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Abstract: The effects of Ce addition on the microstructure of Mg-6Zn-1Mn alloy during casting, homogenization, hot extrusion, T4,
T6 and T4+two-step aging were investigated. The mechanical properties of alloys with and without Ce were compared. The results
showed that Ce had an obvious effect on the microstructure of ZM61-0.5Ce alloy by restricting the occurrence of dynamic
recrystallization and restraining the grain growth during extrusion and heat treatment subsequently. A new binary phase Mg;,Ce was
identified in ZM61-0.5Ce alloy, which distributed at grain boundaries and was broken to small particles distributed at grain
boundaries along extrusion direction during extrusion. The mechanical properties of as-extruded ZM61-0.5Ce alloy were improved
with the addition of Ce. The improved tensile properties of as-extruded ZM61-0.5Ce alloy were due to the finer grain sizes as
compared to ZM61 alloy. However, the UTS and YS decreased severely and the elongation increased when ZM61-0.5Ce was treated
by T6 and T4+two-step aging. Brittle Mg;,Ce phase, which was distributed at the grain boundary areas and cannot dissolve into the

Mg matrix after solution treatment, became crack source under tensile stress.
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1 Introduction

As the lightest structural materials, magnesium
alloys have attracted increasing interest for mass
reduction in aerospace, automobile industry and
transportation, but the use of magnesium alloys is still
limited due to their low strength, bad deformability and
high cost caused by either expensive alloying elements
used or special processing technology involved[1]. To
broaden the applications of magnesium alloys further,
the development of wrought Mg alloys with higher
strength is necessary.

Mg-6Zn-1Mn(ZM61) alloy[2—4], which is a new
kind of high performance wrought magnesium alloy, has
pronounced response to age-hardening, so there is a great

potential to improve the strength by wvarious heat

treatments and micro-alloying. Two-step aging (high
temperature aging after pre-aging at a lower temperature)
was reported to be very effective to refine the
microstructure of Mg-Zn-Mn alloys[4—6]. Recently,
ZHANG et al[2—4,7-8] reported that the Mg-6Zn-1Mn
alloy with double aging treatments exhibits higher
strength values than the single-aged alloy. Further
recently, microstructure and mechanical properties of
twin-roll stripped Mg-6Zn-1Mn alloys which contain
various Al contents and are subjected to double aging
after solution heat treatment have been reported[5—6].
Another effective way to improve strength is
alloying trace element to magnesium alloys. Among
them, rare earth (RE) elements, such as Y, Nd, Yb, Gd,
have attracted particular attention. It was proved that
rare earth addition is beneficial to the mechanical
properties of magnesium alloys without affecting other
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properties[9—13]. Conventionally, the purposes of rare
earth element addition are to refine grains, and thus to
improve the mechanical properties[14—17]. Up to now,
few studies have been conducted about the effects of RE
on microstructures or properties of Mg-Zn-Mn wrought
magnesium alloys.

In this study, Ce, one of the cheapest rare earth
elements, was added as a trace additive. According to
Mg-Ce phase diagram[18], Ce has a little solubility in
Mg. The maximum solubility of Ce in Mg at the eutectic
temperature (592 °C) is 0.52%(mass fraction). The
effects of Ce on the microstructure and mechanical
properties of ZM61 alloy were reported.

2 Experimental

Commercial high-purity Mg(>99.9%, mass fraction),
Zn(>99.95%) and two master alloys (Mg-20.82%Ce and
Mg-4.10%Mn) were used to prepare the experimental
alloys with nominal composition(mass fraction, %) of
Mg-6Zn-1Mn  (ZM61) and Mg-6Zn-1Mn-0.5Ce
(ZM61-0.5Ce). All alloys were prepared by vacuum
induction melting using steel crucible under an Ar
atmosphere. The melt was held at 750 °C for 30 min to
make sure that Ce could be completely dissolved. The
chemical compositions,
XRF-1800 CCDE sequential X-ray fluorescence
spectrometer, were Mg-5.77Zn-0.95Mn for ZM61 and
Mg-5.69Zn-0.74Mn-0.39Ce for ZM61-0.5Ce.

Then the ingots were homogenized at 330 °C for 24
h and then under a controlled constant force by a XJ—500

which were analyzed by

horizontal extrusion machine made in China. The
homogenized ingots were hot extruded to bars of 16 mm
in diameter at 360 °C with the extrusion ratio of 25:1.
After extrusion, the alloys were cooled in the open air.
The extruded samples were solution treated (T4) at 420
°C for 2 h followed by water quenching. Subsequently,
two kinds of aging treatments: single aging (180 °C for
16 h) and two-step aging (90 °C for 24 h and 180 °C for
16 h) were utilized.

Tensile tests were performed using tensile
specimens with gauge length of 50 mm and gauge
diameter of 5 mm at a strain rate of 2 mm/min at room
temperature. Tensile property values under each
condition were obtained as the average of three tests.

The microstructures of specimens were observed by
NEOPHOT30 optical metallographic microscope and
TESCAN VEGAII
equipped with an INCA Energy 350 energy dispersive
X-ray spectrometer (EDS). Phase components were

characterized by a Rigaku D/max 2500PC X-ray

scanning electron microscope

diffractometer using Cu K, radiation. Thermal analysis
was carried out by wusing differential scanning
calorimetry(DSC, a NETZSCH STA 449C system) under
purified Ar atmosphere. DSC sample of around 20 mg
was heated from 50 °C to 700 °C in 5 min before being
cooled down to 50 °C at a controlling speed of 10
°C/min.

3 Results and discussion

3.1 As-cast microstructure

Figure 1 shows the as-cast microstructures of
ZM61-Ce alloys containing no and 0.4% Ce, respectively.
The two alloys exhibited similar dendritic morphologies.
The grain size and dendrites of ZM61-0.5Ce alloy were
slightly smaller than those of ZM61 alloy. The
microstructure of ZM61 alloy was comprised of coarse
equiaxed dendrites and net-work interdendritic
compounds. The interdendritic coarse blocky compounds,
which are indicated by arrow ‘A’ in Fig.2(a), were
identified as Mg-Zn binary eutectic compounds, as
shown Fig.2(b). Fig.2(c) shows SEM microstructure of
as-cast ZM61-0.5Ce alloy. The EDS results show that no
Ce was detected in the magnesium matrix, and the
interdendritic compounds contain a lot of Ce apparently.
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Fig.1 Optical microstructures of ZM61 (a) and ZM61-0.5Ce(b)
alloys

In the present work, Ce was added to the melt in the
form of Mg-20.82%Ce master alloy. The liquidus
temperature of the master alloy is about 592 °C[11],
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Fig.2 SEM micrographs of as-cast ZM61 alloy (a) and ZM61-0.5Ce alloy (c), EDS spectra of ‘A’ phase (b) and ‘B’ phase (d)

which is lower than the temperature of the melt. Since Ce
has little solubility in Mg, little level of Ce may be
soluble in Mg lattice during crystallization. Thus, the
major fraction of Ce, as well as solute atom Zn, are
believed to be enriched at the advancing solid-liquid
interface[19], resulting in the formation of Mg-Zn and
Mg-Ce intermetallics at the interdendritic areas during
the last stage of solidification.

3.2 Microstructure evolution

Figures 3—7 illustrate the microstructure evolution
of ZM61 and ZM61-0.5Ce alloys during homogenization,
extrusion, solution, single-step aging and two-step aging.
As shown in Fig.3, after homogenization at 330 °C for
24 h, some of the Mg-Zn eutectic compounds in the grain
boundary dissolved into the matrix without notably
difference in the two alloys. However, a lot of
undissolved compounds containing a lot of Mg-Ce
phases for ZM61-0.5Ce alloy still remained in the grain
boundary, as shown in Fig.3(d).

Figure 4 shows the microstructures of ZM61 and
ZM61-0.5Ce alloys extruded at 360 °C after
homogenization at 330 °C for 24 h with the extrusion
ratio of 25:1. The grains were refined severely by
dynamic recrystallization (DRX) during deformation.

Blocky primary compounds were further broken into
small particles. Fig.4(a) shows that complete DRX
occurs in the ZM61 alloy, while incomplete DRX occurs
in ZM61-0.5Ce alloy under this extrusion condition, as
shown in Fig.4(b).

The phase constitutions of as-cast and as-extruded
ZM61 and ZM61-0.5Ce alloys were determined by XRD
analysis, as shown in Fig.8. It shows that Mg;,Ce phase
emerges in ZM61-0.5Ce as compared with ZM61 alloy.
The DSC curves showed that the eutectic temperature of
ZM61-0.5Ce alloy increased evidently with the addition
of Ce, as shown in Fig.9. It is suggested that the rise of
eutectic temperature should be attributed to the
deformation of Mg;,Ce phase which is responsible for
the existence of high temperature and undissolved
particles.

After solution heat treatment at 420 °C for 2 h, the
dynamic recrystallized grains of the investigated alloys
grew up sharply. Figure 5 shows the solutionized
microstructures of both alloys. However, the grain size of
ZM61-0.5Ce alloy was much smaller than that of the
alloy without Ce. There were only little tiny particles
dispersed in the matrix of ZM61 alloy, yet some big
undissolved intermetallics still remained in the alloy with
Ce, which means that the undissolved particles existing
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Fig.3 As-homogenized microstructures of ZM61 (a, ¢) and ZM61-0.5Ce (b, d) alloys at 330 °C fo

(c), (d) SEM micrographs

Fig.5 Microstructures in vertical section of

T

4 treated ZM61 (a) and ZM61-0.5Ce (b) alloys
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Fig.7 Microstructures in vertical section of T4+2-step aged ZM61 (a) and ZM61-0. 5Ce (b) alloys
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Fig.8 XRD patterns of as-cast (a, ¢) and as-extruded (b, d)
samples: (a), (b) ZM61 alloy; (c), (d) ZM61-0.5Ce alloy

in as-extruded ZM61-0.5Ce alloy cannot be dissolved
considerably into matrix.

The microstructures in vertical section of ZM61 and
ZM61-0.5Ce alloys in T6 and T4+two-step aging
condition are shown in Figs.6 and 7. The grain size of
ZM61-0.5Ce alloy is much smaller than that of ZM61
alloy. For ZM61 alloy, the effect of pre-aging at a lower
temperature below 100 °C of two-step aging on the
optical microstructure is inappreciable. Nano-sized G.P.

JJ 466.83 °C 415,52 °C ®)
[ e e —=
(@)

384.92 °C

424.45 °C

500 400 300 200
Temperature/°C
Fig.9 DSC curves of ZM61 (a) and ZM61-0.5Ce (b) alloys

zones which precipitate during the pre-aging process can
act as heterogeneous nucleation sites for the high-
temperature-aging transition phases, resulting in more
multiplied and denser coherent metastable phases than
single aging. Such G.P. zones can only be observed by
transmission electron microscope(TEM), so the optical
micrographs of two-step aged alloys just indicate the
same principles as those of one-step aged alloys[6, 20].
For ZM61-0.5Ce alloy, big undissolved Mg-Ce
intermetallics cannot dissolve into the matrix and
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distribute at the extrusion streamlines parallel to the
extrusion direction.

3.3 Mechanical properties

Table 1 shows the tensile results of as-extruded, T6
and T4+two-step aged alloys with and without Ce
addition. It is interesting to note that the yield strength
and elongation of as-extruded ZM61-0.5Ce increased
compared with those of ZM61, while the tensile strength
values of both alloys were almost the same. For ZM61
alloy, the T6, especially the T4+two-step aging can
obviously increase the ultimate tensile strength and yield
strength, while decrease the elongation. However, the
yield strength and tensile strength decreased and the
elongation increased with the addition of Ce for T6 and
T4+two-step aged alloys.

Table 1 Tensile properties of as-extruded, T6 and T4-+two-step
aged ZM61 alloys with and without Ce addition

YS/ UTS/ Elongation/
MPa  MPa %

Alloy State

As-extruded 209 305 11.5
ZM61 T6 314 352 79
T4+two-step aged 338 366 52

As-extruded 232 304 14.7
ZM61-0.5Ce T6 267 297 9.3
T4+two-step aged 287 308 10.4

The improvement of the whole mechanical
properties of the as-extruded ZM61-0.5Ce is the result of
refined grain sizes by Mg;,Ce particles, which is present
at the grain boundary areas and can restrict the growth of
recrystallized grains[21].

For ZM61 alloy, Mg-Zn phase particles precipitated
during air cooling after extrusion almost dissolve again
into the a-Mg matrix during the T4 treatment, then
strengthening f' precipitates form in a-Mg matrix during
T6 and T4+two-step aging. The reason why T4+two-step
aging could remarkably increase the yield and tensile
strengths is that in the first step aging at a lower
temperature, a large amount of GP zones and metastable
phases are formed, which could act as nucleation sites
for /' precipitates in the second step aging, resulting in
finer and more dispersive /' particles[4, 20, 22—24].

The phenomenon that the tensile properties of T6
and T4+two-step aged ZM61-0.5Ce alloy are severely
deteriorated by adding Ce is conflictive with our
previous expectation for alloy design. Figure 10 shows
the SEM images of the tensile fracture surfaces for both
alloys tested at room temperature. Huge amounts of

cleavage planes and steps(arrow ‘A’ in Fig.10(a)) are
present and some minute lacerated ridges can also be
observed in the local areas of tensile fracture surfaces for
ZM61 alloy, which have mixed characteristics of
cleavage and quasi-cleavage fractures. However, a lot of
cracks (arrow ‘B’ in Fig.10(b)), which originate in brittle
Mg,,Ce phase with 20 um in diameter, are found in the
fracture surface of ZM61-0.5Ce alloy. According to

38.16 11.86
Tota] 100.00

100.00

Ce
e © ceCe Zn

4 6 8 10
ElkeV

E]ement Mass fraction/% Molar fraction/%|
41.71 74.72
20.13 13.41
0

Fig.10 SEM images of fracture surface of T6 aged alloys tested
at room temperature: (a) ZM61; (b) ZM61-0.5Ce; (c) EDS
spectrum of ‘B’ phase in Fig.10(b)
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above analysis of microstructure evolution, the major
cause of the deterioration comes from the residual coarse
Mg,Ce particle clusters which cannot thoroughly
dissolve into matrix during solution treatment and may
act as crack sources under tensile stress.

4 Conclusions

1) Ce has obvious refining effects on the grain sizes
of ZM61 alloys in as-cast, as-extruded, T4, T6 and
T4+two-step aged states. The addition of Ce can restrain
the grain growth of DRX during extrusion and various
heat treatment process.

2) For as-extruded alloy, the mechanical properties
are improved by the addition of Ce, while for T6 and
T4+two-step aged alloys the UTS and YS decrease
severely and the elongation increases by the addition of
Ce. The Mg,Ce high temperature phases, which are
distributed at the grain boundary area and cannot
dissolve into the Mg matrix during T4, become crack
source of fracture under tensile strength.
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