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The addition of Zn to the Mg–Nd system improves the yield
strength and creep resistance, however its influence on the
intermetallic phases in the ternary system is not yet fully
understood. Understanding the sequence of phase-forma-
tion and phase-evolution during solidification and proces-
sing is essential to microstructure design. The solidification
was investigated with in-situ synchrotron radiation-diffrac-
tion and tomography during cooling from the molten state
to 200 8C to investigate the phase-formation and transfor-
mation characteristics. The solidification starts with a-Mg
followed by two distinct intermetallic phases T2 and T3.
The results suggest that Zn stabilizes the Mg3Nd phase and
accelerates precipitate formation. The dendritic morphol-
ogy changes during solidification towards coarser shapes,
thus impedes feeding and promotes hot tearing.
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1. Introduction

The growing application of light weight solutions in the
transportation industries requires low density materials

with high specific mechanical properties. Furthermore, the
absolute properties in the material’s property profile should
be sufficient to meet the demands of the application at hand.
Mg, owing to its low density, fulfils the first requirement
[1] and also the latter in most cases as a result of large-scale
alloy development efforts [2]. This enables the substitution
of heavier counterparts with Mg products. The degradation
of Mg alloys under physiological conditions allows apply-
ing specific alloys as implant materials without the need of
subsequent removal surgery [3].

Alloys of the Mg–Zn system possess enhanced strength
and ductility [4] which made ZK60 (Mg-6.0Zn-0.6Zr
(wt.%)) one of the most widely used commercial wrought
Mg alloys. Owing to this enhancement, this system has
been the basis for RE (rare earth) additions aiming to further
improve the mechanical property profile through the forma-
tion of grain boundary particles [5]. Due to their price, low
solid solubility RE elements have gained attention because
relatively low concentrations are sufficient to introduce
secondary phase particles. Neodymium with a maximum
solid solubility of 3.6 wt.% at 549 8C [6] became the focus
of numerous pieces of research because it is an ideal ele-
ment to further improve strength at elevated temperatures
[7, 8]. In order to characterize the phases in the Mg–Zn–
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Nd system Calphad [9] and first principle studies [10] have
been performed. The microstructure property relationship
has been investigated for different processing routes e. g.
high cycle fatigue [11], hot compression [12] and equal
channel angular pressing [12]. Furthermore, due to the low
cytotoxicity of Nd the Mg–Nd–Zn system is also consid-
ered as a prospective alloy for bio-absorbable implants [14].

Phase formations and transformations in materials are re-
vealed in in-situ diffraction experiments during solidifica-
tion as a function of temperature and time [15]. The valida-
tion of existing phase diagrams and the development of
more precise thermodynamic databases is achieved by the
identification of secondary phases and the determination
of their solidification sequences [16]. The use of neutron
sources provides better statistics, due to the relatively large
sample size in comparison to synchrotron sources [17].
However, it should be noted that synchrotron sources yield
superior time–temperature resolution [18], which allows
for the modelling of more realistic casting conditions with
the experiments.

The continuous development of image acquisition by
synchrotron X-ray imaging [19] allows following the soli-
dification process in situ. For instance, a thin plate-like
sample is used as a specimen and radiographs can be taken
with short acquisition times during solidification providing
excellent time resolution [20]. To melt the sample, a Bridg-
man furnace is commonly used, which provides a well-de-
fined solidification front and solidification rate. The disad-
vantage of this method is that it only delivers two-
dimensional information. By rotating the sample during so-
lidification, tomography can be performed [21]. In order to
perform in-situ tomographic investigations, the scan must
be done faster than the evolution of the microstructure. By
cooling down the sample to the solid state the whole solidi-
fication sequence can be acquired in 3 dimensions [22, 23].

The aim of this research is to investigate the phase forma-
tion during solidification in Mg–Nd–Zn alloys with syn-
chrotron radiation diffraction to characterize the phases as
a function of temperature and with synchrotron radiation to-
mography to follow the evolution of the internal phase
morphologies.

2. Experimental procedure

The alloys investigated were cast by permanent mold indir-
ect chill casting [24]. Pure Mg was melted in an electric re-
sistance furnace under a protective atmosphere with a mix-
ture of Ar and 2 vol.% SF6. The Nd and Zn were added in
pure form, while the melt was continuously stirred. The
melt was held at 750 8C for 10 min, then poured into a pre-
heated steel mold (660 8C). The crucible with the molten al-
loy was held at this temperature for 15 min and subse-
quently immersed into a room temperature water bath at a
rate of 10 mm · s–1.

Three alloy compositions were investigated in this work;
Mg5Nd3Zn, Mg5Nd5Zn and Mg5Nd7Zn. All alloy compo-
sitions described in this work are stated in wt.%, unless it is
stated otherwise. The actual compositions of the alloys
were measured with a Spectrolab spark analyzer. The Nd
content was also measured using a Brucker S5 X-ray fluor-
escence (XRF) to determine the exact amounts of Nd in
the investigated alloys.

Specimens for scanning electron microscopy (SEM) ana-
lysis were prepared by grinding and polishing using SiC pa-
per and OPS solution respectively. A TESCAN Vega SB-U
III SEM with an accelerating voltage of 15 kV and working
distance of 15 mm were used for microstructural character-
ization.

The in-situ synchrotron radiation diffraction experiments
were performed at the P07 (HEMS) beamline of Petra III.
DESY (Deutsches Elektronen-Synchrotron) A monochro-
matic beam was used with the energy of 100 keV
(k = 0.0124 nm) and a cross-section of (1.1 mm)2. The ac-
quisition time of each diffraction pattern was set to 0.5 s.
The samples were enclosed in Mettler Toledo stainless steel
crucibles (ME 29990) under Ar atmosphere. The experi-
ments were performed in the chamber of a modified DIL
805 A/D (Bähr-Thermoanalyse GmbH, Hüllhorst, Ger-
many) dilatometer; the sides of the chamber were covered
with Kapton windows and the coil was modified so the beam
passed through the sample only. The diffraction patterns
(Debye–Scherrer rings) were recorded by a Perkin Elmer
1622 Flatpanel detector with an effective pixel size of
(200 lm)2 placed 1603 mm behind the sample, calibrated
by an LaB6 standard powder sample. The samples were
heated at a constant rate of 50 and 100 K min–1 up to
800 8C then held for 5 min to ensure temperature homogene-
ity and subsequently cooled with the same rate to 200 8C.
The diffraction patterns were integrated azimuthally and
analyzed with the software Fit2D. Line profiles were ob-
tained by integrating the diffraction patterns in the azi-
muthal direction.

The in-situ synchrotron tomography experiment was car-
ried out at Swiss Light Source (Paul Scherrer Institute, Vil-
ligen, Switzerland) using the TOMCAT beamline. The
radiographies were acquired with a rate of 2.5 ms with a
PCO-DIMAX CMOS camera. The data were reconstructed
to images with dimensions of 1008 · 1008 · 808 pixels
with a voxel size of (3 lm)3. The quantitative analysis was
performed on cropped volumes of 400 · 400 · 300 pixels.
More details of the experimental setup, data acquisition set-
tings and image processing steps have been provided in pre-
vious work [25]. The mean and product of the principal
curves, mean (K) and Gauss curvatures (H), were deter-
mined using a-Mg dendrites during solidification with Avi-
zo� software. A triangular approximation prior to calcula-
tion was used to produce a surface of the voxel-based
volume of the segmented phase. For each triangle of the

Table 1. Chemical composition of the investigated samples.

Nominal composition Nd wt.% (spark) Nd wt.% (XRF) Zn wt.% (spark)

Mg5Nd3Zn >4.20 4.35 3.20

Mg5Nd5Zn >4.20 4.20 5.20

Mg5Nd7Zn >4.20 4.34 8.00
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rendered surface, the osculant curves were determined tak-
ing into consideration the neighbouring triangles up to the
fifth order. The local radii of these curves were averaged
five times with the radii of direct neighbour triangles before
the reciprocal of the local radius was calculated. In order to
prevent phases cut by the boundaries of the region of inter-
est, surfaces that simultaneously exhibited zero values for
mean and Gauss curvatures were excluded from further
evaluation.

3. Results and discussion

The actual chemical compositions of the alloys measured
by XRF and spark analysis are listed in Table 1.

The chemical compositions of the alloys are close to the
intended compositions, however, in the case of Mg5Nd7Zn,

the Zn content is 1 wt.% higher. In the case of small alloy
batches this is within the tolerance of the composition. The
backscattered electron (BSE) micrographs of the alloys are
shown in Fig. 1.

In all the alloys two distinct intermetallic morphologies
can be distinguished. One of them is a continuous interme-
tallic phase, the other one is more lamella-like. The increase
in Zn content besides increasing the overall volume fraction
of the intermetallics also increases the proportion of the la-
mella like intermetallic phase. The Debye–Scherrer pat-
terns acquired during the in-situ solidification test of
Mg5Nd5Zn are shown in Fig. 2.

At 700 8C the alloy is completely molten. The crystalline
peaks originate from the stainless steel crucible, while the
diffuse background ring is from the melt. At 639 8C besides
the crucible some diffraction peaks from the a-Mg can be

Fig. 2. Debye–Scherrer patterns acquired
during the in situ solidification test of
Mg5Nd5Zn at: (a) 700 8C, (b) 639 8C, (c)
510 8C, and (d) 470 8C.

Fig. 1. BSE micrographs of the investigated alloys: (a) Mg5Nd3Zn, (b) Mg5Nd5Zn, and (c) Mg5Nd7Zn.
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observed, while the diffuse background loses its intensity as
the amount of the melt decreases. The a-Mg peaks appear
and disappear as the crystallines fulfil the Bragg equation
while floating in the melt. At 510 8C the solidification of
Mg proceeds, while the signal of the melt disappears, indi-
cating that its volume fraction becomes close to the detec-
tion limit. A peak from the intermetallics can be seen. At
470 8C the solidification is complete. The comparison of
the integrated line profiles at RT along with the line profiles
acquired by integration of the Debye–Scherrer patterns
from the investigated alloys are shown in Fig. 3. The accu-
racy of the temperature measurement of the experimental
setup is 1 K. However, as the phase begins to form, their ob-
servation is dependent on the detection limit of the diffrac-
tion. Therefore, it is most likely that at the very beginning
when the phase has a low volume fraction and the crystal-
lites only occasionally fulfil the Bragg equation the detec-
tion is limited.

The comparison of the alloys at RT in the as-cast state
shows that the Mg5Nd3Zn consists of the Mg3(Nd,Zn) (T3

phase, fcc) besides the a-Mg, while the higher Zn contain-
ing alloys consist of Mg50Zn42Nd8 (tetragonal crystal struc-
ture) as well which is known as the T2 phase in the litera-
ture. However, from the BSE micrograph of Mg5Nd3Zn in
Fig. 1a two intermetallic morphologies can be clearly dis-
tinguished. The volume fraction of the Mg50Zn42Nd8 inter-
metallic with the lamella-like structure must be low, close
to the detection limit, therefore it might be difficult to ob-
serve it with synchrotron radiation diffraction in a measure-
ment setup, where the sample is stationary. The integrated
line profiles show similar solidification behavior for all the
alloys. The red profiles represent the liquid state. The hump
originates from the amorphous background signal, while
the crystalline peaks originate from the steel crucibles. On
the second profiles (green) besides the crucibles, peaks can
be observed from the primary Mg dendrites. On the third
profiles (blue) these are complemented by the peaks of the
intermetallic phases. The last profiles are integrated from
the Debye–Scherrer patterns acquired at the end of the ex-
periment at 200 8C. The peaks move towards higher q val-

Fig. 3. Comparison of the alloys at RT in as-cast condition and line profiles of the investigated alloys acquired during cooling.
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ues because of the decrease in lattice parameter while cool-
ing down. The summary of the formation temperatures of
the different phases obtained by synchrotron radiation dif-
fraction are listed in Table 2.

Tomographic slices of the microstructure of Mg5Nd5Zn
at different temperatures and the reconstructed 3D image
of the different phases are shown in Fig. 4.
The in-situ tomographic experiment provides informa-

tion regarding the evolution of the internal architecture
during solidification. In these images the green colour re-
presents the dendritic structure, and blue the interdendritic
space, which is liquid during cooling, until the structure
becomes completely solid at 500 8C. Since there is a neces-
sity of continuous rotation during the scan, a thermocouple
cannot be fixed on the sample. The temperature is mea-
sured with a pyrometer, which has a high inaccuracy at
this relatively low temperature. Therefore, the temperature
has been scaled with ex-situ DTA measurements. The
quantitative analysis of the structure could only be per-
formed after the dendritic coherency point, the tempera-
ture where an internal skeleton of a-Mg dendrites has built
up. This hinders the movement of the solidified particles,
thus enables the proper reconstruction of the volume.

Pores were only observed at the end of solidification,
which is expected as the network of solidified phase forms
a complex feeding path. This obstructs the healing by the
remaining liquid phase and pores form. The results of the
quantitative analyses are shown in Fig. 5.
The volume fraction of Mg naturally increases during

cooling, while the amount of intermetallics (including
melt in the liquid phase) decreases as the solidification
proceeds. As the structure becomes solid to a point where
sufficient feeding is not possible anymore, pores appear.
The dendrites were characterized with the mean and
Gauss curvatures, the mean and the product of the princi-
pal curvatures (largest and smallest curvature at any given
surface point). The values are representative of a given
surface form allowing characterization of the morphology
of the dendrites statistically. At 537 8C the distribution has
three maxima in the positive–positive quadrant and close
to the origin. This represents mostly spheroid-like shapes
and flatter surfaces describing the shape of the dendrites
shortly after their coherency point. As the cooling pro-
ceeds, one maximum disappears and the distribution
shifts towards concave shapes. At 509 8C only one peak
in the distribution is left which means that the structure

Fig. 4. Tomographic slices of the microstructure of Mg5Nd5Zn at different temperatures and the reconstructed 3D image with the phases segmented.

Table 2. Formation temperatures of the phases.

Mg5Nd3Zn Mg5Nd5Zn Mg5Nd7Zn

a-Mg 631 ± 2 8C 619 ± 2 8C 617 ± 2 8C

Mg3(Nd,Zn) 507 ± 2 8C 485 ± 2 8C 483 ± 2 8C

Mg50Zn42Nd8 N/A 467 ± 2 8C N/A
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coarsens further. As the solidification finishes the mor-
phology can be described mostly with convex and con-
cave spheroid-like shapes indicating a coarse dendritic
structure with relatively short dendrite arms compared to
their thickness.

4. Conclusions

The solidification properties of Mg-5Nd-xZn alloys were
investigated with in-situ synchrotron radiation diffraction
and tomography. From the findings the following main con-
clusions can be drawn.
. The solidification sequence of the alloys starts with the

formation of the a-Mg dendrites followed by solidifica-
tion of intermetallics.

. The dendritic structure coarsens during cooling, and in
the final stage pores appear, most likely due to poor
feeding.

. The presence of Zn stabilizes the Mg3(Nd, Zn) phase,
which is meta-stable in the binary Mg–Nd alloys. Further-
more, it promotes the formation of the Mg50Zn42Nd8
phase.
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