
Alloy Development of High Toughness Mg-Gd-Y-Zn-Zr Alloys

Kentaro Yamada1, Yoshiyuki Okubo2;*1, Masashi Shiono2;*1, Hidetsuna Watanabe2;*2,
Shigeharu Kamado2 and Yo Kojima2

1Research Center for Advanced Magnesium Technology, Nagaoka University of Technology, Nagaoka 940-2188, Japan
2Dept. Mechanical Engineering, Nagaoka University of Technology, Nagaoka 940-2188, Japan

The effects of zinc addition on microstructure evolution and mechanical properties of Mg-Gd-Y-(-Zr) based alloys are investigated in
details using OM, TEM, Vickers hardness tests and tensile tests. Specific line-shaped structure is formed inside of matrix grain in the as-cast
specimen. This structure is dissolved after a solution-treatment at 773K. Instead of it, in the 0.3–1Zn alloy, the 14H LPSO structure is observed
at grain boundaries of Mg matrix phases after the solution heat treatment. Metastable �0 phase is formed during subsequent aging treatment at
498K. The 14H LPSO structure is stable and remained even after the aging treatment. These structure and phase coexist at the peak-aged
condition in the microstructure. In cast- specimens, 0.2% proof stress and tensile strength slightly decreases with an addition of zinc up to
0.75mol% and rapidly decreases over 1mol% zinc addition. On the contrary, in rolled-specimens, addition of 0.3–1mol% zinc improves
mechanical properties in both strength and ductility significantly. It is found that the UTSs reach more than 400MPa in the 0.3–1Zn alloys. This
characteristic effect is considered to be the contribution of LPSO structure and its specific orientation relationship with matrix phase.
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1. Introduction

In recent years, urgent developments of new light
structural materials for an aircraft are strongly desired in
terms of reduction of fuel efficiency as well as for an
automobile. As one of the effective possible applications to
the structural parts of an aircraft, high strength Mg-RE (Rare
Earth element) based alloys have become attractive for the
recent desires over the world. Mg-RE alloys have been well
known as typical age-hardenable alloys,1–7) and it is reported
that simultaneous additions of gadolinium and yttrium bring
about high strength at high temperature8,9) and good
corrosion resistance10,11) in recent years. Furthermore, on
the one hand, Kawamura et al. developed rapidly solidified
powder metallurgy (P/M) Mg97Zn1Y2 alloys which have
remarkable high strength (above 600MPa) and rather high
ductility.12) These high mechanical properties are considered
to be achieved by contribution of homogeneous nanocrystal-
line and non-equilibrium phases obtained by rapid solid-
ification process. Subsequent several micro/nanostructure
analyses revealed that the novel long-period stacking ordered
(LPSO) structures are formed in the processes of rapid
solidification and/or subsequent hot-extrusion of the various
Mg97Zn1RE2 alloys.13–15) And moreover, it has been found
that one type of the LPSO structures is formed even in ingot
metallurgy (I/M) Mg97Zn1RE2 based alloys (including
Gadolinium containing alloys) by the following studies for
the Mg97Zn1RE2 alloys. Therefore, it is expected to develop
new high strength I/M Mg-RE based alloys which consist of
the LPSO structure and magnesium matrix grains by addition
of zinc to the Mg-RE alloys. However, since the natures of
LPSO structure have still not been understood sufficiently, it
is necessary to investigate the characteristics of micro-
structure and its correlation with mechanical properties

basically for the zinc-added Mg-RE alloys. In this paper, we
will report the effects of different amounts of zinc addition on
microstructure evolution and mechanical properties of I/M
Mg-Gd-Y based alloys and their basic characteristics are
summarized.

2. Experimental Procedures

Eight Mg-2Gd-1.2Y-Zn-0.2Zr (mol%) alloys which con-
tain different amounts of zinc ranging from 0.05 to 2mol%
are prepared for the specimen in this study. Chemical
compositions of specimens are listed in Table 1. Each alloy is
named as shown in the table according to the amounts of zinc
addition. Zirconium was added for the purpose of grain
refinement. All alloy ingots were obtained by conventional
casting under an atmosphere of a mixed gas of CO2 and SF6
using electric resistance furnace. 99.99% pure magnesium
and binary Mg-Gd master alloy were melted at 1053K firstly
and then 99.9% pure zinc, Mg-Y and Mg-Zr pre-heated at
�573K were added to the melt. After stirring and killing for
about 0.9 ks the melt was poured into a book mold held at
473–573K. Subsequent heat- and mechanical treatments
procedures are shown in Fig. 1 schematically. Two proce-
dures are shown for (a) cast-specimens (indicated by black
line) and (b) rolled-specimens (indicated by gray line) in the
figure. Solution (Homogenization) treatment was carried out

Table 1 Chemical compositions of specimens. mol% (mass%)

Alloys Gd Y Zn Zr Mg

0.05Zn 2.0 (11) 1.2 (3.7) 0.05 (0.12) 0.16 (0.52) bal.

0.1Zn 2.0 (11) 1.2 (3.9) 0.11 (0.26) 0.17 (0.56) bal.

0.3Zn 2.0 (11) 1.2 (3.7) 0.30 (0.70) 0.18 (0.59) bal.

0.5Zn 1.8 (10) 1.2 (3.9) 0.46 (1.1) 0.14 (0.45) bal.

0.75Zn 1.9 (11) 1.3 (4.0) 0.73 (1.7) 0.15 (0.48) bal.

1Zn 1.9 (11) 1.3 (4.0) 0.99 (2.3) 0.15 (0.48) bal.

1.5Zn 2.0 (11) 1.3 (4.0) 1.5 (3.5) 0.19 (0.52) bal.

2Zn 2.0 (11) 1.2 (3.6) 1.9 (4.4) 0.19 (0.60) bal.
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at 773K for 36 ks under an argon atmosphere. Then the
specimens were quenched into water at room temperature.
Hot-rolling was carried out at 773K for a total reduction ratio
of 80% at 10% per pass. Aging heat-treatments were
performed at 498K in a silicone-oil bath. Microstructures
of specimens are investigated by OM and TEM. TEM
observation was carried out using a JEM 2010 at an
accelerating voltage of 200 kV. The samples for TEM were
ion milled using the Ion Polishing System. Hardness tests
were performed using a Vickers hardness tester, and tensile
tests were performed with strain rates of 1� 10�3 s�1 at
room temperature. The tensile axis of sample was parallel to
rolling direction for the rolled-specimen.

3. Results and Discussion

3.1 Microstructures and aging characteristics
3.1.1 Cast-specimen

Figure 2 shows optical microstructures of as-cast speci-
mens. By addition of zirconium, magnesium grains are
refined and average size of grains is about 50 mm in all alloys.
In the 0.05Zn alloy, the microstructure is similar to that of
Zn-free alloys. Needle shape precipitates are observed near

grain boundaries. These precipitates which are typically
observed also in as-cast Mg-Gd and Mg-Y alloys are formed
during cooling of ingot after solidification and completely
solutionized by subsequent solution (homogenization)-treat-
ment at 773K. Addition of more than 0.1% zinc causes
significant change in microstructure. Fine straight contrasts
are uniformly observed at inside of grains in all alloys except
the 0.05 alloy. The fine contrast in as-cast specimens has a
specific orientation relationship with matrix crystal and this is
the one of characteristics of microstructure in Zn-added
alloys. In the alloys with zinc addition more than 0.75%,
intermetallic compounds are observed at boundaries of
magnesium crystals. The detailed identification of this
compound is now in progress. The volume fraction of
compound increases with an increase of the amount of zinc
addition to alloys.

Figure 3 shows optical microstructures of solution-treated
(773K, 36 ks) specimens. Almost all precipitates and straight
contrasts which are observed inside of grains in the as-cast
specimen disappear after the solution-treatment. This indi-
cates that the structure which corresponds to the straight
contrast is unstable at 773K. Instead of it, another feature of
microstructure in Zn-added alloys comes out. In the 0.3–1Zn
alloys, distinct straight lamellae are observed at grain
boundaries. This lamella also has a specific orientation
relationship with matrix crystals as well as the straight
contrast observed in the as-cast specimens. However, the size
(width) and morphology of them are different from each
other and the lamellae are rather stable at 773K. Therefore,
we distinguish the lamellae from the straight contrast. The
volume fraction of lamella is highest in the 0.75 alloy. In the
1Zn alloy, unresolved compounds are observed and the
volume of lamella decreases. In the 2Zn alloy, almost no
lamella is observed and the microstructure consists of the
compound and solutionized magnesium grains.

Figure 4 shows isothermal aging curves at 498K for all
cast-specimens. In the alloys with zinc addition less than
0.3%, aging characteristics are almost same as that of Zn free
Mg-Gd-Y alloys. However, in the alloys containing zinc less
than 0.5%, peak hardness value decreases and aging time to
peak hardness becomes longer with an increase of amount of

Fig. 1 Schematic illustrations of experimental procedures for the (a) cast-

and (b) rolled-specimens.

As-cast: 0.05Zn 0.1Zn 0.3Zn

0.75Zn 1Zn 2Zn

Fig. 2 Optical microstructures of as-cast specimens.

Alloy Development of High Toughness Mg-Gd-Y-Zn-Zr Alloys 1067



zinc addition. In the alloys containing zinc more than 1.5%,
almost no age hardening takes place. This reduction of age
hardening response is considered to be due to the remained
compound even after the solution treatment as shown in
Fig. 3. This suggests that the solubility limit of Gd and Y at
773K is rapidly decreased by the addition of zinc more than
1%. Significant changes in hardness corresponding to either
the formation of straight contrast observed in Fig. 2 or
lamella observed in Fig. 3 are not found out.

The TEM microstructures of 0.75Zn alloy at peak aged
condition are shown in Fig. 5. Figure 5(a) shows the lamellae
and surrounding matrix. Beam direction is parallel to
½2�11�110�Mg. From the obtained diffraction pattern, the lamella
is identified as the 14H LPSO structure.15) Periodic small
diffraction spots are observed at the interval of 1/14 of
distance between direct spot and (0002)Mg reflection, and
corresponding fringes are observed in the bright field image.
Fine strain contrasts are also observed in matrix. These fine
contrasts are from metastable �0 aging precipitates formed
during aging treatment at 498K. Figure 5(b) shows the
picture taken at higher magnification for the �0 phase in the
same sample. Beam direction is parallel to [0001]Mg.
Globular precipitates and corresponding diffraction pattern
are consistent with those reported in other studies5,6) and
plate-shaped �1 phases are also observed. This result

indicates that zinc addition do not affect the characteristics
of aging precipitation sequence in Mg-RE alloys significant-
ly. However, it is noteworthy that there is no precipitate free
zone at the interface between the LPSO structures and matrix
[Fig. 5(a)]. It is found that the LPSO structure and metastable
�0 phase coexist in the alloy at the peak aged condition.

3.1.2 Rolled-specimen
Effect of hot-rolling was also investigated. Experimental

procedure is shown in Fig. 1(b). Figure 6 shows the optical
microstructures of (a) as-rolled specimens and (b) rolled and
then solution-treated (773K, 36 ks) specimens. Since the
temperature of hot-rolling is equal to the solution-treatment
temperature, no precipitates are observed in the micro-

Cast-T4: 0.05Zn 0.1Zn 0.3Zn

0.75Zn 1Zn 2Zn

Fig. 3 Optical microstructures of solution-treated (773K, 36 ks) specimens.

Fig. 4 Isothermal aging curves of cast-specimens at 498K.

Fig. 5 Bright field images with diffraction patterns for the cast-0.75Zn

alloy solution-treated (773K, 36 ks) then aged (498K, 36 ks) showing (a)

LPSO structures and (b) �0 and �1 phases.
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structures. Twins are observed in several grains in all
specimens, particularly often in the 2Zn alloy. Both the
lamellae in the 0.75Zn alloy and compounds in the 2Zn alloy
are deformed and distributed ununiformly. Though the grain
size in the 0.05Zn alloy is almost same as that before hot-
rolling, the grain size in the 0.75Zn and 2Zn alloy are
significantly refined. These results suggest that higher strain
is induced during the hot-rolling in the higher Zn alloys, and
this leads the acceleration of nucleation of recrystallization.
Grain growth during solution-treatment is not significant.

Figure 7 shows isothermal aging curves of rolled-speci-
mens. Peak hardness values and hardening characteristics are
almost unchanged compared to those of cast-specimen.
These results indicate the aging precipitates (such as �0

phase) are formed in the rolled-specimens as well as in the
cast-specimens.

3.2 Mechanical properties
Tensile properties of cast- and rolled-specimens solution-

treated and then aged at 498K for 36 ks (peak aging
condition) are shown in Figs. 8 (a) and (b), respectively.

In cast-specimens, obtained properties are in good agree-
ment with the results of hardness measurements. 0.2% proof
stress and tensile strength slightly decreases with an addition
of zinc up to 0.75mol% and rapidly decreases over 1mol%

zinc addition. On the contrary, elongation is increased with
an addition of zinc over 0.5mol%. These decreases of 0.2%
proof stress and tensile strength are considered to be due to a
decreased number density of �0 phase during the aging
treatment as a result of the formation of compounds.

On the other hand, in rolled-specimens, obtained proper-
ties are characteristic of the multi-phase microstructure
which consists of LPSO structure and age-hardened matrix.
0.2% proof stress, elongation and tensile strength, all
properties are more improved with an increase of zinc
addition up to 0.75mol%. Particularly, increment of 0.2%
proof stress is significant, and moreover, elongation reaches
over 10%. It is also found that the UTSs reach more than
400MPa in the 0.3–1Zn alloys. Though further fundamental
investigation seems to be required in order to explain these
specific changes, it is considered that the effect of strength-
ening of LPSO structure should have strong dependency on
an orientation relationship between a tensile axis direction
and the LPSO structure because the LPSO structure is
basically the basal stacking structure of Mg matrix. There-
fore, it is necessary to take account of texture formation and
to elucidate the correlation between precipitation and
recrystallization reaction during the processes in this alloy
system for further development as a high strength material.

As-rolled: 0.05Zn 0.75Zn 2Zn

Rolled-T4: 0.05Zn 0.75Zn 2Zn

Fig. 6 Optical microstructures of (a) as-rolled specimens and (b) rolled and then solution-treated (773K, 36 ks) specimens.

Fig. 7 Isothermal aging curves of rolled-specimens at 498K.

Fig. 8 Tensile properties of (a) cast- and (b) rolled-specimens solution-

treated (773K, 36 ks) then aged (498K, 36 ks).
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4. Conclusion

The effects of zinc addition on microstructure evolution
and mechanical properties of Mg-Gd-Y-(-Zr) based alloys
are investigated and their basic characteristics are summa-
rized as follows:
(1) Specific line-shape structure is formed inside of matrix

grain in as-cast specimen. This structure is dissolved by
solution-treatment at 773K.

(2) In the 0.3–1Zn alloy, the 14H LPSO structure is
observed at grain boundary of Mg matrix crystals after
solution- treatment at 773K and metastable �0 phase is
formed during subsequent aging treatment at 498K.
These structure and phase coexist at the peak-aged
condition in the microstructure.

(3) In rolled-specimens, addition of 0.3–1mol% zinc
improves mechanical property in both strength and
ductility significantly. It is found that the UTSs reach
more than 400MPa. This is considered to be the
contribution of LPSO structure.
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