °C) and strong precipitation 

trengthening potentiality. Similar to Mg-Gd alloy, precipi- 
ation hardening promotes the development of Mg-Y series 
lloys. The precipitation sequence of Mg-Y alloy is quite the 
ame to that in the Mg-Gd alloys. 
and (b) prismatic plane precipitates in Mg-RE alloys [24] . 
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Table 1 
Reported mechanical properties of Mg-Gd based alloys. 

Series Composition (wt.%) Condition Tensile properties Heat treatment parameters Ref. 

UTS (MPa) YS (MPa) E f (%) 

Mg-Gd-Y Mg-6Gd-3Y-0.4Zr PM-T6 331 198 7.8 500 °C ×8 h + 200 °C ×80 h [5] 
Mg-8Gd-3Y-0.4Zr PM-T6 362 222 7.6 500 °C ×8 h + 200 °C ×80 h [5] 
Mg-10Gd-2Y-0.4Zr PM-T6 362 239 4.7 490 °C ×8 h + 225 °C ×16 h [5] 
Mg-10Gd-3Y-0.4Zr PM-T6 370 241 4.1 500 °C ×8 h + 225 °C ×16 h [5] 
Mg-12Gd-3Y-0.4Zr PM-T6 328 246 1.1 500 °C ×8 h + 225 °C ×16 h [5] 
Mg-10.4Gd-3.3Y-0.46Zr PM-T6 348 237 3 500 °C ×6 h + 225 °C ×16 h [6] 
Mg-10Gd-1Y-Zr PM-T6 215 135 12 525 °C ×10 h + 250 °C ×12 h [7] 
Mg-10Gd-3Y-Zr PM-T6 235 152 6.5 525 °C ×10 h + 250 °C ×12 h [7] 
Mg-10Gd-5Y-Zr PM-T6 300 285 ∼1 525 °C ×10 h + 250 °C ×12 h [7] 
Mg-10Gd-3.74Y-0.25Zr PM-T6 325 268 5.1 525 °C ×6 h + 225 °C ×24 h [8] 
Mg-10Gd-3.74Y-0.25Zr LF-T6 285 265 4.1 525 °C ×6 h + 225 °C ×24 h [8] 
Mg-10Gd-3.3Y-0.41Zr SQC-T6 383 264 1.5 480 °C ×8 h + 225 °C ×16 h [9] 
Mg-6Gd-3Y-0.5Zr v HPDC 248 173 17.5 as-cast [27] 
Mg-10Gd-3Y-0.8Al PM-T6 353 227 3.5 520 °C ×6 h + 550 °C ×7 h + 200 °C ×48 h [10] 
Mg-10Gd-3Y-0.8Al PM-T6 301 213 12.1 520 °C ×6 h + 550 °C ×7 h + 225 °C ×32 h [10] 

Mg-Gd-Sm Mg-6Gd-2Sm-Zr PM-T6 230 108 19.8 500 °C ×4 h + 225 °C ×32 h [12] 
Mg-8Gd-2Sm-Zr PM-T6 329 195 7.7 500 °C ×5 h + 225 °C ×8 h [12] 
Mg-10Gd-2Sm-Zr PM-T6 347 237 3.2 500 °C ×6 h + 225 °C ×4 h [12] 

Mg-Gd-Nd Mg-6Gd-2Nd-Zr PM-T6 342 182 7.9 500 °C ×6 h + 200 °C ×24 h [13] 
Mg-8Gd-2Nd-Zr PM-T6 342 200 5 515 °C ×4 h + 225 °C ×12 h [13] 
Mg-11Gd-2Nd-Zr PM-T6 353 224 3.7 525 °C ×4 h + 250 °C ×2 h [13] 

Mg-Gd-(RE)-Zn Mg-10Gd-3Y-1.2Zn-0.4Zr PM-T6 330 230 3 525 °C ×72 h + 225 °C ×16 h [14] 
Mg-10Gd-3Y-1.0Zn-0.4Zr PM-T6 364 253 2 500 °C ×10 h + 225 °C ×16 h [6] 
Mg-17.4Gd-1.1Zn-0.6Zr PM-T6 405 278 2.5 500 °C ×12 h + 225 °C ×8 h [15] 
Mg-14Gd-3Y-1.8Zn-0.5Zr PM-T6 366 230 2.8 520 °C ×10 h + 225 °C ×16 h [16] 
Mg-6.5Gd-2.5Dy-1.8Zn PM-T6 392 295 6.1 510 °C ×10 h + 215 °C ×109 h [17] 
Mg-2.5Gd-1.0Zn-0.16Zr (at.%) SCC-T6 366 260 3.3 500 °C ×10 h + 200 °C ×128 h [18] 
Mg-14Gd-2Zn-0.5Zr PM-T6 404 292 5.3 520 °C 12 h + 200 °C /64 h [19] 
Mg-15Gd-1Zn-0.4Zr PM-T6 405 288 2.9 500 °C ×2 h + 520 °C ×12 h + 200 °C ×65 h [20] 

Mg-Gd-(RE)-Ag Mg-18.2Gd-1.9Ag-0.3Zr PM-T6 414 293 2.2 490 °C ×10 h + 200 °C ×36 h [21] 
Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr PM-T6 403 268 4.9 500 °C ×10 h + 200 °C ×32 h [22] 
Mg-15.6Gd-1.8Ag-0.4Zr PM-T6 423 328 2.6 480 °C ×18 h + 500 °C ×8 h + 200 °C ×32 h [23] 

∗ PM: permanent mold gravity cast, LF: lost foam cast, SQC: squeeze cast, v HPDC: vacuum high pressure die cast, SCC: semi-continuous cast. 

Table 2 
Reported mechanical properties of Mg-Y based alloys. 

Series Composition Condition Tensile properties Heat treatment parameters Ref. 

UTS (MPa) YS (MPa) E f (%) 

Mg-Y-RE Mg-3.5Y-2Nd-1.3Gd-0.4Zr PM-T6 345 196 ∼7 525 °C ×8 h + 200 °C ×96 h [29] 
Mg-4Y-4Sm-0.5Zr PM-T6 348 217 6.9 525 °C ×8 h + 200 °C ×16 h [30] 
Mg-10Y-2.5Sm PM-T6 216 – 3.5 540 °C ×6 h + 250 °C ×2 h [31] 
Mg-3.4Y-1.9Nd-0.9Gd-0.4Zr SGC-T6 312 202 6.2 525 °C ×8 h + 200 °C ×136 h [32] 
Mg–3.0Y–2.5Nd–1.0Gd–0.5Zn–0.5Zr PM-T6 324 186 9.7 [33] 
Mg–3.0Y–2.5Nd–1.0Gd–0.5Zn–0.5Zr SGC-T6 320 192 7.2 [33] 

Mg-Y-(RE)-Zn Mg-4.3Y-3Nd-1.2Gd-0.2Zn-0.5Zr SGC-T6 316 214 4.4 525 °C ×6 h + 225 °C ×40 h [34] 
Mg-4Y-2.4Nd-0.2Zn-0.4Zr PM-T6 330 265 6.5 500 °C ×6 h + 225 °C ×16 h [35] 
Mg-4Y-2.4Nd-0.2Zn-0.4Zr PM-T6 339 268 4.0 500 °C ×6 h + 200 °C ×64 h [35] 
Mg-11Y-5Gd-2Zn-0.5Zr PM-T6 307 240 1.4 535 °C ×20 h + 225 °C ×24 h [38] 

∗SGC: Sand mold gravity casting. 
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The Mg-Y-Nd ternary alloy has long been studied due to 

ts combined precipitation strengthening and good ductility. 
wo commercial series Mg-RE alloys, WE43 and WE54 

lloys, were developed which possessed good properties up 

o 250 °C and 300 °C respectively. The WE43 alloy retains 
ts properties at high temperature far in excess of 5000 h, 
4 
hereas WE54 retains its properties at high temperatures for 
p to 1000 h [28] . Other Mg-Y- X ( X stands for Sm, Gd, Zn,
tc.) alloys [29-35] were also reported to exhibit high strength 

as shown in Table 2 ). For instance, the Mg-4Y-4Sm-0.5Zr 
lloy [30] can obtain comparable yield strength to that of 
E43 alloy with nearly the same REs content. 
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Fig. 4. TEM bright field micrographs at (a) the grain boundary of as-cast Mg- 
1Zn-2Y (at.%) alloy, and selected area diffraction patterns along 〈 11 ̄2 0 〉 Mg 
direction showing (b) the 18-R structured LPSO phase and (c) 2H-Mg with 
lots of stacking faults. (d and e) HRTEM and HAADF STEM images, respec- 
tively, revealing the stacking ordered as well as chemically ordered LPSO 

structure [37] . 
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As indicated in Section 2.1 , the LPSO phase can be 
ormed in Mg-RE alloys by alloying with Zn, Cu, Co or Ni 
36] , and was mainly segregated at grain boundaries (typical 
EM structure of LPSO phase as shown in Fig. 4 [37] ). 
he developed microstructure provides scientists insights that 
PSO-containing Mg-RE alloy might be a new candidate for 
reep resistant Mg alloy. Therefore, the Mg-11Y-5Gd-2Zn- 
.5Zr alloy [38] was developed. The solute REs contents 
ctually exceed the real solubility limits, and the insoluble 
Es reacts with Zn forming the LPSO phase to strengthen 

he grain boundaries. 

. Castability, purification and grain refinement of 
G-RE alloys 

During melting process of Mg alloys, many key factors 
hould be considered such as castability, molten metal reac- 
5 
ivity and grain structure control. This section will describe 
hese three aspects of Mg-RE alloys. Other issues related 

o melting process was not introduced here due to limited 

pace. 

.1. Castability 

According to Mordike [39] , castability of Mg-RE-(Zn)-Zr 
lloys containing elements such as Zn, RE, Ag and Y do 

ot present any problems, which is because of the extremely 

fficient grain refining effect of Zr combined with relatively 

igh volume fractions of eutectic phase. At present, the 
eports on castability of Mg-RE alloys are relatively few due 
o their good castabilities. However, for the castings with 

arge-size and complex structure made from Mg-RE alloys, 
he mold filling characteristics should be taken into account. 
he spiral mold filling test is capable of ranking different 
lloys in a relative way, the typical casting is shown in 

ig. 5 (a) and (b) [40] . Li et al. [40] investigated the effect 
f pouring temperature, mold preheating temperature and 

ame-retardant content in molding sand on the fluidity of 
and-casting Mg-10Gd-3Y-Zr alloy. The increase of pouring 

emperature leads to decrease of fluidity if the pouring tem- 
erature is higher than 750 °C (as shown in Fig. 6 (a)). The 
se of flame retardant in molding sand can generally lead to 

nhancement of fluidity of the Mg-RE alloy. The increases 
f mold pre-heating temperature lead to improvements in 

uidity (as shown in Fig. 6 (b)) while also leads to coarsening 

f grains. The use of reclaimed sand was also studied as a 
oute to achieve effectively economic and environmentally 

riendly use of raw materials in engineering practice. Li et al. 
41] found that addition of 0 ∼20% reclaimed sand to the 
ew sand showed limited detrimental effect to the molding 

and when considering the strengths and residual stress. 
uang et al. [42] showed that the fluidity of Mg-Nd-Zn-Zr 

lloy cast by permanent mold depended on the pouring 

emperature and mold temperature. A better fluidity could 

e obtained when pouring and mold temperatures were 
ithin 760 ∼790 °C and above 350 °C for NZ30K alloy, 

espectively. 
Huang [43] investigated the effect of flux refining, pouring 

emperature and mold types on the fluidity of Mg-10Gd- 
Y-Zr Mg alloy. It was shown that spiral length could be 
ncreased from 780 mm to 1270 mm by flux refining, or 
rom 595 mm to 995 mm by increasing pouring temperature 
rom 690 °C to 770 °C, respectively. The mold made from 

ectorial sand was found to improve the fluidity than iron 

old. These findings are very useful for industrial engineers 
ince the Mg-Gd-Y alloy is normally used as low pressure 
and cast components (please find details in Section 4.1.1 ). 

Another very important factor belonged to castability such 

s hot tearing susceptibility (HTS) of Mg-RE alloy can be 
eferred to a recent review work by Song et al. [44] . Huang 

43] investigated the HTS of Mg-10Gd-3Y-Zr alloy with 

onstrained rod method (as shown in Fig. 5 (c) and (d)). 
g-10Gd-3Y-Zr alloy was found to have a much lower HTS 

value 8) than that of AZ91D alloy (value 32). 
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Fig. 5. Photograph of (a) three spirals mold used to evaluate fluidity and (b) typical casting [40] ; and (c) hot crack rod mold and (d) typical casting [43] . 

Fig. 6. The influence of (a) pouring temperature and (b) mold pre-heating temperature together with or without the use of flame retardant in molding material 
on fluidity of sand cast GW103K alloy. [40] . 
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.2. Melt purification of MG-RE alloys 

.2.1. Importance of purification 

During melting process, the high activity of Mg makes 
he alloy melt easily burned by absorbing O 2 or moisture 
nd contaminated by forming inclusions, which implies that 
he ignition proof work and purification work is greatly 

ecessary. The burning can be prevented by special flux and 

rotective gas such as SF 6 + CO 2 . However, the inclusions are 
ard to avoid, and should be removed by various purification 
ethods. m

6 
Nonmetallic inclusions are easily produced during melting 

f Mg alloy, among which MgO inclusion is the most com- 
on one. Non-metallic inclusions decrease the metal fluidity, 
hich could result in poorer castability by changing the solid- 

fication parameters [39] . Fig. 7 shows the example of typical 
onmetallic inclusions in Mg-10Gd-3Y-0.5Zr (GW103K) 
g-RE alloy. The inclusions exhibit spherical, bar-shape and 

rregular morphologies, which are believed to be harmful. 
he inclusions cut off the continuity of the matrix, cause 
tress constrain, supply flaw recourses and thus damage the 
echanical properties and corrosion resistance seriously [45] . 



G. Wu, C. Wang, M. Sun et al. Journal of Magnesium and Alloys 9 (2021) 1–20 

Fig. 7. Morphology and distribution of nonmetallic inclusions in GW103K alloy [45] . 

Fig. 8. The route for Mg alloy purification. 
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etallic inclusions, such as Fe, Ni and Cu, as impurity ele- 
ent, can be introduced not only from the raw materials but 

lso from the use of Fe crucible (especially after the coating 

n crucible being destroyed at high temperature). Even with 

 small amount, impurity elements especially Fe can severely 

eteriorate the corrosion resistance of magnesium alloys 
46] . Moreover, H 2 gas can be absorbed into Mg alloy when 

he heating of flux is not enough or the environment is wet 
uring melting. Gas induced porosities are a serious defect 
f Mg alloys, because the local solidification rate is lower in 

uch gas regions, leading to shrinkage porosity [47] . From 

hese analyses, it can be seen that melt purification is very 

mportant during melting of Mg-RE alloys. 
In addition, in die-casting operations of Mg alloy, around 

0% of the melt is converted into scraps which contain bis- 
uits, sprues, runners, flash, overflows, dross, sludge, scrap 

arts and so on. These scraps can be recycled for re-use 
hen suitable purification technology is adopted. Fig. 8 plots 

he route for Mg alloy purification. 

.2.2. Methods of purification 

During the past decades, various purification methods 
ave been developed, such as flux purification, non-flux 

urification and complex purification methods [48] . 
7 
(i) Flux purification. Flux purification is a very old but ef- 
ective method. In this process, nonmetallic inclusions can be 
etted, absorbed by the special flux containing MgCl 2 , and 

hen form MgCl 2 • 5MgO compounds sinking to the bottom of 
rucible [49] . However, rare earth elements, such as Gd and Y, 
an react with MgCl 2 , which results in the loss of RE. There- 
ore, special refining agents with the addition of GdCl 3 [45] or 
Cl 3 [50] have been developed to suppress/compensate the 

oss of Gd or Y. The “suppression mechanism” could be as- 
ribed to the decline in Gibbs free energy which slows down 

he rate of reaction between MgCl 2 and Gd [45] or Y [50] . 
(ii) Non-flux purification. It includes filtration purification, 

as bubbling purification and so on, in which the flux is 
ot used. The most effective one is to use filter as shown in 

ig. 9 [50] . Due to the complex net inside, the filter absorbs 
r captures the inclusions very effectively. Among the filters, 
eramic foam filter (CFF) has been widely used because it 
s easily operated ( Fig. 9 ). 

Gas bubbling is a new method with a much higher ability 

o degas and remove inclusion, as shown in Fig. 10 [51] . The 
urification mechanism can be explained by Fig. 11: the inclu- 
ion approaches the gas bubble ( Fig. 11 (a)); collision occurs, 
nd a thin liquid melt film builds up ( Fig. 11 (b)); inclusion os-
illation and sliding on the surface of the bubble ( Fig. 11 (c)); 
nclusions attach to the bubble surface, then float up or slide 
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Fig. 9. Various kind of filters used in casting process of Al melt [50] . Among them, CFF has already been used in Mg melt, and it is also expected that other 
filters could be used in Mg melt. 

Fig. 10. Schematic drawing of rotating impeller gas bubbling system [51] . 

a  

v
p
i
r
a
i

c
t
s
c
e
(

Fig. 11. Process of inclusion removal by gas bubble floatation ( u b bubble 
floating velocity; u aggregate aggregation floating velocity; and TPC three-phase 
contact). The detailed explanations for each sub-figure can be found in the 
above texts [51] . 
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way and detach ( Figs. 11 (d) and (e)). Mei et al. [51] in-
estigated the effects of rotating gas bubble stirring process 
arameters (Ar flow rate, time, and rotating speed) on purify- 
ng effectiveness of sand-cast Mg-10Gd-3Y-0.5Zr alloy. The 
esults show that too high or too low Ar flow rate is unfavor- 
ble for inclusion-removal, and a high rotary speed of spray- 
ng gas is helpful to improve the inclusion-removal efficiency. 

(iii) Complex purification. This method is not new be- 
ause it just combines different kinds of purification method 

ogether, and is reported to be more efficient than traditional 
ingle method. For example, flux purification method can be 
ombined with gas bubbling or filtration purification. Mei 
t al. [52] reported that the new complex refining method 

flux plus rotating gas bubble stirring) can significantly 
8 
ecrease the volume fraction of inclusions from 0.47% to 

.28%, which then improves the mechanical properties. 
At present, the work on purification of Mg-RE alloy is 

elatively less than that of Mg-Al alloy, which is partly 

ecause that RE itself has certain ignition-proof effect and 

urification effect. This helps reduce the inclusion amount 
uring melting. However, new purification methods still need 

o be developed aiming at the application in large-scale 
elting of Mg-RE alloy in industry production. 

.3. Grain refinement of MG-RE alloys 

.3.1. Addition of ZR 

The HCP crystal structure of Mg results in poor ductility 

nd formability at room temperature. Thus, the grain refine- 
ent work is very important. For Mg-RE alloys, the most 
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Fig. 12. Growth morphologies of Zr-rich halos in: (a) Mg-0.55Zr, and (b) Mg-0.32Zr alloys [57] . 

Fig. 13. Optical microstructure of Mg-10Gd-3Y alloy refined by various Al contents: (a) 0%, (c) 0.62%, (e) 1.08%, and (f) variation in grain size [67] . 
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ffective grain refiner is Zr [53 , 54] , which was discovered 

n 1930s. This is totally different from the grain refinement 
f Mg-Al alloys, because Al can react with Zr removing 

he grain refinement effect of Zr. At present, Zr is normally 

dded through the Mg-Zr master alloy to avoid the difference 
f melting point between Zr (1852 °C) and Mg (650 °C). 
he mechanisms of grain refinement by Zr have been well 
nderstood. Zr has the same HCP crystal structures with Mg, 
nd the small lattice disregistry between Zr ( a = 0.323 nm, 
 = 0.514 nm) and Mg ( a = 0.320 nm, c = 0.520 nm) makes Zr
n ideal heterogeneous nucleating substrate for Mg [53 , 55] . 
he peritectic reaction at 654 °C for a saturated Zr content 
f 0.58% [55] plays an important role in grain refinement, 
hich shows that zirconium-rich phase precipitates from the 

iquid and reacts with magnesium to form an magnesium 

hase [55 , 56] . This peritectic reaction can be well justified 
9 
y the Zr-rich haloes observed in the microstructure as shown 

n Fig. 12 [57] . However, recent study has shown that, even 

t a much lower Zr content (far below the peritectic point), 
ignificant grain refinement effects can also be achieved. This 
an be explained by the strong constitutional supercooling 

ffect (i.e. growth restriction factor, GRF). The soluble Zr 
enerates a very high GRF value (38.29) compared with 

ost of other elements (normally around 1 ∼6) in Mg [53] . 
Grain refining effect of Zr on Mg-RE alloy can be in- 

uenced by the cooling conditions due to the interactions 
mong thermal supercooling, constitutional supercooling 

nd nucleation events. Pang et al. [58] found that, as the 
ooling rate increased from 0.7 °C to 3.6 °C, the grain size 
f sand mold cast Mg-10Gd-3Y-0.5Zr alloy was decreased 

rom 59 μm to 39 μm, and the hardness and tensile strengths 
ere increased continuously. Pang et al. [59] also found that 
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Fig. 14. Typical SEM microstructure of Mg-10Y-1Al alloy showing the grain 
refining substrate Al 2 Y phase (particle A) [66] . 
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he increase of pouring temperature from 680 °C to 750 °C 

n sand mold casting lead to the increase in nucleation 

ndercooling of α-Mg phase from 2.3 to 6.3 °C through 

he computer aided cooling curve analysis [60 , 61] , which 

ventually increased the grain size from 44 μm to 71 μm. 
evertheless, grain coarsening was recently found to occur 

n Mg-Y alloy refined by Zr at cooling rate above 160 K/s 
62] . Explained by the Interdependence model, the size of the 
onstitutionally supercooled zone was reduced by the higher 
hermal gradient and this effect promoted the continued 

rowth of grains rather than further nucleation events. 
The most serious problem during Zr alloying is the 

ettling of Zr particles. Because the density of Zr (7.8 g/cm 

3 ) 
s much higher than Mg (1.7 g/cm 

3 ), Zr particles quickly 

ettles down to the bottom of crucible during melting of 
g alloy according to Strokes’ law, which finally causes 

he loss of expensive Zr element and even grain coarsening 

63] . Therefore, the development of a better Mg-Zr master 
lloy is necessary, and when the particle size distribution 

s confined to be within 1 ∼5 μm, the utilization rate and 

rain refinement effect of Zr is more satisfactory [64] . In 

ddition, in order to avoid the settling of large Zr particles, 
ther method for alloying with Zr has also been tried, such 

s K 2 ZrF 6 -KCl-NaCl salts mixture [65] . The mixture also 

howed good refinement effect. However, the inclusions 
emaining in the melt are difficult to remove. If the salt route 
s used, an efficient purification flux should be developed. 

.3.2. Addition of Al 
Recently, Al has been reported to be a promising grain 

efiner for Mg-RE alloy. A small addition ( ∼1%) of Al is 
nough for significant grain refinement effect on Mg-RE 

lloy. The mechanism for grain refinement is attributed to the 
ormation of active nucleating Al 2 RE particles, such as Al 2 Y 

66] , Al 2 Gd [67] , Al 2 Sm [68] , and Al 2 Ce [69] . Fig. 13 is an
xample showing the effect of Al content on grain refinement 
f Mg-10Gd-3Y alloy, which shows the grain size can be 
efined from ∼200 to ∼20 μm [67] . Fig. 14 shows the 
orphology of active nucleating Al 2 Y particles [66] . The 

ptimum size of active Al 2 Y nucleation particles correspond- 
ng to the most effective grain refinement for Mg-10 wt.% Y 

ast alloy is 6 ∼6.5 μm. In general, Al 2 Y particles that are 
10 
maller than 2 μm do not act as heterogeneous nucleation 

ites. Moreover, cooling rate was reported to influence the 
ize and number density of Al 2 Y particles, which finally 

nfluenced the grain refinement efficiency [67] . This means 
hat for castings with large sizes in factory, the efficiency of 
rain refinement by Al should be carefully investigated since 
he cooling rate may vary between each position. 

. Materials fabrication or processing of MG-RE alloys 

.1. Precision liquid processing for MG-RE alloys 

With an aim to eliminate or reduce the additional energy 

r material costs in cutting and surface machining of casting 

omponents, the pursue of net shape forming or near net 
hape forming has raised the rapid development of precision 

iquid processing techniques. Conventionally, Mg-RE alloy 

astings are fabricated by steel mold (permanent mold) or 
and mold based gravity casting. The uprising development 
f precision liquid processing of Al and Mg-Al series alloys 
lso draw attentions to the Mg-RE alloys regime, which 

ncludes low pressure sand cast (LPSC), high pressure die 
ast (HPDC) and squeeze cast (SQC), etc. 

.1.1. Low pressure sand cast 
The need for clean Mg alloy melt (without casting defect) 

s well as complex structures are increasingly important 
n engineering practice. Low pressure sand casting (LPSC) 
echnology are meeting these requirements while with a loss 
f productivity. The Mg alloy melts are prone to oxidation, 
nd as mentioned in Section 3.1 , the purification of Mg alloy 

elt is tougher than Al alloy melt due to the inclusions 
eing always denser than the environmental melts. Hence, 
he effects in preventing melt contamination is essential in 

he fabrication process. Low pressure sand casting utilizes 
he applied gas pressure to push the alloy melt to flow 

ntigravity into the gating system of the mold through a 
ubmerged ceramic pipe at the middle of the alloy melt tank 

as shown in Fig. 15 (a) [70] ). The quality of the Mg-RE 

lloy melt is thus promised by the process. Furthermore, the 
asting components with large size and thin-walled complex 

tructures can be fabricated through LPSC process due to the 
exibility of sand mold core and cavity. The Mg-RE castings 
ith maximum length of 1700 mm and minimum thickness 
f 2 ∼5 mm were successfully fabricated by LPSC (as shown 

n Fig. 15 (b) [70] . The success in fabricating thin-walled 

asting components are proofs that the antigravity melt 
ow and exerted pressure during solidification are beneficial 

o obtain sound surface quality, high dimension accuracy 

nd less of shrinkage microporosity. The study on LPSC 

g-6Gd-3Y-0.5Zr alloy by Zhou et al. [71] through the 
iyama criterion found that exerting of holding pressure can 

ffectively reduce the amount of shrinkage microporosity. 
herefore, the mechanical strengths, including the quasi-static 

ensile strength and high cycle fatigue strength of LPSC Mg- 
E alloys were improved when compared with conventional 
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Fig. 15. Schematics of (a) the low pressure sand cast facility and (b) the simplified illustration of Mg-RE alloy casting with large size and thin-walled complex 
structures [70] . 
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ravity casting, and the application of LPSC in aerospace 
rea has been the main application of Mg-RE alloy. 

In the LPSC process, the processing parameters, for 
nstance, pouring temperatures, cooling conditions, holding 

ressure, mold pre-heating temperature and the sand mold 

aterials, etc., are crucial factors. These factors can influence 
he solidification behavior, the as-cast microstructures and 

ollowing heat treatment procedures and mechanical proper- 
ies of the final castings. There is no doubt that such casting 

arameters are really important in engineering practice, while 
ystematic study on the parameters is not available from 

ublished works. A similar study by Fu et al. [72] on low 

ressure die cast AM60 alloy can partly show how these 
arameters may affect the casting process. 

Due to the relatively low cooling rates during solidifica- 
ion, the heat treatment procedures of LPSC Mg-RE alloys are 
uite varied with conventional permanent steel mold cast. The 
6 heat treatment parameter of LPSC GW103K alloy is solu- 

ion heat treatment at 525 °C for 6 h followed by aging treat- 
ent at 250 °C for 10 h, while it is 500 °C ×6 h and followed

y 225 °C ×16 h for permanent steel mold cast counterpart 
73 , 74] . The consequent coarser grains in LPSC Mg-Gd-Y al- 
oy lead to a slight decrease of room temperature YS, while a 
ignificant improvement of UTS and E f . The elevated temper- 
ture strengths [75] and high cycle fatigue strengths [76] were 
lso improved in LPSC castings. Other trials in LPSC Mg- 
Nd-0.2Zn-0.4Zr [77] and Mg-4Y-2Nd-1Gd-0.4Zr [78 , 79] al- 
oys also confirmed similar conclusions by the analysis of 
eat treatment procedures, tensile and fatigue properties. 

.1.2. High pressure die cast 
HPDC is a kind of near-net shape forming technique, 

hich utilize a relatively small amount of alloy melt and 

eave nearly no space for further cutting processing. The 
dvantages of HPDC technique include: (1) the relatively 

igher productivity of the operation procedures, (2) the 
elatively higher cooling rates allowing finer microstructure 
nd better mechanical performance, (3) good surface quality, 
11 
hape and dimension accuracy, and (4) highly automated 

achine and environmental friendly. 
Mg alloy melt shows a relatively good fluidity at temper- 

tures with ∼100 °C superheating. Hence, the castability of 
g alloys is promised [80] . The alternation from engineering 

lastics to thin-wall Mg castings has thus been developed 

n the 3C industries for decades, which moves forward to 

he rapid development of HPDC Mg parts or components. 
he HPDC Mg-Al and Mg-Al-RE alloys such as AZ91 and 

E42 [81] have long been researched and much progresses 
ere made towards engineering applications. For Mg-RE 

lloys, efforts have been made in Mg-Gd-Dy-Zr [82] , Mg- 
a-RE (Nd, Y or Gd) [83] and Mg-Nd-Zn-Zr [84] alloys by 

onventional HPDC. However, the HPDC Mg-RE castings 
annot be further strengthened by solution heat treatment, 
ecause the entrapped porosities during HPDC process may 

ead to surface blistering during subsequent heat treatments. 
hus, the age-hardening effect cannot be exerted. 

Recently, vacuum assisted HPDC has made it possible to 

llow HPDC Mg-RE alloy castings to undergo a moderate 
evel of heat treatment due to the reduction of porosities. 
ig. 16 [85] shows an example of vacuum assisted HPDC sys- 

em designed by BCAST at Brunel Univ. Li et al. [27] showed 

hat vacuum assisted HPDC Mg-6Gd-3Y-0.5Zr castings can 

e solution heat treated at 475 °C for 2 h [27] , which allow 

 relatively huge quantity of age hardening potentiality. The 
oom temperature YS, UTS and E f of Mg-6Gd-3Y-0.5Zr alloy 

ere greatly improved from 143 MPa, 196 MPa and 3.7% 

n conventional HPDC to 173 MPa, 248 MPa and 17.5% in 

acuum HPDC counterparts, respectively. However, the vac- 
um assisted HPDC casting may not been widely promoted 

f considering the relatively high cost and low productivity 

hen compared with conventional HPDC. The other reason 

or the slow development of HPDC Mg-RE alloys may lie in 

he external solidified crystals and the skinning effect cannot 
e eliminated. The external solidified crystals will cause un- 
redicted failure of casting at surface or inner area, and the 
kinning effect will lead to a segregation of REs at casting 

urfaces and harmful to the overall mechanical performances. 
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Fig. 16. The setup of two-stage super vacuum assisted HPDC system by BCAST [85] , (a) one channel at shot sleeve and (b) one channel at the top of die 
cavity, and (c) the cross section of die-set showing the location of round tensile test samples designed according to ASTM B557. 

Fig. 17. Schematic illustration showing the indirect squeeze casting process: (a) molten alloy was poured into heated sleeve after the sleeve has tilted, (b)-(c) 
sleeve was moved back to its original position and rose to cooperate with mold, (d) punch rose fast until molten alloy got to flow gate, and (e) molten alloy 
was slowly filled to cavity and solidified under pressure [88] . 
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.1.3. Squeeze cast 
Squeeze casting combines casting and forging into a single 

tep by applying pressure during solidification of the alloys 
 Fig. 17 ). The superimposed pressure limits gas entrapment 
uring die filling, thereby allowing for subsequent solution 

reatment of the alloys. Moreover, the application of an exter- 
al pressure during solidification provides several advantages, 
ncluding: (1) enhancing the cooling rate by increasing the 
eat transfer rate between the alloy melt and the mold wall; 
2) eliminating casting porosity, shrinkage, and reducing 

he tendency for hot tearing during solidification; and (3) 
12 
imiting the development of macroscopic solute segregation 

y restricting atomic movement [86 , 87] . 
Squeeze casting has been applied to a variety of Al alloys 

nd Al based composites [89–93] , and to the Mg-Al [94] or 
g-Zn [95] alloys systems. It is shown that some effects 

ould be obtained, such as less porosity than HPDC castings, 
etter heat treatment tolerant temperature range than HPDC 

nd PMC (permanent mold casting), good surface quality 

s to fulfill the basic requirements for precision forming, 
nd more importantly, better mechanical performance than 

onventional HPDC and PMC casting alloy. 



G. Wu, C. Wang, M. Sun et al. Journal of Magnesium and Alloys 9 (2021) 1–20 

Fig. 18. Optical microstructures of (a), (b) as-cast and (c), (d) as T6 heat treated GW103K prepared by (a), (c) permanent mold gravity cast (PMC) and (b), 
(d) squeeze cast (SQC), respectively [9] . 
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Not long ago, squeeze cast was found to cause effective 
rain refinement of binary Mg-Nd alloys [96] . Based on this, 
ystematic research work on squeeze casting of Mg-RE alloy 

as been carried out by Wang et al. [9 , 97] . The processing pa-
ameters, including applied pressure and pouring temperature, 
re critical factors that influence the microstructure of as-cast 
g-RE alloys. The applied pressure can effectively refine the 

rimary Mg phase in Mg-Gd-Y alloy through increasing the 
ucleation rate and decreasing of critical heterogeneous nu- 
leation size. The optical microstructures of GW103K alloy 

abricated by permanent mold gravity cast and squeeze cast 
n both as-cast and as-T6 heat-treated conditions were com- 
ared in Fig. 18 . It can be seen that, the refinement of grains
s effective in as-cast and sustained to as-T6 heat treated con- 
ition. Under optimal process parameters, the TYS, UTS and 

 f of squeeze cast GW103K alloy are 151 MPa, 232 MPa and 

.0%, respectively in the as-cast state, and 264 MPa, 383 MPa 
nd 1.5%, respectively in the as-T6 heat treated state, both of 
hich represent significant improvements over those of the 
MC counterparts. Recent studies on Mg-Gd-Zn series alloys 
98] also concluded that squeeze cast is a promising technique 
o improve both the strength and ductility of Mg-RE alloys. 

.2. Semisolid processing of MG-RE alloys 

Semisolid forming is a material processing technique 
hat utilizes the relatively low deformation resistance or the 
elatively quasi-liquid fluid ability at temperatures between 

olid and liquidus line of metals, which is thus termed as 
hixo-forming and rheo-forming, respectively. 

In an attempt to achieve enhanced nucleation and restricted 

rowth of primary Mg phases, various physical treatment 
rocedures were introduced into the Mg alloy melt during the 
13 
rimary solidification process (from above liquidus line to 

emisolid temperature ranges). The final products, or the so- 
alled semisolid slurries, treated by aforementioned physical 
rocessing routes are fine and globular primary Mg particles 
qually distributed or entrapped within liquid phases. 

.2.1. Slurry preparation techniques 
Mechanical stirring is powerful for metal alloy processing 

y providing a strong shearing force. Various mechanical 
tirring facilities have been widely introduced in semisolid 

lurry preparation of Mg and Al alloys, for instance the 
onventional agitating blade, the twin screw shearing stirrer, 
nd the newly developed mechanical rotational barrel [99] . 
esides, physical treatments, for instance electromagnetic 

tirring, direct or indirect ultrasonic vibration, gas bubbling, 
tc. have also been introduced to the fabrication of semisolid 

lurries for Mg and Al alloys. The non-contact features of 
ltrasonic or electromagnetic stirring specifically fits the 
hysical or chemical performances of Mg alloy melt. 

In Mg-RE alloys system, there are only very few research 

iteratures available. Fang and Lu et al. [100–102] suc- 
essfully fabricated the semisolid Mg-3RE-1Zn-1.4Y alloy 

lurry by direct ultrasonic vibration technique, and achieved 

ood results showing relatively fine primary Mg phases. 
u and his group members have established a system of 

ow frequency electro-magnetic stirring (LFEMS) facility 

or slurry preparation as shown in Fig. 19 , and carried 

ut researches on the Mg-Gd-Zn [103 , 104] and Mg-Nd-Zn 

105] series Mg-RE alloys. They have systematically stud- 
ed the effects of processing parameters including applied 

oltage, rotational frequency and cooling rate on the mi- 
rostructure of semisolid slurry of the Mg-Gd-Zn alloy, and 

ound that all the factors have remarkable influences on the 



G. Wu, C. Wang, M. Sun et al. Journal of Magnesium and Alloys 9 (2021) 1–20 

Fig. 19. The LFEMS semisolid slurry preparation facility (a) and a schematic illustration of the experimental apparatus (b). The numbers are stand for: (1) 
Magnetic coils, (2) Vacuum sample collection system, (3) Thermocouple, (4) Heating coils, and (5) Temperature recording system [104] . 

Fig. 20. Optical microstructures of semisolid Mg-Gd-Zn alloy slurries (a) before and (b) after low frequency electromagnetic stirring treatment for rheo-forming 
[103] . 

m
t
d
fi
t
f
f
a
c
a

t
W
a
o
m
i
w
p
e
i
s
a

4

(

s
i
T
p
a
p
a
o
t
t
a
t
t
M
3
M
t
s
b
a
w
e
4
t
(
m
t

icrostructures of the slurries. The LFEMS treatment leads 
o the evolution in morphology of primary Mg particles from 

endritic to non-dendritic. Under the optimized parameters, 
ne and spherical primary Mg particles were obtained, and 

he average particle size of primary Mg phase was refined 

rom ∼680 to ∼150 μm (as shown in Fig. 20 ). The dendrite 
ragmentation mechanism by which the semisolid Mg-RE 

lloys slurries were prepared was discussed, and the related 

riterion was also proposed [104] . Similar conclusions can 

lso be obtained in the Mg-Nd-Zn alloys system [105] . 
A special semisolid slurry preparation method dedicated to 

he thixo-forming process is the iso-thermal hold technique. 
u et al. [106] have studied the influences of temperature 

nd holding time on the formation of globular microstructure 
f Mg-Gd-Y-Zr alloy by isothermal holding treatment. The 
echanism for the formation of non-dendritic microstructure 

n Mg-Gd-Y-Zr alloy is particle coalescence at 600 °C, 
hile Ostwald ripening at 620 °C. Many semisolid slurry 

reparation techniques that have been previously proven 

ffective in Al and Mg-Al alloys are currently introduced 

n the Mg-RE alloys. Obtaining fine and spherical semisolid 

lurries of Mg-RE alloys is the basis for both thixo-forming 

nd rheo-forming of Mg-RE alloys. 

.2.2. Thixo-forming of MG-RE alloys 
Thixo-forming of metals utilizes the conventional wrought 

or cast) techniques to process the pre-heated billets within 
14 
emisolid temperature ranges, where the billets were solid- 
fied through aforementioned slurry preparation methods. 
he processing force is thus severely decreased when com- 
ared with the force required for solid processing due to 

n increased processing temperature. The fine and globular 
rimary particles of alloy can be “frozen” to room temper- 
ture, which can thus improve the mechanical performance 
f the alloy by grain boundary strengthening. Plenty of 
hixo-forming techniques have been invented, for instances 
he thixo-forging, thixo-extrusion [107] , etc. In Mg-Al series 
lloys, thixo-extrusion has been proven to be a unique route 
o fabricate rods with excellent mechanical properties, while 
here is still limited report available on thixo-forming of 

g-RE alloys. The thixo-forming possibilities of Mg-10Gd- 
Y-0.5Zr [106] , Mg-8Gd-4.48Y-3.34Zn-0.36Zr [108] and 

g-5.15Y-3.75Gd-3.05Zn-0.75Zr [109] alloys were evaluated 

hrough the isothermal holding treatment technique. It was 
hown that homogenous spherical primary Mg phase could 

e obtained under optimal parameters of reheating temper- 
ture and isothermal holding time. However, the parameters 
ere quite varied if the solute REs were different. Xie 

t al. [110] utilized as-cast and as-extruded Mg–8.20Gd–
.48Y–3.34Zn–0.36Zr alloy rods as raw billets and prepared 

he cup-shaped castings through the thixo-forming process 
as shown in Fig. 21 ), and found that castings without 
acro-defects and micro-defects could be formed at forming 

emperature of 580 °C. The mechanical properties revealed 
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Fig. 21. Schematic diagram of thixo-forming strategy [110] . 
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hat the applied load could effectively influence the strength 

t the cup bottom area, while showed limited impacts on the 
all area. However, no subsequent researches were continued, 
hich indicates there is still a long way to go for Mg-RE 

lloys. 

.2.3. Rheo-forming of MG-RE alloys 
Rheo-forming, for instances the rheo-die casting and rheo- 

queeze casting, is a one-step process along with the success- 
ully prepared semisolid slurries, which utilizes the specially 

esigned mold and equipment to process the slurries. The 
emisolid slurries preparation processes prior to rheo-forming 

an be variant among those aforementioned techniques. 
Fang et al. [102] combined direct ultrasonic vibration 

ith squeeze casting to fabricate the rheo-squeeze cast Mg- 
RE-1Zn-1.4Y alloy, where the optical micrographs under 
arious applied pressures were shown in Fig. 22 ). It was 
ound that the tensile strengths of rheo-squeeze cast Mg-RE 

lloy was continuously increased with increasing the applied 

ressure from 0 MPa to 200 MPa. The YS, UTS and EL. of 
he alloy solidified under applied pressure of 200 MPa was 
10 MPa, 180 MPa and 8.6%, respectively, which showed 

7%, 19%, and 87% improvement than the alloy solidified 

ithout pressure. Chen et al. [111 , 112] combined electro- 
agnetic stirring fabrication of the slurries with direct 

heo-squeeze casting to process the Mg-Nd-Zn-Zr series 
lloys. 

. Applications of MG-RE alloys 

From World War II to 1970s, Mg alloys had widely been 

sed in aircrafts, bombers and missiles. At that time, the 
onsumptions of flights and weapons were quick and the 
ervice time was not too long, and the inverse effect of 
oor corrosion resistance was not well performed. When it 
ame to the 1980s, the wide applications of Mg alloys were 
estricted severely due to the systematic understanding of 
he poor mechanical performance in flammability, corrosion 

esistance, fatigue life and creep resistance, as well as the 
evelopment of high-performance Al alloys. Until the late 
990s, the new series of Mg-RE alloy had been developed 

ith certain ignition proof ability of melting without protect- 
ng atmosphere, good age-hardening response and excellent 
reep resistance that could work at as high as 350 °C. 
15 
.1. Applications in aerospace and aviation industries 

Until recently, in 2015, the Society of Automotive Engi- 
eers (SAE) has finally revised its statement of “Magnesium 

lloys shall not be used ” to “Magnesium alloys may be used 

n aircraft seat construction provided they are tested to and 

eet the flammability performance requirements in the FAA 

ire Safety Branch document: Aircraft Materials Fire Test 
andbook – DOT/FAA/AR-00/12, Chapter 25, Oil Burner 
lammability Test for Magnesium Alloy Seat Structure .”. The 
g-RE series alloys, for instance, commercial Elektron 

R ©
3 (WE43C) and Electron 

R © 21 (Mg-3Nd-1Gd-0.4Zn-0.5Zr), 
re firstly been accepted for applications in jet engines and 

ilitary aircrafts. The Elektron 

R © 43 then are able to be 
sed as aircraft seats ( Fig. 23 ) [113] . The Pratt & Whitney 

W-100/150 series and PT-6 engines have been reported 

o use the Electron 

R © 43 in integrated reduction gearboxes 
nd other structural components [114 , 115] . In China, the 
evelopment and application of Mg-RE alloys grow much 

aster in recent years due to the abundant reserves of Mg and 

E resources. The government has allowed the application 

f Mg-RE parts or components to be assembled in helicopter 
nd satellite, as shown in Fig. 24 [116] . 

.2. Applications in weapon and defense industries 

The Magnesium Elektron company has reported [113] that 
he developed Electron 

R © 21 has gain applications in military 

elicopters to achieve higher horsepower at higher temper- 
tures, for instance the Sikorsky H-60 series (Black Hawk, 
eahawk and Special Forces versions), CH-47 Chinook, 
H-64 Apache. 
The application of Mg-RE alloys in weapon and defense 

ndustries in China has gain more attentions than other 
ountries. The self-developed JDM1 (Mg-3Nd-0.2Zn-0.4Zr) 
117] and JDM2 (Mg-10Gd-3Y-0.5Zr) [5] Mg-RE alloys 
y researchers in Shanghai Jiao Tong University have been 

nrolled in certain type of weapons, for instance, the light 
issiles (as shown in Fig. 25 (a) ∼(c)) and some radar 

omponents ( Fig. 25 (d) ∼(g)). 

.3. Applications in auto industry and other civil industries 

As indicated in Section 4.3, the limited trials made in die 
ast Mg-RE has restricted the application of Mg-RE alloys 
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Fig. 22. Optical micrographs of rheo-squeeze cast Mg–3RE–6Zn–1.4Y alloys under different applied pressures: (a) 0 MPa, (b) 50 MPa, (c) 150 MPa, and (d) 
200 MPa. The labeled ESGs in the figures are stands for external solidified grains [102] . 

Fig. 23. Airline seats made by Elektron R © 43 magnesium alloy [113] . 
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n the auto industry, due to the entrapped gas and porosities. 
n pursue of weight reduction in auto industry, there is a 
enerally accepted approach to substitute Al with Mg casting 

omponents. The trials were executed by collaborations 
etween several auto suppliers and research institutes in 

hina. The V6 engine blocks head made of aforementioned 

DM1 alloy was successfully fabricated by the low pressure 
and cast process [118] ( Fig. 26 (a)). Subsequently, the engine 
ylinder head was manufactured by the similar Mg-RE 
16 
lloy through tile-pouring technique ( Fig. 26 (c)). The engine 
ylinder head was installed to a car for road tests and found 

o wear occurred in the camshaft and tappet after undergoes 
000 km working [119] . Due to the relatively good casting 

bility and ductility, the JDM1 alloy was also prepared 

y composite fabrication methods of low pressure die cast 
lus flow forming (cast & flow forming) technology for car 
heels [119] ( Fig. 26 (b)). Note that the microstructure of the 

lloy was refined through the flow forming process, and thus 
mproved the mechanical properties of Mg-RE alloys (The 
S, UTS and E f were improved from 85 MPa, 138 MPa, and 

.8%, respectively in as-cast condition to 278 MPa, 317 MPa, 
nd 8.4%, respectively after flow forming). The heat resis- 
ant Mg-Gd-Y alloy has been employed to fabricate piston 

omponents through squeeze casting technique, and showed 

 long term service ability at temperature as high as 300 °C 

120] . 

. Future prospects of high-performance MG-RE alloys 

In review of the current progresses of the Mg-RE alloys 
nd related technologies, there is still great steps needed 

or better development of the Mg-RE alloys. The urgent 
eeds for higher strength and lighter weight components in 
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Fig. 24. Typical Mg-RE casting components: (a) Intermediate case of missile engine, (b) helicopter gearbox case, and (c) Satellite support component [116] . 

Fig. 25. Light missile shell (a ∼ c) prepared by JDM2 Mg-RE alloy and radar components (d ∼ g) [116] . 

e
M
d
r
e

t
a
s
g
t

ngineering practice have urged the design of next generation 

g-RE alloys. The solutions may include obtaining fine and 

ense non-basal precipitates to create strong age-hardening 

esponses and reducing the use of high-density solute el- 
ments. Since Mg-RE alloys are mainly towards elevated 
17 
emperature applications, the grain refinement of Mg-RE 

lloys should consider the balance between room temperature 
trength and elevated temperature creep resistance, which also 

enerates the design of strong grain boundaries to improve 
he creep resistance as the grain size was refined. Although 
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Fig. 26. Examples for application of Mg-RE alloys in auto industries: (a) V6 engine blocks of both alloys were cast in sand molds using a low pressure 
casting process [118] , (b) 20-inch car wheel prepared by cast & flow forming technique [119] , and (c) engine cylinder head made through tile-pouring method 
[119] . 
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he melt purification of Mg-RE melts is solved in some cases, 
t is still a problem when incorporated with new casting 

echnologies. More importantly, the newly developed casting 

echnologies for Mg-RE should be widely promoted from 

esearch labs to enterprises, and the corresponding equipment 
nd production line should be updated or redesigned for 
he new techniques. Finally, the engineering application of 

g-RE alloys should be further promoted to auto industry 

nd other civil areas, which can in turn stimulate a better 
evelopment of the alloys and related technologies. 

To the authors understanding, the future research and 

evelopment of cast Mg-RE alloy may focus on and may 

ot limited to the following categories: (1) Alloy design and 

icrostructural regulation of new generation cast Mg-RE 

lloys. The alloys should possess high strength, high ductility, 
ood heat resistance and corrosion resistance, and with good 

astability. (2) New technologies and corresponded equipment 
or deep purification, compound grain refinement, and smelt 
rotection of Mg-RE alloy melts. (3) The shape controlling, 
roperties controlling and weld repairing of Mg-RE alloy 

asting with large dimension and complex structures. (4) 
uilding of series material standards for new generation cast 
g-RE alloys. 

. Summary 

The present study reviewed the current developments of 
igh-performance cast Mg-RE alloys, especially on alloy 

esign, melt purification, grain refinement techniques and 

astability, precision liquid processing and semisolid forming 

echniques, and engineering applications. The following 

onclusions can be made: 
18 
(1) Various systems of high strength Mg-RE alloys with 

trong age hardening response have been developed, whose 
ombined properties strongly depend on the precipitates 
istribution of both basal and prismatic habit planes, and 

PSO in certain case. The developed Mg-10Gd-3Y-0.5Zr 
lloy show overall promising high strength with moderate 
uctility strengthened by dense distribution of meta-stable 
’ phase, Mg-3Nd-0.2Zn-0.4Zr alloy with moderate strength 

hile higher ductility due to the relatively low amount of 
lloying elements, and Mg-15Gd-1Zn-0.4Zr and Mg-11Y- 
Gd-2Zn-0.5Zr alloys show better creep resistance that could 

e used at 300 °C due to the combined strengthening of β’ 
nd LPSO phases. 

(2) The newly developed RE containing fluxes showed 

pplicability to the Mg-RE alloy melt, and complex purifica- 
ion methods need more investigations. Mg-Zr mater alloys 
s still most effective grain refiners for Mg-RE alloys, while 
n-situ formed Al 2 RE particles via addition of pure Al are 
pplicable to certain types of Mg-RE alloys under certain 

asting solidification conditions. The fluidity and hot tearing 

usceptibility are better than conventional Mg-Al alloys due 
o the promising grain refining effect of Zr in Mg-RE alloys. 

(3) Various casting techniques have been tried in Mg-RE 

lloys, during which process parameters control is impor- 
ant. Vacuum assisted high pressure die casting ensures the 

g-RE alloys a certain extent of heat treatment. Squeeze 
asting is promising to produce Mg-RE components with 

igh strength. Several new slurry preparation and com- 
ined semisolid forming technologies were employed for 
g-RE alloys production, including direct ultrasonic or 

ow frequency electro-magnetic assisted rheo-forming and 

sothermal holding assisted thixo-forming. 
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(4) In consideration of the special value of RE, high 

erformance Mg-RE alloys have been successfully applied to 

everal key areas such as aerospace and aviation industries, 
efense and weapon industries and auto industry. It is also 

xpected that the use of Mg-RE alloys in such key areas will 
e in continuous growth. 
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