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Microstructures and mechanical properties of the Mg-4Y-2Gd-0.4Zr alloy with Zn additions have been
investigated. The investigation suggests that the mechanical properties of the alloys have been greatly
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improved after hot extrusion due to the refinement of microstructures, especially the elongations.
The extruded Mg-4Y-2Gd-1.0Zn-0.4Zr alloy displays excellent tensile properties. The ultimate tensile
strength and the yield tensile strength are 291 and 228 MPa, respectively, with an elongation of 28%. The
additions of Zn have an obvious effect on refining microstructure of the extruded alloys, and the vicker
hardness increases with increasing Zn additions. The age hardening responses of the extruded alloys have
been investigated at 220 ◦C. These alloys display unobvious ageing hardness responses.
echanical properties

. Introduction

Magnesium alloys have been received a great attention as
ight-weight structure materials because of specific strength, high
tiffness, good damping capacity and easy-recycling and so on [1].
owever, the present commercial magnesium alloys display disap-
ointing mechanical properties. Zn is often added to improve both
he yield tensile strength (YTS) and the ductility of the wrought

agnesium alloys [2–7]. Kawamura et al. [8] have developed a
S P/M Mg-1Zn-2Y (at.%) alloy, and this alloy shows excellent
echanical properties. The YTS and elongation are 610 MPa and

%, respectively. Recently, Homma et al. [9] reported that the
g-1.8Gd-1.8Y-0.7Zn-0.2Zr alloy fabricated by conventional hot

xtrusion exhibited a highest ultimate tensile strength (UTS) of
42 MPa with an elongation of 8.0%.

The Zn additions lead to a formation of a long periodic stacking
LPS) structure, which has a great effect on enhancing the mechan-
cal properties of these magnesium alloys [10–14]. It has been
eported that these LPS structures prevented the growth of {1 0 1̄ 2}
eformation twins [11]. The LPS structure has been observed in the

g-Zn-RE (RE containing Y, Gd, Ce, Sm, La and La(MM)), and the

ormation of this LPS structure is a universal phenomenon [15–18].
n our previous work, the LPS structure had been observed in the

g-Zn-Y-Gd-Zr and Mg-Zn-Gd-Zr series alloys, and these investi-
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gations suggested that this structure has a great effect on improving
mechanical properties, including tensile strength and elongation
[4,5,10,12].

In this investigation, the microstructures and mechanical prop-
erties of the Mg-4Y-2Gd-xZn-0.4Zr alloys (wt.%) (x = 0, 0.5 1.0, 1.5,
2.0 and are identified by alloys A, B, C, D and E, respectively) have
been investigated. These alloys in the extruded condition were aged
at 220 ◦C, and the precipitates observed after peak ageing have been
investigated.

2. Experimental procedures

The alloy ingots with nominal compositions of Mg-4Y-2Gd-xZn-0.4Zr were
produced from high-purity Mg (99.5%), high-purity Zn (>99.9%), Mg-20Y (wt.%),
Mg-25Gd (wt.%) and Mg-35Zr (wt.%) master alloys in an electric resistance furnace
at about 750 ◦C. The mild steel crucible was filled with a protective atmosphere.
At about 730 ◦C, the melts were poured into an iron mold with a diameter
of 90 mm. Specimens, which were used for the cast research were cut from
the cylinder-shaped ingots. Parts of them were made into rectangular tensile
specimens of 15 mm in gauge length, 3 mm in width and 1.5 mm in thick-
ness, and the remaining was used for other investigations. The cylinder-shaped
ingots homogenized at 500 ◦C for 8 h were milled into a diameter of 82 mm,
and then were extruded into rods in the extrusion ratio about 16.8 at 380 ◦C.
Some rods were directly aged at 220 ◦C in order to investigate the age harden-
ing behaviors with time. The tensile specimens of the alloys in as-extruded and
peak-ageing conditions were also machined into the same geometry as the cast

samples.

Tensile tests were carried out on a uniaxial tensile testing machine at primary
strain rate of 1 mm/min. The tensile axis was aligned parallel to the extrusion direc-
tion. Vickers hardness was measured by a hardness tester with a load of 100 or
15 g, a dwelling time of 15 s and 20 measurements were collected for each sam-
ple. The microstructures of the alloys were observed by an optical microscope

dx.doi.org/10.1016/j.jallcom.2010.12.015
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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OM), scanning electron microscope (SEM) with an energy dispersive spectro-

cope (EDS) and transmission electron microscope (TEM). The grain sizes of the
lloys were measured via using an average linear intercept method. The sam-
les were mechanical polishing and etching in a solution of 2.1 g picric acid, 5 ml
cetic acid, 35 ml ethanol and 5 ml H2O. Samples for TEM were prepared with an
rgon ion milling technique. Phase analysis went along with an X-ray diffraction
XRD).

Fig. 1. OM and SEM images of the cast alloys: (a and b) alloy A
mpounds 509 (2011) 3299–3305

3. Experimental results
3.1. Microstructures of the cast alloys A, B, C and E

Fig. 1 shows the microstructures of the cast alloys A, B, C and E.
It is suggested that the Zn additions lead to a formation of a kind

, (c and d) alloy B, (e and f) alloy C and (g and h) alloy E.
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f lamellar phase and the volume fraction of this phase increases
ith increasing Zn additions. The average grain sizes of the alloys
, B, C and E are 35.98, 32.60, 30.37 and 32.59 �m, respectively.

Fig. 2 shows the SEM image and corresponding EDS results

btained from the lamellar phase of the cast alloy B. It is observed
hat the lamellar phase is mainly located at the grain boundaries.
owever, it is also observed the presence of this lamellar phase
ithin the matrix. The EDS result shows that the composition of

ig. 2. SEM images and EDS result of the cast alloy B: (a) SEM image of this alloy,
b) SEM image at a high magnification obtained from the LPS structure and (c) EDS
esult of the LPS structure.
mpounds 509 (2011) 3299–3305 3301

this phase is about Mg-3.44 RE-2.11 Zn (at.%). However, this chem-
ical composition is different from that of the LPS structure obtained
from both the cast Mg-7Y-4Gd-xZn-0.4Zr alloys and the cast Mg-
5Y-4Gd-xZn-0.4Zr alloys [4,10].

In order to investigate the microstructure of the LPS structure

observed in the cast Mg-4Y-2Gd-0.5Zn-0.4Zr alloy, the TEM obser-
vation has been conducted, as shown in Fig. 3. Fig. 3a shows the
microstructure of the LPS structure. This phase is located at the
grain boundaries. High-resolution electron microscopy (HREM) has

Fig. 3. TEM images and corresponding SAED pattern of the cast alloy B: (a) TEM
image of the LPS structure, (b) HREM image of the 14H LPS structure and (c) corre-
sponding SAED pattern obtained from the LPS structure.
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een taken from this precipitate, as shown in Fig. 3b. The HREM
mage shows a stacking sequence of ABABABACBCBCBC, and it sug-
ests that this phase has a 14H-type structure. The SAED pattern
as been obtained from this phase and confirmed the existence of
he 14H structure.

Fig. 4. OM images of the extruded alloys: (a and b) alloy A, (
mpounds 509 (2011) 3299–3305
3.2. Microstructures of the extruded alloys A, B, C and E

The microstructures of the extruded alloys A, B, C and E have
been shown in Fig. 4. These OM images show that the microstruc-
tures have been refined after hot extrusion. The average grain sizes

c and d) alloy B, (e and f) alloy C and (g and h) alloy E.
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tion of 15%. It is concluded that the addition of 0.5 wt.% Zn leads to
ig. 5. TEM image and corresponding SAED pattern of the extruded alloys B: (a)
EM image of the LPS structure and (b) corresponding SAED pattern obtained from
his LPS structure.

f the alloys A, B, C and E are 14.23, 12.47, 8.45 and 5.14 �m, respec-
ively. Furthermore, it is found that the dynamic recrystallization
DRX) occurred, as shown in Fig. 4b, d, f and h. DRX has an important
ffect on refining the microstructures [19–21]. Secondary phases
ere broken and then were distributed along the extrusion direc-

ion. These secondary phases play an important role in limiting the
rowth of the recrystallized grains [4].

Fig. 5 shows the TEM image and corresponding SAED pattern of
he LPS structure observed in the extruded alloy B. The SAED pat-
ern shows that there are 13 diffraction intensity maxima between
0 0 0 1)� and (0 0 0 2)�. It indicates that a LPS structure with a 14
asal plane periodicity. It is shown that this phase has an identical
tructure with that observed in the cast alloy B.

.3. Hardness of the LPS structures in the cast and extruded alloys

The hardness of the lamellar phase observed in both the cast
lloy and the extruded alloy has been investigated. This Vickers
ardness was collected with a load of 15 g. The hardness of the
PS structure obtained from the cast alloys B, C, D and E are 84.57,
6.86, 88.39 and 88.96 VHN, respectively. These values are similar
ith each other. Furthermore, the values of the hardness of this
tructure collected from these extruded alloys B, C, D and E are
4.68, 87.64, 87.92 and 86.41 VHN, respectively. It is found that the
ardness of these LPS structures is the same in either the cast alloy
r the extruded alloy.
Fig. 6. Age hardening behaviors of the extruded alloys A, B, C, D and E.

3.4. Ageing behaviors and microstructures of the peak-ageing
alloys

Fig. 6 shows the ageing behaviors of the extruded alloys A, B, C,
D and E at 220 ◦C. It is suggested that the ageing behaviors of these
alloys are not obvious. The Vickers hardness was measured with a
load of 100 g. The hardness of these alloys increases with increasing
Zn additions. However, the hardness has no obvious improvement
during ageing process. The values of the peak-ageing hardness of
the alloys A, B, C, D and E are 70.26, 76.48, 83.13, 86.67 and 86.96
VHN, respectively. The reduction of the RE content directly leads
to a big fall in peak-ageing hardness compared with our previous
work [4–5,10,12].

Fig. 7 shows the TEM images and the corresponding SAED pat-
terns obtained from the peak-ageing samples of the alloys B and E.
Fig. 7a shows the phase with a 14H-type structure precipitated at
the matrixes observed from the peak-ageing alloy B. Because the
extrusion temperature was 380 ◦C, this LPS structure was formed
at this temperature. The precipitation of this phase has no con-
tribution to the age hardening response of the alloy B. The TEM
observation of the peak-ageing specimen of the alloy E shows that
two types of phase coexist together throughout the �-Mg matrix.
One is the �′ phase with an ellipsoidal morphology which is identi-
fied by “A” in Fig. 7b, the other is MgZn2 phase distributed randomly
in the matrix with a rod morphology which is stressed by “B” in
Fig. 7b. In fact, the LPS structure precipitated at matrix in the alloy
E has been observed, which is not shown. Because the number of
the �′ phase is small and the size is large, it is considered that this
phase is formed during the holding time at the extrusion temper-
ature rather than during the ageing at 220 ◦C. The amount of such
precipitates is so low that their contribution to the total strength
of the alloys should be negligible. However, the high content of Zn
(alloy E) leads to the abundant binary Mg–Zn phase forming during
ageing at 220 ◦C. The precipitates of the MgZn2 phase are mainly
responsible for the improvement of the hardness after peak ageing.

3.5. Mechanical properties

Table 1 shows the tensile properties of the cast alloys A, B, C,
D and E. The better ultimate tensile strength (UTS) is observed in
the alloy B, and the value of the UTS is 217 MPa with an elonga-
improved mechanical properties of the cast Mg-4Y-2Gd-0.4Zr alloy.
However, the values of the yield tensile strength (YTS) of the cast
alloys B, C and D are similar. It is suggested that a further increase
in the Zn content does not imply a higher YTS in the cast alloys. In



3304 K. Liu, J. Meng / Journal of Alloys and Compounds 509 (2011) 3299–3305

Fig. 7. TEM images of the peak-ageing alloys B and E: (a) TEM image and corresponding
obtained from the alloy E, (c) and (d) corresponding SAED patterns of the �′ phase and M

Table 1
Tensile properties of the cast alloys at room temperature.

Alloys UTS (MPa) TYS (MPa) Elongation (%)

A 175 93 8.0
B 217 103 15

p
Y
t

I
g
o

T
T

improvement. The alloy E shows the best tensile strength. The val-
C 202 108 12
D 194 110 7.5
E 192 90 8.5

articular, the Zn addition up to 2.0 wt.% results in a big fall in the
TS due to the LPS structure getting coarse. The value of the YTS of

he cast alloy E is 90 MPa with an elongation of 8.5%.

Table 2 shows the mechanical properties of the extruded alloys.
t is suggested that the mechanical properties of the alloys are
reatly improved after hot extrusion. Moreover, the tensile strength
f the extruded alloys is improved gradually with an increase in the

able 2
ensile properties of the extruded alloys at room temperature.

Alloys UTS (MPa) TYS (MPa) Elongation (%)

A 222 138 30
B 260 182 28
C 291 228 27
D 300 232 25
E 318 240 20
SAED pattern of the alloy B, (b) TEM image of the �′ phase and the MgZn2 phase
gZn2 phase, respectively.

Zn content. The alloy E exhibits the highest tensile strength mostly
due to a higher volume fraction of the LPS structure and refined
microstructure. The values of the UTS and YTS of the extruded
alloy E are 318 and 240 MPa, respectively, and the elongation is
20%. In addition, the plasticity decreases with more Zn additions.
However, compared with the mechanical properties of the Mg-
5Y-4Gd-xZn-0.4Zr (wt.%) (x = 0, 0.5, 1.0, 1.5 and 2.0) alloys in our
previous work, these extruded alloys still display a higher ductility
but lower strengths [10].

Table 3 shows the tensile properties of the peak-ageing alloys.
It is found that the tensile strengths of these alloys have no distinct
ues of the UTS and YTS are 328 and 261 MPa, respectively, and the
value of the elongation is 17%. It is suggested that lower content of
the RE leads to the inferior ageing behaviors in these alloys.

Table 3
Tensile properties of the alloys in the peak-ageing condition testing at room
temperature.

Alloys UTS (MPa) TYS (MPa) Elongation (%)

A 224 146 27
B 263 187 27
C 301 242 25
D 314 243 22
E 328 261 17



nd Co

4

2
i
t
v
t
[
c
L
L
i
m
r
c
m
L
M

o
Z
a
u
T
n
t
a
n
M
t
t
p

d
o
n
t
t
t
a

5

t
c

1

2

[

[

[

[
[

[
[
[

[

[

[

[
[
[

[
[

K. Liu, J. Meng / Journal of Alloys a

. Discussion

The microstructures and mechanical properties of the Mg-4Y-
Gd-xZn-0.4Zr (wt.%) (x = 0, 0.5, 1.0, 1.5 and 2.0) alloys have been

nvestigated. The 14H LPS structure has been observed in the cast,
he extruded and the peak-ageing alloys. The LPS structure is a uni-
ersal phase in the Mg-RE-Zn alloys [15]. Furthermore, five types of
his structure have been observed, i.e. 6H, 10H, 14H, 18R and 24R
6,22–25]. The 18R structure formed during solidification with fast
ooling rate that reduced the energy barrier for forming the 18R
PS structure [24,26,27]. However, Itoi et al. [28] reported that 18R
PS structure was transformed to a 14H LPS structure after anneal-
ng at 500 ◦C for 5 h. It is concluded that the 14H LPS structure is

ore stable compared with the 18R LPS structure. Datta et al. [29]
eported that the formation energy of the 14H LPS structure was
lose to the energy of the hcp structure, and the 14H LPS structure is
ore stable than the 6H LPS structure. In this investigation, the 14H

PS structure has been observed in both the cast and the extruded
g-4Y-2Gd-0.4Zr alloys with Zn containing.
In this investigation, the results agree with previous literature

n Mg-Zn-Gd, Mg-Zn-Y, Mg-Zn-Y-Gd alloys, and the additions of
n lead to a formation of the LPS structure. The LPS structure as
strengthening phase formed during solidification, and the vol-

me fraction of this structure increases with increasing Zn addition.
his structure was considered as a strengthening phase in the mag-
esium alloys by Kawamura and Abe. Chino et al. confirmed that
he hardness was improved by the LPS structure by carrying out
microindentation test form the RS P/M material and pure mag-
esium. In this investigated alloys, the strength of the extruded
g-4Y-2Gd-0.4Zr alloy is progressively increased with increasing

he volume fraction of the LPS structure. It is further suggested that
his LPS structure has a great effect on improving the mechanical
roperties of the magnesium alloys.

Although the additions of Zn played an important role in
ecreasing the solubility of RE in the matrix, the lower content
f the RE in the matrix led to an unobvious peak-ageing hard-
ess at 220 ◦C. So these peak-ageing alloys did not show high
ensile strength but companying with good elongation. However,
he MgZn2 phase formed during ageing with increasing Zn addi-
ions up to 2.0 wt.%. It is considered that the ageing response of the
lloy E is attributed to the presence of the the MgZn2 phase.

. Conclusions

In this article, the microstructures and the mechanical proper-
ies of these alloys A, B, C, D and E have been investigated. The below
onclusions were obtained:
. The LPS structure with a 14 basal plane periodicity has been
observed in the alloys containing Zn. The LPS structure has an
important effect on improving the tensile strength of the alloys.

. These alloys with a lower content of RE showed inferior tensile
strength and unconspicuous age hardening responses compared

[

[
[

[

mpounds 509 (2011) 3299–3305 3305

with both the Mg-7Y-4Gd-xZn alloys and the Mg-5Y-4Gd-xZn
alloys. However, the elongations of the alloys in both the
extruded and the peak-ageing conditions are better.

3. The Mg-4Y-2Gd-2.0Zn-0.4Zr alloy in the peak-ageing condition
displays the best mechanical properties because of the precipi-
tations of the MgZn2 phase.
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