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Abstract: The effect of zinc addition on the microstructure and mechanical properties of Mg—7Y—-3Sm—0.5Zr casting alloy was
investigated. Creep test was carried out at 200—300 °C under 50—120 MPa. Within the limits of the creep test conditions used in this
study, the creep activation energy of the investigated alloys was in the range of 156—221 kJ/mol. The microstructure evolution during
creep was characterized by optical metallography, SEM and TEM. The results show that the creep life of the alloy is increased from
52.2 to 152.8 h at 300 °C under 50 MPa by only 1% addition of Zn, though both the alloys have similar creep behaviors below 250
°C, which suggests that the thermally stable compound and lamellar structure can improve the high temperature creep resistance of

the alloy with the addition of Zn.
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1 Introduction

Magnesium alloys are being rapidly developed as
alternative lightweight materials to ferrous and
aluminum alloys due to their remarkable effort to cut
exhaust emission of automobiles through mass reduction
[1]. In the automobile industry, however, the use of
magnesium alloys has been limited in thermally mild
applications, such as instrument panel, steering wheel
and cylinder head cover, owing to their poor high
temperature performances, not capable of more thermally
severe environment like powertrain parts that could get
more significant mass savings. Therefore, there is a
strong demand for the improvement in the high
temperature properties, especially creep resistance of the
magnesium alloys.

It is reported that the addition of rare earth elements
(RE) could remarkably improve the mechanical
properties of magnesium, especially at elevated
temperatures, since the solubility of the RE elements

rapidly decreases with decreasing temperature, and
dispersive precipitation takes place to enhance the
mechanical properties of the alloys [2,3]. A number of
binary and ternary Mg—RE alloys have been developed
in recent decade [4—6]. For instance, Mg—Y—-Sm—Zr
alloy has considerable precipitation hardening with
mechanical properties superior to the commercial WES4
alloy [7]. In 2001, Mg—2Y—1Zn alloy with extremely
high yield strength of 610 MPa and reasonable
elongation of 5% was developed by rapid solidification
powder metallurgy process [8]. The coexistence of an
HCP (2H)-Mg fine grain matrix with 100—200 nm in size
and a long period stacking order (LPSO) phase, which is
basically constructed by ABCBCB stacking (6H-type) of
closed-packed planes of the Mg crystal, is contributed to
the excellent performance. Moreover, LPSO structure
prevents the growth of {10?2} deformation twins. It is
very interesting that such very small additives like
1%—2% Zn and Y into pure Mg dramatically change
its microstructure and mechanical properties. In
2003, AMIYA et al [9] and MATSUURA et al [10]
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subsequently reported that Y and Zn elements were
enriched in the long-period region and the periodicity
changed from 6H-type to 14H-type with increasing
cooling rate in melt spinning (melt-spun) Mg97Zn1Y2.
ITOI et al [11] reported that a LPSO structure with
18R-type was observed in Mg97Znl1Y?2 alloy prepared
by Cu-mold casting and induction melting methods.
After annealing at 773 K for 5 h, the 18R-type LPS
structure transformed to a 14H-type LPSO structure.
Considering the special role of Zn with RE elements, the
addition of Zn was introduced into Mg—Gd—Y—Zr alloys
to improve their mechanical properties [12—14]. LPSO
phases along grain boundaries were clearly observed by
optical microscopy. However, little study on the
microstructures and mechanical properties especially
creep resistance of Mg normal casting alloy with the
addition of Zn and RE has been reported so far.

In the present work, the microstructures, mechanical
properties  at temperature and  elevated
temperatures and creep behaviors of Mg—7Y—3Sm—

room

xZn—0.5Zr alloys were investigated to develop a novel
heat-resistant magnesium alloy system.

2 Experimental

Four alloys with nominal compositions of Mg—7Y—
Sm—-0.5Zr (WS73K), Mg—7Y-3Sm—0.5Zn—0.5Zr
(WSZ7305K), Mg—7Y-3Sm—1Zn—0.5Zr (WSZ731K)
and Mg—7Y-3Sm—2Zn—0.5Zr (WSZ732K) were
investigated. The alloy ingots were prepared from
high-purity Zn (99.99%), Mg—25%Y, Mg—25%Sm and
Mg—30%Zr master alloys in a steel crucible by an
electric resistance furnace under an anti-oxidizing flux of
1% SF¢ and 99% CO,. The chemical compositions of
these alloys analyzed by inductive coupled plasma (ICP)
technique are listed in Table 1.

Table 1 Chemical compositions of investigated alloys (mass
fraction, %)

Composition/%
Alloys
Y Sm Zn Zr Mg
WS73K 690 275 - 035 Bal
WSZ7305K 6.67 2.78 0.55 0.36 Bal.
WSZ731K 6.80 2.73 1.05 0.31 Bal.
WSZ732K 6.51 2.61 2.00 0.41 Bal.

The ingots were solution treated at 525 °C for 10 h
(T4-treatment), and then quenched into water at about
60 °C. A subsequent aging treatment was performed at
225 °C for 20 h (T6-treatment). The tensile test was

performed using standard tensile testing machine at room
temperature, 200, 250 and 300 °C, and the samples were
held for 30 min to get uniformly distributed temperature
before tensile tests. Creep resistances of the alloys were
evaluated at 200-300 °C and 50-120 MPa by a
CSS—3902 multifunction material tester using plate
specimens with dimensions of 2 mmx10 mm. The
microstructures of the alloys were studied by optical
microscopy (OM), scanning electron microscopy (SEM)
and transmission electron microscope (TEM). Double-jet
electropolisher was used to prepare thin foils for TEM
observation (Philips CM20). The thinning was carried
out in an electrolyte consisting of one-third nitric acid
and two-thirds methanol at —30 °C and 15 V. The phase
structures of the alloys were characterized by X-ray
diffractometry (XRD) in a scanning range of 20°—80°.

3 Results and discussion

3.1 Microstructure of alloys

The microstructures of the as-cast Mg—7Y—-3Sm—
xZn—0.5Zr in Fig. 1. The
microstructure of the as-cast WS73K alloy is mainly
composed of a-Mg, semi-continuous network-shaped
eutectic compound distributed at the a-Mg grain

alloys are shown

boundaries and very few granular phase in the a-Mg
grain (Fig. 1(a)). The average grain size of the WS73K
alloy is about 40 pm. The average grain sizes of the other
three alloys with Zn addition appear to be similar to that
of the WS73K alloy. However, the morphologies of the
second phases are different and a few amount of
lamellar-shaped phases are observed in WSZ7305K,
WSZ731K and WSZ732K alloys, as shown in Figs. 1(b),
(c) and (d). The lamellar-shaped phase appears to grow
from grain boundaries to the inside of grains and has the
same growing direction in one grain, implying that the
lamellar-shaped phase has specific orientation
relationship with Mg matrix. Its volume fraction
increases with increasing Zn content. The similar phase
was reported in as-cast Mg—Gd—Y—Zn—Zr alloy [14].
Figure 2 shows the microstructures of the alloys
after T4 treatment, indicating that almost all the eutectic
compounds in WS73K alloy are dissolved into a-Mg at
525 °C for 10 h. The average grain size is about 75 pm,
which is much larger than that of the as-cast WS73K
alloy, and a few small granular phases can be observed
near the grain boundaries (Fig. 2(a)). It is also seen that
the eutectic compounds in WSZ7305K, WSZ731K and
WSZ732K alloys are partly dissolved into the Mg
matrix, and more distinct straight lamellar-shaped phases
with a specific grain orientation are generated at grain
boundaries, as shown in Figs. 2(b), (c) and (d). The size,
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Fig. 1 OM images of as-cast alloys: (a) WS73K; (b) WSZ7305K; (c) WSZ731K; (d) WSZ732K

Fig. 2 OM images of solution-treated alloys: (a) WS73K; (b) WSZ7305K; (c) WSZ731K; (d) WSZ732K

volume fraction and morphology of these lamellar-
shaped phases are different from those of the as-cast
specimens. The average grain sizes of the alloys with Zn
addition, however, have no significant change. It seems
that the alloys with Zn addition have better stability at
high temperature. On the other hand, it can be seen that

the higher the Zn content is, the more the undissolved
compounds remain after T4 treatment, implying that the
solubility of Y and Sm atoms in Mg decreases with the
addition of Zn, and these second phases have good
thermal stability. More small granular phases can be seen
near the grain boundaries or inside the grains of the
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T4-treated alloys, especially for WSZ731K alloy. It
seems that these phases mainly form during high
temperature heat-treatment. It was reported that similar
microstructures ~ were  observed in  T4-treated
Mg—-10Gd—3Y—-1.2Zn—0.4Zr alloy [14], and it was
believed that the fine lamellar phase was 14H LPSO
phase decomposed from the block-shaped 14H LPSO
phase at grain boundaries that was transformed from
Mgs(Gd,Y,Zn) eutectic compounds during heat
treatment.

The XRD patterns of the as-cast and T4-treated
WS73K and WSZ732K specimens are shown in Fig. 3.
Only two phases can be recognized in the as-cast alloys,
o-Mg and Mgs(Y,Sm), which means no different crystal
structures come out with the addition of Zn. After
T4-treatment, only the peaks of a-Mg can be seen since
the eutectic compound of Mgs(Y,Sm) has dissolved into
the Mg matrix. The extra peaks designated as
Mg;x(Y,Sm)Zn can be observed in the T4-treated
WSZ732K alloy.
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T4-treated «— Mod(Y. S
4 dwsz732K gs(Y, Sm)
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Fig. 3 XRD patterns of as-cast and T4-treated WS73K, as-cast
and T4-treated and WSZ732K alloys

3.2 Mechanical properties at elevated temperatures
The tensile properties of Mg—7Y—-3Sm—xZn—0.5Zr
alloys at room and elevated temperatures are shown in
Fig. 4. It shows that the ultimate tensile strength (UTS)
decreases with increasing Zn additions at room
temperature. This is probably due to the consumption of
Y and Sm to form compounds with Zn, therefore the
precipitation density decreases during the aging
treatment. At elevated temperatures, the UTS of WS73K
alloy decreases rapidly from 330 MPa at room
temperature to 190 MPa at 300 °C with a 43% reduction.
For Zn-added alloys, however, the UTS loss at elevated
temperatures are much less than that of the Zn-free
WS73K alloy, which are 22%, 20% and 10%,
respectively. The loss of UTS decreases with increasing
Zn content, indicating that Zn can improve the thermal
stability of the alloy. At 300 °C, the UTS of WSZ7305K
alloy is still 228 MPa, better than that of the other alloys.
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Fig. 4 Tensile properties of alloys at room and elevated

180

temperatures

3.3 Creep resistance

Figure 5 shows the typical creep curves for the
Mg—7Y-3Sm—xZn—0.5Zr alloys obtained at 300 °C and
50 MPa. After 50 h creeping under this investigated
environment, the alloys without the addition of Zn, T6
treated WS73K and as-received WES54, all rapidly
rupture. With increasing Zn addition, the creep life of the
alloys extends significantly. The Zn-added WSZ7305K
and WSZ731K alloys have creep life of 125.1 and 152.8
h, respectively, much better than that of the commercial
alloy WE54. With the addition of 2% Zn, however, the
creep life of WSZ732K is about 80 h less than that of
lower Zn content alloys, but remarkably superior to
Zn-free alloys in this study. This is most likely due to the
coarse secondary phase along the grain boundary.

30
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o WSZT31K, Té
[ == WSZ732K, T6
| - WES4, as-received
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| | | |
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Creep time/h
Fig. 5 Creep curves of studied alloys at 300 °C and 50 MPa

The activation energies for the creep of the
investigated alloys can be calculated from the slope of
the graphs in Fig. 6, which are higher than that of the
self-diffusion of magnesium varies from 81 to 135 kJ/mol
[15-17]. Two temperature regions can be recognized
from the difference in the activation energy at 250 °C.
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The activation energy is influenced by the slip planes of
dislocations, i.e. basal and prismatic planes, which are
controlled by the amount and kind of precipitates and
solute atoms [17]. Two different creep deformation
mechanisms are proposed, the cross slips of dislocations
from basal to prismatic planes and the drag of jogs by
screw dislocations to leave a trail of interstitials [18].
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Fig. 6 Relationship between steady-state creep rate of alloys
and reciprocal of test temperature under 50 MPa

Figure 7 shows the TEM image and corresponding
selected areas electron diffraction pattern of peak-aged
WSZ731K alloy. These plate-shaped p' precipitates,
formed on prismatic planes {1150} of the Mg matrix
with the body centered orthorhombic structure (¢=0.640
nm, b=2.223 nm, c= 0.521 nm), effectively control the
dislocation motion on the basal planes [7]. It is also seen
that the lamellar precipitated LPSO is distributed
uniformly in the grains. The result of TEM observation is
similar to that reported by HONMA et al [13] for the
Mg—Gd—Y— Zn—Zr alloys. The significant improvement

A a o\ .
Fig. 7 TEM image and SAED pattern of peak-aged WSZ731K
alloy with beam direction [2110],([100]

80 nm

5)

in creep resistance of Mg—Y—Sm—Zr alloys with Zn
addition is considerably attributed to the co-existing
precipitates of 5’ phase and LPSO structure.

4 Conclusions

1) The microstructure of the as-cast WS73K alloy is
mainly composed of a-Mg and intermetallic compound
Mgs(Y,Sm). After T4-treatment, almost all the eutectic
compounds are dissolved into a-Mg. The microstructure
of the as-cast Zn-added alloy also consists of a-Mg and
Mgs(Y,Sm). However, Mg;»(Y,Sm)Zn phase is formed
after T4-treatment.

2) The Zn-containing alloys have better tensile
properties at 300 °C and excellent creep resistance at
300 °C and 50 MPa, superior to the Zn-free WS73K
alloy and commercial heat resistant WE54 alloy.

3) The co-existing precipitates of £’ phase and
LPSO structure in Zn-added alloys are effective
strengthening phases at high temperature.
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