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Abstract: The microstructures of Mg—2Nd—4Zn—1Zr alloy in the as-cast state and after heat treatment were investigated. Several
kinds of secondary phases were found and characterized by transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and X-ray diffraction (XRD). In the as-cast alloy, the existing eutectic compounds are Mg—Nd—Zn ternary phases: T phases
and W phases. After the heat treatment, with increasing the temperature or time, it was found that T phase almost dissolved into the
a-Mg matrix, while a large amount of W phase remained in the matrix. On the other hand, with prolonging the time, the morphology
of the phase changed from continuous network to the spherical shape along the grain boundary. The density of the W phase gradually
decreased and finally it was coarsened and stabilized in the treatment process.
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1 Introduction

The addition of rare-earth metals can improve the
corrosion resistance, as well as the mechanical properties,
especially the mechanical properties of magnesium
alloys at elevated temperatures [1—5]. Many fundamental
studies on developing new magnesium alloys containing
RE elements have been conducted. Mg—RE-Zn—Zr
alloys are widely used for their high strength, good
plasticity and corrosion resistance [6,7]. Nd is considered
an effective additional rare earth element. Addition of
rational neodymium (Nd) to the Mg—Zn—Zr alloy can
effectively improve the yield strength, hardness and
ultimate tensile strength of the alloy at higher
temperatures as a result of grain refinement and the
formation of the Mg,Nd phase [8—10], which could
make it possible to develop a high-strength and low-cost
magnesium alloy.

NUTTALL et al [2] examined the metallography
and kinetics of precipitation in Mg—2.8Nd—1.3Zn alloy
and found the equilibrium y phase. Recently, FU et al
[11,12] studied in detail the microstructure and

mechanical properties of gravity cast Mg—2.75Nd-
xZn—Zr (x=0—2.0%) alloys and found that Mg—Nd alloy
with less Zn contains Mg;;Nd phase, while the Mg—Nd
alloy with more Zn up to 2.0% contains a new
Mg—Nd—Zn ternary phases (y-phase) with FCC structure.
Microstructure of Mg—Nd—Zn ternary phases and
mechanical properties of Mg—Nd—Zn alloy with Zn
content more than 4 were reported [13—15]. However,
there is still lack of investigation on phase transformation
of Zn-containing Mg—Nd alloy, especially when the alloy
is heat treated at a higher temperature.

In the present work, attention is given to the phase
constitution and microstructure of secondary phases in
the as-cast and heat-treated Mg—Nd—Zn alloy.
Considering the effects of Zn element, in order to
investigate phase evolution the Zn was added into the
Mg—2Nd—-1Zr alloy. Specifically, the objective is to
identify the secondary phases, to study their structure,
morphology and composition in Mg—2Nd—4Zn—1Zr
alloy subjected to different heat treated time at 500 °C, at
different heat treated temperatures of 480—520 °C for 10
h. The structure of phases is examined using
transmission electron microscopy (TEM).
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2 Experimental

The Mg-2Nd-4Zn—1Zr (mass fraction, %) alloy
was prepared in an electrical resistance furnace using
steel crucible with a protective gas consisting of SFq (1%
in volume fraction) and CO, (Bal.) in order to prevent
burning of the melts. Pure magnesium was melt in a steel
crucible, with pure Zn (99.99%) added at temperature of
730-740 °C and then Nd and Zr were added as
Mg—25%Nd and Mg—30%Zr master alloys at 760 °C.
After stirring, the melt was held at 780 °C for 30 min to
make sure that Zr was completely dissolved. JDMJ refine
flux was used to reduce the loss of Nd element. The alloy
was poured into a steel moulds holding at (200+5) °C.
By inductively coupled plasma (ICP), the actual
chemical composition of the alloy was determined as
1.95Nd—3.91Zn—0.92Zr- Bal Mg (mass fraction, %). The
samples were annealed at 500 °C for 6—48 h and at
480—520 °C for 6 h followed by quenching in cold water.

The microstructures of the alloy were observed by
using an optical microscope (OM) and a JEOL
JSM—6460 scanning electron microscope (SEM)
equipped with X-ray energy dispersive spectrometer
(EDS). The phases in the as-cast and heat treated alloys
were examined by D/Max 2550VL/PC X-ray diffraction
(XRD). The detailed investigations were also performed
on a TECNAI G”20F transmission electron microscope
(TEM) operated at 200 kV. The TEM foils were prepared
by a twin-jet electron polisher in a solution of ethanol
with 1% perchloric acid at =30 °C, followed by ion beam
thinning on a Gatan precision ion polisher for about 0.5 h
with an incidence angle of 5°.

3 Results and discussion

3.1 As-cast microstructure and phase constitutions

The optical micrograph (OM) and scanning electron
microscopy  (SEM)  image of the  as-cast
Mg—2Nd—4Zn—1Zr alloy are shown in Fig. 1. A typical
dendritic solidification microstructure can be seen, and is
comprised of interdendritic phases formed by the eutectic
reaction and o-Mg matrix. A large number of
intermetallic compounds distribute along the grain
boundaries, and some of them appear as particles and
exist inside the grains, as shown in Fig. 1(a). Figure 1(b)
shows the magnified microstructure of secondary phases,
which appear in a bone-like precipitates along the
boundaries and are thickened.

XRD analysis on the as-cast alloy is given in Fig. 2.
The peaks from the as-cast Mg—2Nd—4Zn—1Zr alloy can
be indexed as a-Mg, and the others are unknown peaks.
But the result shows that no distinct peaks belong to
Mgl12Nd phases, and the localization of others small

diffraction peaks are well close to the T phase
determined by WEI et al [6,7] and W phase reported by
PADEZHNOVA et al [16] using XRD in Mg—Zn-Y
alloy. In the as-cast Mg—2Nd—4Zn—1Zr alloy, combining
XRD and EDS results intermetallic compounds here may
be regarded as the T phase and W phase with both
different kinds of Mg—Nd—Zn ternary phases. WEI et al
[7] indicated that for the Mg—4Zn—1.5RE alloy, only T
phase was found after solidification, and YANG et al [13]
observed no W phases emerging in the Mg—2Nd—4.5Zn
alloy. However, in this paper, it is interesting that W
phase was found and cannot completely dissolve into
the matrix after high temperature treatment in the as-cast

Fig. 1 Optical micrograph (OM) (a) and scanning electron
microscopy image (b) of as-cast Mg—2Nd—4Zn—1Zr alloy
etched with HNO;—ethanol solution

v—T phase
4—W phase
OfMg

10 20 30 40 50 60 70
20/(°)

Fig. 2 XRD pattern of as-cast Mg—2Nd—4Zn—1Zr alloy
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Mg—2Nd—4Zn—1Zr alloy.

Up to now, types of phases are still unidentified and
need further work on Mg—Nd—Zn alloy. To better clarify
the chemical composition and the structure of phases, the
TEM bright field images (BFIs) and the corresponding
selected area diffraction patterns (SADPs) are observed
in this as-cast alloy. Two different intermetallic
compounds can also be clearly seen in the TEM images,
as shown in Fig. 3. From Fig. 3(a), the typical
characterization of a lamellar morphology is observed,
which is constituted of intermetallic compound and
eutectic a-Mg. The incident electron beam is parallel to
[102] zone axis and [001] zone axis direction. From the
corresponding diffraction pattern (Fig. 3(a)), it is
indicated that this phase has a c-base-centered orthor-
hombic (CBCO) crystal structure with a Cmcm space
group and mmm point group, which is consistent with the
investigation of T phase elsewhere [7,15]. T phase had
the following lattice parameters: a=0.97 nm, b=1.13 nm,
¢=0.95 nm. The composition of T phase in the as-cast
alloy was determined using scanning transmission

g
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Fig. 3 Bright field TEM image and corresponding selected area
diffraction pattern (SADPs) of ternary phase in Mg—2Nd—4Zn—
1Zr as-cast alloy: (a) T phase; (b) W phase

electron microscopy/energy dispersive X-ray (STEM/
EDX) to be (mass fraction, %) 25.4Mg, 39.8Nd, 34.7Zn,
corresponding to the mole composition of
Mgse.4Ndy4.9Zng 7. Typical spectra are shown in Fig. 4(a).

Mg (a)
Element w/%  x/%
7n Mg 2540 56.40
Nd Nd 39.80 14.90

Zn__ 3470 28.70

Zn
JVJ Nd
0 2 4 6 g 10
Energy/keV
Zn Element w/%  x/% (®)
NdMg Mg 13.70 38.80
Nd 51.10 24.30
Zn 3520 36.90
Zn
Nd
0 2 4 6 8 10
Energy/keV

Fig. 4 EDS microanalyses of T phase (a) and W phase (b) in
as-cast Mg—2Nd—4Zn—1Zr alloy

On the other hand, during analysis of intermetallic
compounds in this as-cast alloy by STEM/EDX, it was
found few spherical particles within the grain, which
have the compositions out keeping with the vast bulk of
T phase. The typical composition is to be approximately
(mass fraction, %) 13.7Mg, 51.1Nd, 35.2Zn (Fig. 4(b)),
corresponding to the mole composition of
MgsssNdys 371369, Through the SADPs from [111] zone
axis and [112] zone axis direction  (Fig. 3(b)), the
crystal structures of these phases were determined. It was
found that this phase has the same crystal structure as W
phase which has been reported by PADEZHNOVA et al
[16] and they confirmed the existence of Mg;Y,Zn; (W
phase). Moreover, LI et al [15] also observed the
Mg;Nd,Zn; (W phases) in the as-cast Mg—5Zn—
2Nd-0.6Zr alloy. W phase possesses a face-centered
cubic in the Mg—Nd—Zn—Zr alloy, with lattice parameter
a=0.711 nm. Thus, combining with STEM/EDX and
XRD analysis results, it can be concluded that except
o-Mg, mainly two types of ternary Mg—Nd—Zn phases
coexist in the as-cast Mg—2Nd—4Zn—1Zr alloy, that is,
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the lamellar morphology phase is T phase and spherical
particle is Mg;Y,Zn; (W phase).

The present Mg—2Nd—4Zn—Zr alloy shows a
different microstructure evolution process from the alloy
with lower Zn contents. FU et al [11,12] reported that,
when Zn content is lower than 2%, only Mg;,Nd phase
exists in Mg—3Nd—XZn—Zr (%) alloy; however, when
Zn content is 2%, the y phase with FCC structure forms
and coexists with Mg;,Nd phase in Mg—3Nd—2Zn—Zr
alloy. Some researchers [6,13,15] reported chemical
composition and types of ternary phases in the as-cast
Mg—Nd—Zn alloy with a higher Zn content, which
suggested that the formation process of W phase and T
phase is related with the mole ratio of Nd to Zn.

Therefore, it can be concluded that for
Mg—2Nd—4Zn—Zr alloy, the eutectic phases have shifted
from Mg,Nd phase to ternary Mg—Nd—Zn phase when
mole ratio of Nd to Zn is high enough; in addition to the
existence of T phases, W phase will also formed.

3.2 Heat-treated microstructure evolution
3.2.1 Temperature effects on microstructure

Through the experimental measurement, second
phases are dissolved at 481-510 °C for Mg—2Nd—4Zn,
therefore, solid solution temperature of alloy is
approximately designed at 480—520 °C. Heat treatment
of this alloy was carried for 6 h at 480, 500, 510, 520 °C,
respectively. OM observations were performed in order
to elucidate the solution behavior of this alloy at various

(a)

temperatures (see Fig. 5). From Fig. 5, it can be seen that
after heat treatment at 480 °C (Fig. 5(a)), the previous
continuous network of eutectic compound distributed
along the grain boundaries in the as-cast alloy has
partially dissolved into Mg Matrix and a large number of
fine particle clusters distributed along the grain
boundaries, and secondary phase morphology shows an
obvious change. With the increase of temperature, many
finer secondary phase particles disappear and become
more disperse at the grain boundaries. Meanwhile, from
500 °C to 520 °C the volume fraction of residual
secondary phases almost has no change (the statistical
results of the volume fraction of secondary phase (see
Table 1), and then partial particles of residual secondary
phases already began to become coarser than before, that
is to say, this coarsening phenomenon becomes obvious
more and more with increasing the temperature
(Figs. 5(c) and (d)).

On the other hand, it is found that if further
elevating the temperature, some undissolved phases still
remain in this alloy and above 520 °C the alloy will
present the overroasting phenomenon. Therefore, it could
be preliminary deduced that T phase and W phase exist

Table 1 Volume fraction of secondary phases in Mg—2Nd-—
4Zn—1Zr alloy after heat-treatment at different temperatures
Temperature/°C 480 500 510 520

Volume fraction/% 3.11 2.14 1.98 2.05

Fig. 5 Optical micrographs (OM) of solution-treated Mg—2Nd—4Zn—1Zr alloys at different temperatures for 6 h: (a) 480 °C; (b) 500

°C; (c) 510 °C; (d) 520 °C
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in the as-cast alloy, one of which may be dissolved into
the a-Mg; however, another phase only seems to partial
dissolve or completely undissolve in the a-Mg. This
implies that Mg—2Nd—4Zn—1Zr alloy contains a kind of
higher thermally stabile Mg—Nd—Zn ternary phase.
Generally, the dissolving process can be fulfilled at
higher solution temperatures for Mg—Nd—Zn alloy.
However, the present higher Zn-added alloy shows the
different microstructure evolution processes from the
lower Zn alloy (see Refs. [9,11]).
3.2.2 Time effect on microstructure

In the Mg—2Nd—4Zn—1Zr alloy, microstructure
evolution at 500 °C was also investigated at different
holding time between 8 and 48 h. Figure 6 presents SEM
images of intermetallic compounds formed at 500 °C for
different time. It is clearly seen that a large amount of
secondary phase almost continuously distributes along
the grain boundary in the alloy after heat treatment for 8
h (Figs. 6(a) and (b)). With prolonging the heat-treatment
time, secondary phase gradually dissolved into the Mg
matrix, which led to an obvious reduction of the amount
of the secondary phase along the grain boundaries. And
the morphology of the phase changed from almost
continuous network to a randomly distributed spherical
shape (Figs. 6(b) and (d)). However, it should be pointed
out that when the solution time was extended to 48 h, the
secondary phase still kept most undissolved state, as
shown in Figs. 6(c) and (d). It is also seen that the
residual secondary phases coarsened gradually.

According to X-ray microanalysis (Fig. 7), it can be
seen that only W phase left after heat treatment. More
detailed investigation was completed by TEM bright
field image (BFI) observations, EDS microanalysis and
the corresponding micro-beam diffraction patterns for the
heat-treated alloy (see Fig. 8). Through calculation from
the corresponding SADPs, it is confirmed that the
residual secondary phase is W phase with FCC structure.
By EDS microanalysis, the composition of secondary
phase is determined to be Mgy 4Ndss9Zn4 7.
Consequently, combining with XRD and SADP analysis,
it can be concluded that after heat treatment, T phase
almost completely dissolved into the a-Mg and the
residual secondary phase is W phase.

From above investigations, it can be seen that heat
treatment at a high temperature has been carried out for a
longer time in order to allow the secondary phase to fully
dissolve into the Mg matrix. Generally, the dissolving
process can be fulfilled at a suitable temperature for
Mg—Nd—Zn alloy. However, the presence of high Zn-
containing alloy shows a different microstructure
evolution process during heat treatment. As the
heat-treatment temperature is very high, it seems
impossible to make the W phase dissolve into the matrix
during solution treatment, while the T phase can be
dissolved, which means that Zn plays a very important
role during this process.

Based on the microstructure observation and
analysis above, the formation process of ternary phases

Fig. 6 SEM images showing microstructure evolution of Mg—2Nd—4Zn—1Zr alloy during heat treatment at 500 °C for different time:

(a),(b) 8 h; (c),(d) 48 h
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Fig. 8 Bright field TEM images and corresponding selected
area diffraction patterns (SADPs) (a) and EDS (b) of W phase
in solution-treated Mg—2Nd—4Zn—1Zr alloy

may be deduced as follows: 1) Once mole ratio of Nd to
Zn is high enough, the transformation of Mg;,Nd phase
to ternary phase will start and both T phase and W phase
will present in the as-cast Mg—Nd—Zn alloy; 2) When the
heat-treatment temperature is high enough, the Nd and
Zn atoms diffuse from T phase and W phase to the a-Mg
matrix, but T phase almost dissolves into the matrix
during solution treatment, while W phase may not be

completely dissolved, which means that W phase is a
kind of higher thermally stabile ternary phases.

4 Conclusions

1) The  microstructure of the  as-cast
Mg—2Nd—4Zn—1Zr alloy mainly consists of two types of
Mg—-Nd—Zn ternary phases and a-Mg. One of
Mg—Nd—Zn ternary phases is T phase with
c-base-centered orthorhombic (CBCO) crystal structure
and W phase with FCC structure. The composition of T
phase is approximately (mass fraction) 25.4% Mg,
39.8% Nd, 34.7% Zn, corresponding to the mole
composition of Mgse 4Nd49Zn,57. The W phase contains
approximately (mass fraction) 13.7% Mg, 51.1% Nd,
35.2% Zn, corresponding to the mole composition
Mg38A8Nd24ASZn36A9'

2) After heat treatment at high temperatures, the T
phase almost completely dissolved into the a-Mg, while
part of W phase cannot dissolve into the a-Mg. With
increasing temperature, it seems that the total volume
fraction of the residual W phase remains unchanged but
it coarsened. This means that W phase is thermally
stabile ternary phase at the higher temperatures.

3) With prolonging the heat-treatment time, the
amount of W phase decreased gradually and its
morphology began to change from continuous networks
to spherical shape randomly distributed along the grain
boundary. Finally, the coarsened W phase formed during
the heat treatment process and remained stable despite
the long-term treatment.
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