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Abstract Microstructures and mechanical properties of
the Mg—-7Y-4Gd-xZn-0.4Zr (x = 0.5, 1.5, 3, and 5 wt.%)
alloys in the as-cast, as-extruded, and peak-aged condi-
tions have been investigated by using optical microscopy,
scanning electron microscope, X-ray diffraction, and
transmission electron microscopy. It is found that the
peak-aged Mg—7Y-4Gd-1.5Zn-0.4Zr alloys have the
highest strength after aging at 220 °C. The highest ulti-
mate tensile strength and yield tensile strength are 418
and 320 MPa, respectively. The addition of 1.5 wt.% Zn
to the based alloys results in a greater aging effect and
better mechanical properties at both room and elevated
temperatures. The improved mechanical properties are
mainly ascribed to both a fine 8 phase and a long peri-
odic stacking-ordered structure, which coexist together in
the peak-aged alloys.
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Introduction

As the lightest metallic structural materials, magnesium
alloys have drawn great attention recently. However, the
mechanical properties of magnesium alloys, both in the cast
and wrought conditions, are most inferior [1], especially at
high temperature. To the best of our knowledge, the addition
of the rare-earth (RE) elements to magnesium alloys
improves creep properties, e.g., WE54 commercial alloy [2].

Magnesium alloys containing RE alloying additions
show good precipitation hardening during the peak aging
process [3, 4]. Zn is often added to further improve the
mechanical properties by both solid solution strengthening
and age hardening [5, 6]. Nie et al. [7] reported that the
addition of Zn to the Mg—6Gd—0.6Zr alloys could improve
the mechanical and creep properties. The notable
improvement in mechanical properties can be contributed
to a dense and uniform distribution of the MgsGd phase
[8]. In addition, Yamasaki et al. [9] have developed a hot-
extruded Mg-2.3Zn-14Gd (wt.%) alloy which displays a
highest tensile proof strength of 345 MPa and a better
elongation of 6.3%, due to the precipitation of a coherent
14H long periodic stacking-ordered structure precipitate
shaped from the supersaturated «-Mg matrix.

It is known that Mg—Gd-Y alloys exhibit a three-stage
precipitation sequence during aging at 200 °C, o/-Mg
(S.S.S.8) - p” (DOy) — B (cbco) — S (fcc) [10, 11].
Furthermore, a four-stage precipitation sequence in Mg—
Gd, Mg-Gd-Nd, and Mg-Dy-Nd alloys has also been
observed during aging at 250 and 300 °C [12, 13]. The
sequence consists of o’-Mg (S.S.S.S) —» f” (DO,y) — f
(cbco) — B (fcc) — B (fcc). However, it is the 8/ phase,
with a cbco structure, distributed throughout the «-Mg
matrix that contributes most to the age hardening response
[3, 4, 14].
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Considering the interaction of the Zn and RE elements,
Yamada et al. [15] improved on the Mg—-2.1Gd-0.6Y-0.2Zr
alloys by the addition of Zn, which leads to improve
mechanical properties. In this article, Mg-7Y-4Gd—xZn—
0.4Zr (x = 0.5, 1.5, 3, and 5) alloys were produced using
the method of water-cooled iron mold casting ingot
processing. The phase compositions, aging hardening
behavior, microstructures and mechanical properties at both
room and elevated temperatures have been investigated.

Experimental procedures

The alloy ingots with nominal compositions of Mg—7Y—
4Gd—xZn-0.4Zr (x = 0.5, 1.5, 3, and 5 and are indentified
as A, B, C, and D, respectively) were melted from high-
purity Mg (99.5%), high-purity Zn (>99.9%), Mg-20Y
(Wt.%), Mg-25Gd (wt.%), and Mg-35Zr (wt.%) master
alloys. Melting was conducted in an electric resistance
furnace at about 750 °C being companied with the pro-
tective atmosphere composed of CO, and SF¢ with the ratio
of 99:1 in a mild steel crucible. At 730 °C, the melts were
poured into a water-cooled iron mold with an ingot diam-
eter of 90 mm. Specimens used for as-cast research were
cut from these cylindrical ingots. Parts of them were
machined into rectangular tensile specimens of 15 mm in
gauge length, 3 mm in width, and 1.5 mm in thickness, and
the remaining was used for other investigations. The
cylindrical ingots were homogenized at 500 °C for 10 h,
milled into a diameter of 82 mm, and then were extruded
into rods with a diameter of 20 mm with an extrusion ratio
of about 17 at 410 °C. Some rods were directly aged at
220 °C in order to investigate the age hardening behavior
with time. The tensile specimens of the as-extruded and
peak-aged alloys were also machined into the same
geometry as the as-cast samples.

Tensile tests were carried out on a uniaxial tensile
testing machine equipped with a heating chamber at a
speed of 1 mm/min. The tensile axis was aligned parallel to
the extrusion direction. Vickers hardness was measured by
FM-700 hardness tester with a load of 300 g, a dwelling
time of 15 s and 20 measurements were collected for each
sample. The microstructures of the alloys were observed by
an Olympus GX71 optical microscopy (OM), scanning
electron microscopy (SEM) with energy dispersive spec-
troscopy (EDS), and transmission electron microscopy
(TEM). The grain size of the alloys was measured by using
an average linear intercept method. The samples were
mechanically polished and then etched in a solution of
4 mL nitric acid and 96 mL ethanol. Samples for TEM
were prepared by a twin-jet technique. Phase analysis was
conducted by X-ray diffraction (XRD).

Experimental results
Microstructures of as-cast alloys

Figure 1 shows the microstructures of the as-cast alloys A,
B, C, and D using OM (Fig. 1a, c, e, and g) and SEM
(Fig. 1b, d, f, and h), respectively. The as-cast alloys are
composed of dendrites of «-Mg and amounts of eutectics
existing at the triple points of the grains, as shown in
Fig. 1a, c, e and g. These eutectics are distributed along the
grain boundaries discontinuously. Images at higher mag-
nification of the as-cast alloys were obtained by the SEM.
It is observed that a lamellar phase appears at the grain
boundaries in all four alloys, as shown in Fig. 1b, d, f, and
h. The SEM observations clearly show the presence of the
lamellar phase along the grain boundaries, and the volume
fraction of this phase increases with increasing the content
of Zn.

Figure 2 shows the XRD patterns obtained for the
as-cast alloys. It can be observed that the as-cast alloys are
mainly composed of a «-Mg solid solution together with
Mg,4(Y, Gd)s, Mgs(Y, Gd), and Mg,Zn(Y, Gd) secondary
phases where Gd probably substitutes for Y. As seen in
Fig. 2, the peaks of the Mg;,Zn(Y, Gd) phase are
strengthened with increasing the amount of Zn addition.
The Mg,ZnY phase in Mg—Zn-Y alloy was first reported
by Padezhnova et al. [16], and the microstructure of this
phase was introduced by Luo [17]. The 18R long period
ordered stacking structural Mg,ZnY (Z-phase) forms in
Mg—-Zn-Y alloys via rapid solidification, because increas-
ing the cooling rate and adding Y can reduce the energy
barrier for forming the Z-phase [18, 19]. It has been
reported that long period-ordered stacking structural pre-
cipitates also occur in rapidly solidified Mg-Zn-Dy, Mg—
Zn-Ho, and Mg—Zn-Er alloys as well as in the Mg-Zn-Y
alloy system [20].

Figure 3 shows SEM images and corresponding EDS
results of the as-cast alloy B. The EDS suggests that the
composition of the lamellar phase is Mg—6.24 at.% Y-
1.79 at.%Gd-4.24 at.% Zn, as shown in Fig. 3c. The
concentrations are similar to those in the 18R LPS phase
reported by Itoi et al. [21]. Moreover, the formation of
LPS structures occurs through a diffusion-controlled
process [22]. The lamellar phase in all the as-cast alloys
A, B, C, and D can be considered to be the Mg;,Zn(Y,
Gd) phase with the 18R LPS morphology. Figure 3d
shows the EDS analysis result from point B as indicated
in Fig. 3b. The result suggests that the composition of
the square particle is Mg—16.60 at.%Y—4.25 at.%Gd—
2.17 at.% Zn. This chemical composition is close to
Mgs(Y, Gd) without considering about the content of Zn
in the EDS result.

@ Springer



76

J Mater Sci (2009) 44:74-83

Fig. 1 Optical and SEM
images of the as-cast alloys: a, b
alloy A; ¢, d alloy B; e, f alloy
C; g, halloy D

Microstructures of as-extruded alloys

Figure 4 shows the optical micrographs of the hot-extruded
alloys. Both the dendrites of «-Mg and Coarse Mg;,Zn(Y,
Gd) intermetallics were crushed during hot extrusion.
These intermetallics are distributed along the extrusion
direction, as shown in Fig. 4. The average grain size of the

@ Springer

hot-extruded alloy A is about 12 pum. It is observed that a
few of the intermetallics are located at grain boundaries in
the alloy A. The hot-extruded alloy B has smaller grain size
compared with the hot-extruded alloy A, i.e., about 11 pm.
Lots of intermetallics are found at the grain boundaries in
this alloy. The average grain size of the alloy C after hot
extrusion is probably 10 um. Grain size of the alloy D is
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Fig. 2 XRD patterns of the
as-cast alloys A, B, C, and D

‘

As-cast
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Fig. 3 SEM images and EDS
results of the as-cast alloy B:

a SEM micrograph; b large
magnification of the cubic
precipitate corresponding to the
point B; ¢, d EDS results of the
points A and B, respectively

Element  Wi% A% Element Wt% At%
MgK 65.69 87.72 MgK 45.01 76.98
YL 17.08 6.24 Y L 35.50 16.60
GdL 8.69 1.79 GdL 16.08 425
ZnK 8.54 4.24 Y ZnK 341 217
Total 100.00 100.00 Total 100.00 100.00
ooy Z Gd
,h A G 4 - ,
: 1 é Kev o 5 10 Kev

smallest in all of them, i.e., about 9.5 pum. Moreover, more
big chunks of intermetallics are located at grain boundaries
in the as-extruded alloys C and D.

As stated above, the microstructures of all four alloys after
hot extrusion are refined. Figure 4 shows that dynamic
recrystallization (DRX) occurred in alloys during hot extru-
sion. The refined microstructure is ascribed to this DRX

[23-25]. It has been reported that dislocations accumulate
together with high density at both coarse grain boundaries and
secondary particles to produce cells separated by dislocation
walls, and these walls convert to subgrain structures by a
subsequent recovery process [24, 25]. The subgrain structures
will form over the whole volume of the grain via the con-
version of dislocation cell walls into subgrain boundaries.
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Fig. 4 Optical images of the
as-extruded alloys: a, b alloy A; (a)
¢, d alloy B; e, falloy C; g, h
alloy D

Figure 5 shows images of a specimen of alloy B via
compression deformation at 410 °C, a speed of 1 mm/min,
in order to investigate the DRX mechanism. Before com-
pression test, this specimen was treated with solid solution
at 500 °C for 10 h, and then quenched into warm water.
Figure 5a shows the OM image of the deformation speci-
men. Both grains and Z-phase are elongated along the

@ Springer

Transverse (xtruded) section

Longitudinal (extruded) section

deformation direction, and DRX occurred. Recrystallized
grains formed and distributed at an interface between
matrix and Z-phase (see Fig. 5a). It is found that disloca-
tions accumulated together near the boundaries of coarser
grains, subgrain structure formed in the matrix, as shown in
Fig. 5b. The improvement of dislocation was impeded, and
the dislocation piled up around the secondary phase
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Fig. 5 Images of deformation
specimens of alloy B: a OM
image; b high density of
dislocation and subgrain
structure; ¢ dislocations around
secondary phase particles

particles which were located at grain boundaries or matrix
(see Fig. 5c¢).

Figure 6 shows the XRD patterns of the as-extruded
alloys. The figure shows that the phase constituents present
in the as-extruded alloys include «-Mg solid solution,
Mg,4(Y, Gd)s, Mgs(Y, Gd), and Mg,Zn(Y, Gd) secondary
phases. Compared with the as-cast alloys, it can be
observed that no new phases are detected within the sen-
sitivity limits of XRD.

Aging behaviors of extruded alloys and microstructures
of peak-aged alloys

Figure 7 shows the age hardening behaviors of the as-
extruded alloys A, B, C, and D at 220 °C and the standard
deviation is given in parenthesis following the value of
peak hardness. It can be seen that all the investigated alloys
exhibit hardening response. The as-extruded specimens of
alloy A displayed a distinct hardening effect at 24 h, and

then reached a peak hardness of 116 (3.2) VHN after
120 h. The age hardening curve of as-extruded alloy B
exhibits the best aging hardening response of all four
alloys. It was found that the as-extruded alloy B exhibits an
obvious hardening response at the beginning after 25 h,
with a peak hardness of 119 (4.1) VHN being obtained at
122 h. Alloys C and D, both with large Zn additions, do not
have an obvious increase in the hardness until 70 and 60 h,
respectively. The as-extruded alloy C obtains a peak
hardness of 99 (4.3) VHN after 118 h. The as-extruded
alloy D reaches a peak hardness of 92 (3.4) VHN after
60 h. In other words, the addition of Zn between 0.5 and
1.5 wt.% to Mg—Y-Gd-based alloys results in a significant
enhancement of the age hardening response at 220 °C.

In order to investigate the precipitation morphologies
and discuss the reasons for the aging response at 220 °C,
the TEM images and corresponding selected area electron
diffraction (SAED) patterns from alloys B and D are shown
in Fig. 8. In the peak-aged condition, i.e., 122 h, a great
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Fig. 6 XRD patterns of the as- ® 0
extruded alloys A, B, C, and D
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Fig. 7 Age hardening responses of the as-extruded alloys A, B, C,
and D during aging at 220 °C

number of ' phase which are ellipsoidal in morphology
were observed in peak-aged specimen of alloy B, as shown
in Fig. 8a. The TEM observation of peak-aged specimen of
alloy D shows that two types of phases coexist together
throughout the «-Mg matrix. One is ff/ phase with an
ellipsoidal morphology (see Fig. 8b) and the other is
MgZn, phase distributed randomly in the matrix with a rod
morphology [26], as shown in Fig. 8d. It is easy to find that
amounts of f/ phase in peak-aged specimen of alloy D is
less than that in peak-aged specimen of alloy B.

The ' phase is the main secondary strengthening phase
in all four alloys [27-30]. The TEM observation shows that

@ Springer
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the volume fraction of ' phase in alloy B is higher than
that in alloy D. It has been reported that the volume frac-
tion of this phase decreases with increasing Zn addition
[31]. This leads to a less obvious age hardening response of
the alloy with high Zn content, i.e., alloys C and D. As
stated above, the addition of Zn between 0.5 and 1.5 wt.%
has a great effect on the age hardening responses.

Mechanical properties of alloys

A comparison of the typical mechanical properties of all
four alloys in different states is listed in Table 1. The
strength and elongation of the as-cast alloys tend to
improve with increasing the Zn addition, as seen in
Table 1. Both as-cast alloys C and D have better
mechanical properties than those of the alloys A and B.
The results for alloy C show a better ultimate tensile
strength (UTS) and tensile yield strength (YTS), the values
are about 166 and 124 MPa, respectively, with an elon-
gation of 7.6%. The values of UTS and YTS of alloy D are
164 and 130 MPa, respectively, and the elongation is 6.1%.

The mechanical properties are improved evidently after
hot extrusion due to the refinement of the microstructure,
as shown in Table 1, especially for the alloy C. The values
of UTS and YTS of alloy C in as-extruded condition are
about 356 and 242 MPa, respectively, with a good elon-
gation of 8.9%. The UTS is improved by 190 MPa, and the
increment of YTS is 118 MPa. The extrusion process is
beneficial to improve the mechanical properties of alloys
via microstructural refinement.
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Fig. 8 TEM images and
corresponding SAED patterns
of peak-aged specimens: a f§/
phase in alloy B; b / phase in
alloy D; ¢ SAED trace of f in
alloy D; d MgZn, phase in alloy
D

However, when the Zn addition is more than 5%, such
as alloy D in as-extruded or as-cast conditions, the
mechanical properties except YTS decrease with further
increasing Zn content (see Table 1), which is related to the
large volume fraction of the LPS structure, as shown in
Fig. 4g.

The tensile strength of the alloys A and B is greatly
improved after peak aging. Both UTS and YTS of peak-
aged alloy A are improved significantly, with values of 397
and 300 MPa, respectively. The peak-aged alloy B has the
highest mechanical properties at room temperature, with
UTS and YTS reaching 418 and 320 MPa, respectively,
with an elongation of 6.2% (see Table 1). However, alloys
C and D with high Zn content have less age hardening

response. The values of the UTS and YTS of alloy D are
350 and 280 MPa, respectively.

Tensile properties of the peak-aged alloys at elevated
temperature are shown in Fig. 9. The UTS and YTS of
the peak-aged alloys decrease slowly with increasing
temperature initially, as shown in Fig. 9a and b. The
elongation increases gradually from room temperature to
200 °C. Further increasing the temperature up to 300 °C,
the tensile strength values of all four alloys decrease
rapidly, especially for alloy B. Meanwhile, the elonga-
tion of these alloys increases during hot deformation.
The elongation of the alloy D has a highest value of
40.1% at 300 °C, whereas the elongation of the alloy A is
lower.
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Table 1 Tensile property of alloys A, B, C, and D at room
temperature

Alloys  State UTS (MPa) YTS (MPa) Elongation (%)
A F 149 (2.1) 101 (3.2) 3.8 (0.7)
As-extruded 320 (3.4) 214 (2.8) 7.1 (0.4)
Peak-aged 397 (4.5) 300 (3.5) 5.7 (1.0)
B F 159 (3.3) 110 (2.7) 4.2 (0.6)
As-extruded 331 (2.7) 228 (3.2) 7.3 (0.5)
Peak-aged 418 (3.8) 320 (4.2) 6.2 (0.3)
C F 166 (2.7) 124 (3.1) 7.6 (0.5)
As-extruded 356 (4.1) 242 (3.0) 8.9 (0.9)
Peak-aged 359 (4.0) 296 (3.2) 7.1 (1.0)
D F 164 (3.6) 130 (2.4) 6.1 (0.7)
As-extruded 342 (4.1) 251 (4.2) 8.2 (0.5)
Peak-aged 350 (2.1) 280 (3.7) 7.4 (0.8)

Note: standard deviation is given in parenthesis

As stated above, elongation of the alloys, in as-cast,
as-extruded and peak-aged conditions increased with
increasing Zn addition. Suzuki et al. [32] reported that
addition of small amount of Y and Zn into a magnesium
alloys decreases the stacking fault energy of these mag-
nesium alloys. Furthermore, the Zn additions assist in the
formation of LPS structures, leading to the minimum total
energy in the system, which makes dislocations move on
the energetically favored basal planes more readily [31].
This gives rise to a better elongation in the alloy which
contains high content of Zn, companied with good tensile
strength at elevated temperature.

Discussion

The solid solubility of Gd in magnesium is high (equilib-
rium solid solubility of 23.49 wt.% at 548 °C), but it
declines quickly with decreasing temperature (equilibrium
solid solubility of 3.82 wt.% at 200 °C), so it is considered
to be an ideal system for precipitation hardening [7, 33]. As
a result, more strengthening precipitates will form during
peak aging at 220 °C.

However, the addition of Zn to the Mg-Y—-Gd-based
alloys leads to the formation of the LPS structure and the
volume fraction of this phase increases with increasing Zn
addition [31]. As a result, the content of RE (standing for
Gd and Y) retained in the matrix decreased. Moreover, the
Zn atom is smaller (0.13 nm), and the RE atoms are larger
(both 0.18 nm) than the atomic radius of Mg (0.16 nm),
and the Zn would like to substitute for RE in the super-
saturated «-Mg matrix. When these alloys were aged at
220 °C, the volume fraction of S’ phase decreased with
increasing Zn addition.

Kawamura et al. [34] developed the highest strength
magnesium alloy with yield strength of 600 MPa by using
a rapid solidification powder metallurgy method. The 18R
LPS morphology was observed in this alloy. Kawamura
regarded the LPS morphology as the main strengthening
phase. However, the content of RE in the supersaturated
matrix decreased with Zn addition, and it led to a decreased
volume fraction of the f’ phase. So, the aging responses of
these alloys decrease with increasing Zn addition.

As stated above, the improved mechanical properties of
the alloy with Zn addition between 0.5 and 1.5 wt.% are

Fig. 9 Tensile properties of 450 350 40
specimens of the peak-aged —u—A
alloys A, B, C, and D as a o | —eo—B
function of temperatures: 400 —.\ e r —A—C
a UTS; b YTS; ¢ the elongation e \\ —o—D A
I 300 g e
350 ‘\ N oA~ 0
O, L o
L o A \
- O\ i ~
a0l T\ 250 S
o \A e
=
B 250 - 200 §°
£ 1 i - s
97] I 53]
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10 |-
I 150 "  —
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attributed to both the LPS and [ phases coexisting
together.

Conclusions

In this article, the microstructures and the tensile properties
of alloys A, B, C, and D have been investigated. The
investigation can lead to the following conclusions:

1. Addition of Zn led to the formation of the LPS
structure and the volume fraction of this phase
increased with increasing the Zn addition.

2. Hot-extrusion processing had an obviously effect on
microstructure refinement. DRX occurred during hot
deformation and refined the microstructures.

3. The [/ phase is the main secondary strengthening
phase and precipitates within the matrix during aging
at 220 °C. However, the volume fraction of this phase
decreased with increasing Zn addition.

4. The peak-aged alloy B exhibited the highest peak
hardness and tensile strength. The values of UTS and
YTS are 418 and 320 MPa, respectively, at room
temperature. The tensile strength of this alloy at
200 °C is still high, with good values of UTS and YTS,
i.e., 362 and 285 MPa, respectively.
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