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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The microhardness of second phase
in Mg97Zn1MM2 is higher than that of
Mg97Zn1Y2.

� The second phase in Mg97Zn1MM2 is
identified as (La,Ce)(Mg,Zn)12 phase.

� The second phase in Mg97Zn1MM2

can be refined remarkably by rolling.
� The strengthening mechanism of
Mg97Zn1MM2 is dispersion
hardening.
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a b s t r a c t

The mechanical properties of Mg97Zn1MM2 alloy were studied. Owing to high hardness of its second
phase, the yield strength of as-extruded Mg97Zn1MM2 alloy exceeds that of Mg97Zn1Y2 alloy. The
microstructure is identified that the second phase in Mg97Zn1MM2 alloy is (La,Ce)(Mg,Zn)12. The hot
rolling can refine the size of the second phases and disperse them uniformly. Hot rolling of Mg97Zn1MM2

alloy at 773 K provided a yield strength of 300 MPa. The strengthening mechanism of Mg97Zn1MM2 alloy
is dispersion hardening by a strong second phase while that of Mg97Zn1Y2 alloy is precipitation
strengthening by a long-period stacking ordered phase.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Increasing the strength of magnesium alloys is essential to
expanding their range of applications in the automobile, railway

and aerospace industries. The most important approach to improve
mechanical properties of magnesium alloys is with additional
alloying elements such as Zn, Ca, Y and rare earth (RE). Commer-
cially available magnesium alloys are AZ- and AM-series [1], but
higher strength of MgeY and MgeRE alloys are attracting great
attention and being much carried on [2e4]. Although commercial
heat resistant ZE- and WE-series alloys have been used in industry,
a lot of researches have been worked with Y or RE-containing
magnesium alloys in order to improve the creep [5e7] and
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fatigue behavior [8]. Recently the rapidly solidified Mg97Zn1Y2 has
high strength and high corrosion resistance, and has therefore
attracted considerable attention [9]. This alloy has excellent prop-
erties because of not only the refinement of the magnesium matrix
to a size of 0.1e0.2 mm but also the fine precipitates with a long-
period stacking ordered (LPSO) structure [10]. Therefore, alloying
magnesium with rare earth (RE) can be used to improve its me-
chanical properties. Although Mg97Zn1Y2 includes an LPSO phase,
but not all RE-containing magnesium alloys always contain LPSO
phase. The LPSO phase that is formed during the solidification is
classified as type I when Y, Dy, Ho, Er or Tm is added and type II
when Gd or Tb is added. Mg-RE compounds, rather than the LPSO
phase, are formed during solidification and the 14H LPSO phase is
precipitated by annealing [10,11]. Some magnesium alloys that
contain some RE elements, such as La, Ce, Nd and Pr, can be clas-
sified as non-LPSO alloys [12]. The coexistence of Mg-RE second
phases can greatly improve the mechanical properties of rapidly
solidified non-LPSO MgeZneLa and MgeZneCe alloys [13].
Although the strengthening effect of the LPSO phase has been
studied, the hardening mechanism of second phase-containing
non-LPSO alloys has rarely been elucidated.

In this study, lower-cost La-rich mischmetal (MM) was added to
magnesium alloys to increase their strength. The Mg97Zn1MM2 was
produced by a conventional ingot metallurgy process. For com-
parison, Mg97Zn1Y2 was made by the same method as was used to
make. The strengthening mechanism and mechanical properties of
both alloys were systematically investigated.

2. Experimental

Mg97Zn1MM2 and Mg97Zn1Y2 were melted by the vacuum in-
duction melting of highly pure Mg, Zn, Y and MM (71 wt.%La,
28 wt.%Ce with some minor elements of Nd and Pr) metals in an
iron crucible, and then cast in a steel mold with a diameter of
180 mm and a length of 400 mm in an Ar atmosphere. Following
homogenization treatment at 773 K for 10 h, the ingots were
extruded into plates with a thickness of 5 mm and a width of
120 mm at an extrusion temperature of 673 K. Hot rolling at 773 K
was carried out to modify the microstructures of the alloys. The
compositions of as-extruded Mg97Zn1MM2 and Mg97Zn1Y2 were
analyzed by ICP-AES and shown in Table 1.

The microstructures of the alloys were examined by optical
microscopy (OM), X-ray diffractometry (XRD), scanning electron
microscopy (SEM; Hitachi S-3400N) and transmission electron
microscopy (TEM: JEOL JEM-2100F). The TEM specimens were
prepared by ion milling at 4 kV. Tensile tests were carried out using
a Shimadzu AG-I tensile test machine with an initial strain rate of
1 � 10�3 s�1. The tensile test specimens with gauge dimensions of
6 mm in width and 10 mm in length were formed using a punch
machine.

3. Results and discussion

Fig. 1 presents OM images of as-extruded Mg97Zn1MM2 and
Mg97Zn1Y2 alloys. The extrusion direction is in the horizontal in all
figures herein. The a-Mg matrix was dynamically recrystallized
owing to extrusion at high temperature. Furthermore, the second
phases in the Mg97Zn1MM2 andMg97Zn1Y2 alloys were also refined
to sizes of 2~5 mm and 5e12 mm, respectively. The second phase in
the Mg97Zn1MM2 alloy is inferred to have been easily refined
following extrusion. From the tensile test results shown in Table 2,
the tensile test results revealed that the yield strength (226 MPa) of
the as-extruded Mg97Zn1MM2 alloy exceeded that (210 MPa) of
Mg97Zn1Y2 alloy, whereas the elongation (15.5%) of the as-extruded
Mg97Zn1Y2 alloy exceeded that (6.1%) of the Mg97Zn1MM2 alloy. To
determine why the Mg97Zn1MM2 alloy had the higher yield
strength, the microhardness of the matrix and that of the second
phases were measured. According to the micro Vickers results and
the hardness indentations that are shown in Fig. 1, the matrices of
both alloys had very similar microhardnesses indicating that the
difference between the solubilities of the solutes in the matrices of
both alloys did not result in a significant difference in hardness.
However, the microhardness of the second phase in Mg97Zn1MM2
alloy is 146.2 HV, which greatly exceeds that (86.9 HV) of the sec-
ond phase in Mg97Zn1Y2 alloy. The high hardness of the second
phase in Mg97Zn1MM2 alloy is inferred to increase its yield
strength.

The SEM/BEI images reveal that Mg97Zn1MM2 and Mg97Zn1Y2
alloys each have two phases. A quantitative analysis of the EDS
results indicates that the second phases are (La, Ce)(Mg,Zn)12 and
Mg12ZnY (LPSO) in the Mg97Zn1MM2 and Mg97Zn1Y2 alloys,

Table 1
Alloys compositions as analyzed by ICP-AES (wt.%).

Alloys Y La Ce Zn Mg

Mg97Zn1Y2 6.42 e e 2.49 Bal.
Mg97Zn1MM2 e 6.80 2.83 2.59 Bal.

Fig. 1. Microstructures and hardness indentations of as-extruded Mg97Zn1MM2 (a) and Mg97Zn1Y2 (b).

Table 2
Mechanical properties of as-extruded Mg97Zn1Y2 and Mg97Zn1MM2.

Mg97Zn1Y2 Mg97Zn1MM2

UTS (MPa) 350 250
YS (MPa) 209.6 225.6
EL (%) 15.5 6.1
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