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a  b  s  t  r  a  c  t

A  micro-alloy  addition  of  Y (0.2  wt.%)  produced  a  significant  improvement  in  the  tensile  yield  strength  of
an  Mg–2.8Nd–0.6Zn–0.4Zr  (wt.%)  alloy  at 200 ◦C,  with  a  28%  increase  from  143  MPa  to  183  MPa.  APT
characterisation  confirmed  that  small  solute  clusters  in  a  high  number  density  were  present  in the
as-quenched  sample.  TEM  examinations  revealed  that �-type  precipitates  habiting  on  prism  {1 1  2  0}
planes  were  dominant  in the  sample  after  aged  for  14  h at 200 ◦C, and  they  co-existed  with  �-type pre-
cipitates  on  the  basal  plane  of Mg  matrix.  The  precipitation  sequence  of �-type  precipitates  is  solute
clusters  →  �′′ →  �′ →  �1 before  the  peak  hardness.  There  was  significant  clustering  of  solutes  in  the  Y-
containing  alloy,  but  Y did  not  clearly  partition  into  clusters  or  precipitates  and  remained  in  the  Mg matrix.
�′′,  �′ and  �1 were  measured  with  stoichiometric  Mg9(Nd,Zn),  Mg4(Nd,Zn)  and  Mg2(Nd,Zn),  respectively.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium alloys have important applications in the automo-
tive and aerospace industries because of their high specific strength
for the weight reduction and better fuel economy [1].  However,
the mechanical properties of conventional Mg  alloys are often not
suitable for high-temperature applications. The lower mechanical
properties, particularly the lower tensile yield strength at elevated
temperatures, hinder the wider application of Mg  alloys [2].  The
development of Mg  alloys for the high-temperature application
remains to be a challenging research target for the international
materials community.

Rare-earth (RE) element addition has been considered to be
effective to promote precipitation hardening and to improve the
high-temperature performance of Mg  alloys due to the formation
of thermally stable nano-sized precipitates in a high number den-
sity [3–18]. Indeed, some commercial high-strength heat-resistant
Mg  alloys (i.e. WE54/43, QE22, etc.) contain at least two types of
RE elements (one is main and the other is minor). Frequently, RE

∗ Corresponding author at: Australian Centre for Microscopy and Microanalysis,
The University of Sydney, Madsen Building F09, Sydney, NSW 2006, Australia.
Tel.: +61 2 90369050; fax: +61 2 93517682.

E-mail address: gang.sha@sydney.edu.au (G. Sha).
1 Present address: Chair of Casting Research, The University of Leoben, A-8700

Leoben, Austria.

elements are selected from Nd, Y, sometimes Sc and Gd, etc. [2] for
further improving the high-temperature performance of Mg alloys.

Mg alloys with an Nd addition exhibit a strong age-hardening
response and improvement in mechanical properties. The pre-
cipitation of �′′, �′ and � phases and the mechanical properties
of some Mg–Nd based alloys have been extensively investigated
[3–12]. However, the high-temperature mechanical properties of
these Mg–Nd based alloys are often not ideal for applications above
250 ◦C. Y is an important alloying element to effectively improve
the mechanical properties of Mg  alloys at elevated temperatures
[13–18]. Several important commercial Mg  alloys, such as WE54
and WE43, were developed having a combined high-level addition
of Y and Nd [13–15].  The precipitation phases in these Mg alloys are
�′′, �′, �1 and �, proposed with stoichiometry of Mg3RE, Mg5RE,
Mg3RE and Mg3RE, respectively [14,16]. They provide strengthen-
ing effects to these high-Y-containing Mg  alloys [13–17].

The addition of Y in high quantities, even for WE54 (Y:
4.75–5.5 wt.%) and WE43 (Y: 3.7–4.3 wt.%) alloy, has the draw-
backs to increase alloy density and production cost. Consequently,
a lower level addition of Y becomes more attractive if it can pro-
duce effective improvements in the mechanical properties of Mg
alloys. Recently, a micro-alloy addition of only 1–2 wt.% Y into
Mg–3Nd–0.5Zn–0.4Zr (wt.%) alloy has been reported to remark-
ably increase its tensile properties and creep resistance [18]. It
is generally believed that the improvement of the alloy strength
is correlated with an enhanced precipitation by the addition of
Y. To date, there is a lack of detailed information about the
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evolution of precipitates microstructure, and the partitioning of
solutes into precipitates during ageing low-Y-containing alloys.
Better understanding precipitates microstructure formation is
of importance for establishing the relationship between the
microstructure and mechanical properties of the low-Y-containing
Mg–Nd based alloys.

This paper aims to report the mechanical properties and pre-
cipitates microstructure of an Mg–2.8Nd–0.6Zn–0.4Zr (wt.%) alloy
with a 0.2 wt.% Y addition. By unveiling comprehensive structural
and chemical information of solute-rich features formed in the alloy
using careful TEM characterisations and quantitative atom probe
data analyses, this investigation has objectives to elucidate the
precipitation sequence, to address the solute partitioning behav-
iors during ageing, and to understand the strengthening effect and
mechanisms of the low-Y-containing Mg–Nd based alloy.

2. Experimental material and procedures

Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr alloy (wt.%) was  prepared with
high purity Mg  (99.9%), Zn (99.9%), Nd (99.9%), Mg–28Y and
Mg–33Zr master alloys in an electric resistance furnace under the
protection of an anti-oxidizing flux (containing 54–56% KCl, 14–16%
BaCl2, 1.5–2.5% MgO, 27–29% CaCl2), and casted into a sand mould.
The chemical compositions of the experimental alloy were deter-
mined by using an inductively coupled plasma atomic emission
spectrum (ICP-AES) apparatus. The solution treatment of speci-
mens cut from the alloy ingot was conducted at 525 ◦C for 18 h in a
salt bath. The ageing of water-quenched specimens was performed
in an oil bath for various ageing time at 200 ◦C. The Vickers hardness
testing was undertaken on LECO Hardness Tester (LV700AT) with
1 kg load and 10 s dwelling time. Each data point reported in this
paper represented an average of at least 10 measurements. The ten-
sile tests were performed using standard tensile testing machine
(Instron1195) at room temperature (RT), 200 ◦C, 250 ◦C, 300 ◦C and
350 ◦C, respectively, with a crosshead speed of 5 mm/min  and a
strain rate of 2.0 × 10−3 s−1. A 5 min  holding was applied to each
sample to balance its temperature before each high-temperature
tensile test. Each data point reported in this paper was an average
of at least 3 test samples.

TEM foil specimens were prepared by twin-jet electro-polishing
in a solution of 25% HClO4 and 75% methanol at −40 ◦C and 20 V,
and then using low-energy ion beam thinning for surface cleaning.
The TEM observations were performed in a Philips CM12 operat-
ing at 120 kV and a high resolution TEM (JEOL-3000F) operating
at 300 kV. The samples for atom probe analysis were prepared by
two-stage electro-polishing of blanks with a size of approximately
0.5 mm × 0.5 mm × 15 mm.  The first step was conducted using an
electrolyte of 25% perchloric acid in acetic acid at 15 V at room
temperature and the second step was in 2% perchloric acid in 2-
butoxyethanol at 20 V. Atom probe analyses were performed using
a Imago LEAPTM 3000 SI, operating at a specimen temperature of
20 K, 20% voltage pulse fraction and under ultrahigh vacuum con-
ditions (about 1.8 × 10−11 Pa).

Atom probe data sets were carefully reconstructed using an
approach outlined recently by Moody et al. [19]. The maximum
separation algorithm was employed to identify solute-rich features
[20,21], in which Nd and Zn were selected as clustering solutes, a
solute-separation distance of 0.8 nm and the minimum size of 15
solute atoms were used in the identification of solute-rich features,
such as clusters and precipitates. Solute-rich features containing
<15 solutes were neglected in the analysis because such small-size
features highly existed in the volume with solutes in random distri-
bution [11,12].  In order to estimate the precise composition of large
precipitates, selection-box analysis was employed to measure the
composition from the core region of each precipitate in order to

Fig. 1. Age-hardening responses of Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) and
Mg–2.8Nd–0.6Zn–0.4Zr alloys aged at 200 ◦C.

reduce the effect of trajectory overlap between precipitate and the
Mg matrix on the measurement.

3. Results

3.1. Age hardening response and tensile properties of
Mg–Nd–Zn–Zr based alloys

Fig. 1 shows the age-hardening response of two  Mg–Nd–Zn–Zr
alloys with/without a 0.2 wt.% Y addition during ageing at 200 ◦C.
The Mg  alloy with an addition of 0.2 wt.% Y exhibited an enhanced
strengthening effect in comparison with the Y-free alloy. The hard-
ness of the as-quenched samples increased from 43.6 ± 2.0 HV to
58.0 ± 2.0 HV. After ageing for 3 h at 200 ◦C, the hardness of both
alloys exhibited strong increases of ∼18.8 HV in the Y-containing
alloy and ∼23 HV in the Y-free alloy. The peak hardness of the Y-
containing alloy was  79.4 ± 2.4 HV after 14 h ageing. Further ageing
beyond 14 h led to progressively decrease in their hardness.

Fig. 2 shows the tensile properties of a Y-containing Mg  alloy
and a Y-free Mg  alloy with different thermal history, including as-
cast, as-quenched after a solution treatment, aged for 3 h and 14 h
at 200 ◦C. The tensile strengths of the two alloys (Fig. 2a) are cor-
related well with the age hardening responses of the two alloys
(Fig. 1). An addition of 0.2 wt.% Y provided a clear improvement
in the yield strengths (YS) of the alloy in all conditions. However,
their ultimate tensile strengths (UTS) and ductility between the two
alloys showed no significant difference. The yield strength of the as-
quenched samples exhibited an improvement from 100 ± 6.4 MPa
to 133 ± 7.2 MPa  (Fig. 2a). With the increase in ageing time from
3 h to 14 h, both their UTS and YS increased, but their ductility val-
ues decreased, as shown in Fig. 2a. Importantly, the Y-containing
alloy in the peak-aged condition (T6, 14 h) exhibited an improved
YS over that of the Y-free alloy in the temperature range from RT to
350 ◦C (Fig. 2b). In particular, the YS of the Y-containing Mg  alloy
at 200 ◦C is 183 ± 7 MPa, 28% higher than 143 ± 4 MPa, that of the
Y-free alloy. In order to gain insight into microstructures producing
the interesting strengthening effect to the Y-containing alloy, sam-
ples in different aged conditions were selected to perform further
TEM examination and APT analysis.

3.2. TEM characterisation of precipitates in an Mg–Nd–Zn–Zr–Y
alloy

Fig. 3 shows a representative bright field (BF) [0 0 0 1] TEM
micrograph and the corresponding selected area diffraction pat-
terns (SADP) of an as-quenched sample. No precipitates are evident
in TEM image, as shown in Fig. 3a. The diffractions in the SADP were
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Fig. 2. Tensile properties of Mg–2.8Nd–0.6Zn–0.4Zr (wt.%) alloys with or without 0.2 wt.% Y addition, (a) in different ageing conditions, and (b) measured at different
temperatures.

from the �-Mg matrix, as shown in Fig. 3b. The TEM results indi-
cated that no precipitation took place in the as-quenched sample.
After aged for 14 h at 200 ◦C, plate-like precipitates were evident in
TEM images, as shown in Fig. 4. The plate-like precipitates habited
on {1 1 2 0}�, and about 16 ± 4.3 nm in length and 1.5 ± 0.7 nm in
width with an aspect ratio (length to width) of approximately 10:1,
as observed in [0 0 0 1] BF image. The weak diffraction spots at
1/2{0 1 1 0}� in the [0 0 0 1] SADP, as shown in Fig. 4b, were from
�′′ precipitates, with D019 structure (a = b = 0.64 nm and c = 0.52 nm)
[14,17]. This was further confirmed by weak diffractions observed
at 1/2{0 1 1 0}� and 1/2{2 1 1 4}� in the {2 1 1 0}� and [0 1 1 0]�
SADPs, as shown in Fig. 4d and f respectively. Weak diffractions at
1/2(2 1̄ 1̄ 2)� in the {0 1 1 0}� SADP, as marked with a white solid
arrow in Fig. 4f, suggested that �′ precipitates were present in
the microstructure of the alloy. The �′ phase is known to have
a base-centred orthorhombic unit cell a = 0.640 nm,  b = 2.223 nm,
c = 0.521 nm [14,17],  and has a lamella-like morphology with a lon-
gitudinal axis parallel to [0 0 0 1]�.

The {2 1 1 0}� and [0 1 1 0]� TEM BF micrographs, as shown in
Fig. 4c and e respectively, revealed that thin precipitates (marked
with a white solid arrow) habiting on the basal plane of the Mg
matrix were present in the microstructure, and they are perpen-
dicular to �-type precipitates (marked with a black solid arrow).
No clear streaks of the basal precipitates observed in [2 1 1 0]�
and [0 1 1 0]� SADPs (Fig. 4d and f) indicated that the basal pre-
cipitates were probably at an extremely low volume fraction. The
precipitates on basal plane of Mg  alloys have been reported to

be �-type phase (�′, MgZnRE containing, hexagonal, a = 0.55 nm,
c = 0.52 nm [4]). Similar �-type precipitates were observed in an
Mg–Nd–Gd–Zn–Zr alloy aged at 330 ◦C for 90 min [9].

Careful TEM examinations, as shown in high-resolution TEM
images in Fig. 5, revealed that �1 phase started to appear in the
microstructure of the alloy aged for 14 h. The {0 0 2}, {1 1 1} and
{2 2 0} lattice planes of a precipitate, as shown in Fig. 5b, were
clearly resolved in the high-quality lattice fringe image. The d-
spacing of {0 0 2}, {1 1 1} and {2 2 0} lattice planes (Fig. 5) were
measured to be 0.36, 0.416 and 0.255 nm,  respectively, in good
agreement with the identification as �1 phase, with an fcc unit cell
(a = 0.72 nm), which is very close to a = 0.74 nm reported by Nie et al.
[14]. The �1 precipitates were probably at a very low number den-
sity in the microstructure, because no clear reflections of �1 were
observed in the SADPs of the alloy, as shown in Fig. 4.

3.3. APT characterisation of precipitates in an Mg–Nd–Zn–Zr–Y
alloy

Fig. 6 shows the APT elemental maps of Nd, Y and Zn
obtained from an Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy sam-
ple quenched in cold water after a solution treatment (for 18 h at
525 ◦C). A strong clustering of Nd was observed in the Nd atom
map, as shown in Fig. 6b. After removing solute atoms in the
matrix, fine solute clusters in a high number density, as shown in
Fig. 6a, were evident in the analysed volume. No other clear struc-
tural feature (i.e. dislocation, precipitates, grain boundary [22]) was

Fig. 3. TEM bright field image in [0 0 0 1]� zone axis and corresponding SADP of an Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy sample quenched after a solution treatment.
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Fig. 4. TEM bright field images and SADPs of the Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy aged at 200 ◦C for 14 h. (a, b) B//[0 0 0 1]�; (c), (d) B//[1 1 2 0]�; (e, f) B//[0 1 1 0]� .

observed in the analysed volume. After 3 h ageing, platelet precip-
itates enriched with Nd, Zn and Zr and habited on {2 1 1 0}, with
an average length of 10 ± 3 nm along 〈0 1 1 0〉, were evident within
the analysed volume, as shown in Fig. 7. Interestingly, the distri-
bution of Y atoms remained to be uniform and was similar to that
observed in the as-quenched condition. After aged at 200 ◦C for 14 h,
the average length of precipitates along 〈0 1 1 0〉 directions were
measured to be 15 ± 4 nm,  in good agreement with 16 ± 4.3 nm
observed by TEM examination in Fig. 4a, and Y remained to be
uniformly distributed in the �-Mg  matrix, as shown in Fig. 8.
Examinations of precipitates in different view directions confirmed
that most precipitates were elongated with their longitudinal
axis parallel to [0 0 0 1]�, which is in agreement with our TEM

observations of �′′, �′ and �1 precipitates. Such precipitates are
believed to be effective to hamper the basal dislocation movement
[23,24].

The quantitative analysis results of atom probe data are shown
in Fig. 9. The number density of the fine solute clusters after solu-
tion treatment is 5.0 ± 0.2 × 1023 m−3 (which was estimated on the
basis of the total number of solute clusters identified in the analysed
volume), as shown in Fig. 9a. The number density of solute-rich
features reached the peak of 7.6 ± 0.6 × 1023 m−3 after 1 h ageing,
then decreased significantly to 3.4 ± 0.6 × 1023 m−3 (3 h) and fur-
ther down to 2.4 ± 0.3 × 1023 m−3 (14 h) with increasing in ageing
time. The solute concentrations of Nd, Zn and Zr in the �-Mg  matrix
decrease greatly during the ageing up to 3 h, in particular the case

Fig. 5. HRTEM images (a, b) of the precipitates (�1) in the Mg matrix of an Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy aged at 200 ◦C for 14 h. B//[0 0 0 1]� .
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Fig. 6. APT elemental maps of Nd, Y and Zn of an Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy sample quenched after a solution treatment (T4). (a) A combined map of Nd
(green), Y (blue) and Zn (red) after removing solutes in the matrix; (b) Nd (green) map; (c) Y (blue) map; (d) Zn (red) map. (For interpretation of the references to color in
this  figure legend, the reader is referred to the web  version of the article.)

Fig. 7. APT elemental maps of Nd, Y, Zn and Zr of an Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy sample aged at 200 ◦C for 3 h. (a) Nd (green); (b) Y (light blue); (c) Zn (red); (d)
Zr  (dark blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)
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Fig. 8. APT elemental maps of Nd, Y, Zn and Zr of an Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy sample aged at 200 ◦C for 14 h. (a) Nd (green); (b) Y (blue); (c) Zn (red); and
(d)  Zr (dark blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

for Nd, as indicated in Fig. 9b. The decrease of the Nd, Zn and Zr
solute concentrations of the matrix is due to the partitioning of
these elements into the precipitate, as shown in Fig. 9c and d.
The average solute concentration of precipitates increased with the
increasing ageing time, as shown in Fig. 9c. The effect of ageing time
on partitioning ratio of solutes (calculated by the average solute

concentration of precipitates over that of the matrix) is shown in
Fig. 9d. Nd was  observed having a much stronger partitioning than
Zn during the 3 h ageing.

Fig. 10 shows typical composition profiles measured from three
different precipitates. The thin precipitates, widely observed in
shortly aged samples, contained a low level of solutes and had

Fig. 9. Quantitative APT analysis results about the evolution of structure and chemical compositions of the solute-rich features and the Mg matrix in
Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy during short ageing at 200 ◦C up to 14 h. (a) number density; (b) solute concentration of the �-Mg  matrix; (c) solute concentration
of  the solute-rich features; and (d) the partitioning ratio of solutes between solute-rich features and the Mg matrix.
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Fig. 10. Typical solute composition profiles measured across the core of three different precipitates in Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy aged at 200 ◦C for 14 h.

a stoichiometry of Mg9(Nd,Zn), as shown in Fig. 10a. The thin
precipitates likely are �′′. The composition profiles of a slightly
thicker precipitate, as shown in Fig. 10b, give a stoichiometry of
Mg4(Nd,Zn). Such precipitates were often observed in sample aged
for more than 3 h. They are likely �′. A thick precipitate was  mea-
sured having a core chemistry close to Mg2(Nd,Zn), as shown in
Fig. 10c. It is reasonable to believe that the precipitate is �1, given
that �1 has been positively identified by TEM characterisation of
a 14-h ageing sample (Fig. 5). The different chemical compositions
observed among these individual precipitates (Fig. 10)  are consis-
tent with the trend observed in Fig. 9c, in which the average solute
concentration of solute-rich features increases with increasing age-
ing time. It is worth noting that the precipitate chemistry unveiled
by this work is different from Mg3RE, Mg5RE (Mg12NdY), Mg3RE
(Mg14Nd2Y) for �′′, �′ and �1 respectively reported in a different
Mg alloy [14]. It is unclear if the difference is due to the influence of
the alloy composition, ageing condition, or different analysis tech-
niques used. Thin basal �-type precipitates were not resolved by
the APT analysis. This is probably due to the high local magnifica-
tion effect of the precipitates and the APT detection efficiency of
∼55%.

4. Discussion

4.1. Solute clustering and its strengthening effect during the
early-stage precipitation in Mg–Nd based alloys

The solute clustering often occurs during the early-stage age-
ing prior to the formation of precipitates (such as �′′ phase
[11]), and can affect age-hardening response of various alloys
[11,12,25,26]. Our APT characterisation unveiled that Nd was a
strong-clustering alloying element and contributed the formation
of fine solute clusters (consisting of Nd and Zn) in the as-quenched
Y-containing Mg  alloy after a solution treatment, as shown in
Fig. 9c. The cluster number density in the Y-containing alloy was
5.0 ± 0.2 × 1023 m−3, much higher than 0.2 ± 0.22 × 1023 m−3 in an
as-quenched Mg–Gd–Nd–Zn–Zr alloy [11,12]. This indicates that
the Y addition has promoted the clustering of solutes in the Mg

alloy. Interestingly, no clear Y clustering was  detected during the
early clustering of solutes as shown in Fig. 6c. The precise reason
for the enhanced Nd clustering in the Mg  alloy with a Y addition is
unclear, which is probably correlated with the effect of Y addition
on the solubility of Nd in Mg  and the enhanced diffusion of Nd due
to its high binding energy with vacancies (0.25 eV) [27]. It is worth-
noting that although the number density of solute clusters in the
Mg alloy is closer to that observed in some Al alloys [22,25,26],  it
should not be a surprise that the strength of this Mg  alloy is much
lower than those of the Al alloys since the deformation mechanisms
of Mg  alloys are greatly different from those of Al alloys. In addition,
not all solute clusters are able to provide the same strengthening
effect even in Al alloys [25]. The significant enhanced strength (from
43 HV to 58 HV in hardness, and from 100 MPa  to 133 MPa  in YTS)
of the Y-containing alloy above that of the Y-free alloy, as shown in
Figs. 1 and 2, clearly indicated that the solute clusters did provide
effective strengthening effect to the Y-containing Mg alloy.

4.2. Precipitates and their strengthening effect in the
Mg–Nd–Y–Zn–Zr alloy

The precipitation sequence of �-type precipitates in the low-
Y-containing Mg–Nd based alloy is: solute clusters → �′′ → �′ → �1
during the ageing up to 14 h according to our TEM and APT char-
acterisations. �-Type precipitates were observed in the alloy. The
basal �-type precipitates are known to be less effective to hinder
the sliding of dislocations on basal planes, and are less effective to
provide strengthening effect than prime �-type precipitates in Mg
alloys at room temperature [23]. With increasing ageing time, the
size and chemical composition of �-type precipitates, as shown
in Figs. 7–9,  increased. Meanwhile, there was  further enhanced
partitioning of Nd and Zn into precipitates with the increasing age-
ing time from 1 h to 14 h, as shown in Fig. 9c and d, which were
correlated well with the formation of more �′and �1 precipitates
containing higher concentrations of Nd and Zn, as shown in Fig. 10.

With the increase in ageing time, the number density of solute-
reach features reached the peak value in the alloy at 1 h ageing and
decreased progressively thereafter. The increase in number density
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of solute-rich features (including clusters and small �′ ′ precipi-
tate) provided further strengthening to the alloy, with a hardness
increase of 15 HV, as shown in Fig. 1. A decrease of the number
density of solute-rich features (Fig. 9a), but an additional hard-
ness increase of 7 HV (Fig. 1) in the alloy during further ageing up
to 14 h, indicated that volume fraction of solute-rich features are
important for producing strengthening effect. More information
about the effect of precipitate volume fraction on the precipitation-
strengthening can be found in Ref. [28].

Many Mg  alloys have been observed to form precipitates in a
high number density, similar to that observed in our Y-containing
Mg  alloys, but different age-hardening response. For example, a
hot-rolled Mg–12Gd–1.9Y–0.69Zr alloy aged at 200 ◦C was reported
to produce solute-rich features in the order of 1024 m−3 in a num-
ber density [16], higher than that observed in our cast Y-containing
Mg alloy. The wrought alloy was reported to have the peak hard-
ness of 130 HV, much higher than that of our cast alloy. This is
likely due to the high content of alloying elements and refined
grain size of the wrought Mg  alloy. In contrast, WE43 alloy was
reported to have precipitate number density of 1.5 × 1024 m−3 and
the peak hardness of 100 HV [29], which is much close to that of
our Y-containing Mg  alloy. In literatures, some Mg  alloys, such as
AZ91 alloy [30], were reported having similar hardening response
as our Y-containing Mg  alloy, but much lower number density of
precipitates (1.09 × 1019 m−3) than that of our Y-containing Mg
alloy. The low-number-density measurement could often found to
be related with the different analysis technique used in their mea-
surement. Our TEM and APT characterisation of the as-quenched
samples (Figs. 3 and 6, respectively) clearly demonstrated that fine
solute clusters easily identified by APT are hard to be resolved
by TEM examinations. As a result, TEM examinations could eas-
ily underestimate the number density of solute-rich features in
the microstructure. In order to make a sensible comparison among
results obtained by different analysis techniques, the limitations
of each analysis technique have to be taken into consideration.
This indeed creates some difficulties to correlate with results
obtained by different analysis techniques. To better understanding
age-hardening response of AZ91 alloy, some detailed APT charac-
terisation will be useful.

The Y-containing alloy aged for 14 h at 200 ◦C was  observed
having the co-existence of �-type prismatic precipitates and �-
type basal precipitates in the microstructure, as shown in Fig. 4.
Single type precipitates, either �-type or �-type, were frequently
observed in many Mg  alloys. For example, �-type precipitates were
observed in the Mg–RE alloys [9,14,17]. The �-type thin basal pre-
cipitates have been observed in Mg–8Y–2Zn–0.6Zr (wt.%) alloy [31],
Mg–1Gd–0.4Zn–0.2Zr (at.%) alloy [32], Mg–2.4Nd–0.4Zn–0.6Zr
(wt.%) alloy [5] and Mg–2.8Nd (wt.%) alloy with the addition of
1.3 wt.% Zn [3,4]. However, to our knowledge, the simultaneous co-
existence of �-type precipitates and �-type precipitates has not
been reported in previous studies of Mg–Nd based alloys, although
co-existence of precipitates lying either parallel to the basal plane
or at an angle to basal plane have been reported in AZ91 alloy [30].
It is worthnoting that the two types of precipitates can produce
different strengthening effects. The basal �-type precipitates are
effective to serve as obstacles for non-basal slipping of dislocations,
and hence improve the high-temperature mechanical properties
of Mg  alloys [33]. The formation of �-type precipitates in the
Mg–2.8Nd–0.2Y–0.6Zn–0.4Zr (wt.%) alloy (Fig. 4) was consistent
with the improved yield strength of the alloy at elevated temper-
atures (Fig. 2b). The prismatic �-type precipitates in the alloy are
believed to play an important role to enhance alloy’s mechanical
properties at room temperature. TEM observation (Figs. 3–5)  and
atom probe tomography (Figs. 7 and 8) revealed a high number
density of plate-shape � series precipitates formed on prismatic
planes of the �-Mg  matrix during ageing treatment. To date, it is

unclear why two types of precipitates formed simultaneously in
the alloy. More fundamental research is necessary to unveil factors
controlling the formation of two types of precipitates. This will be
important for design and developing new advanced Mg  alloys with
excellent performance at room temperature and elevated temper-
atures.

5. Summary

1. A new Mg–2.8Nd–0.6Zn–0.4Zr (wt.%) alloy with 0.2 wt.% Y addi-
tion showed a significant improvement on hardness and tensile
properties during ageing at 200 ◦C for up to 14 h. The alloy, in
particular, exhibited enhanced tensile yield strength in the tem-
perature range of 200–350 ◦C.

2. The low-level Y addition has promoted the significant clus-
tering of Nd and Zn, and subsequently the formation of
high-number-density �-type precipitates with Nd, Zn and slight
Zr enrichments.

3. The partitioning of Nd into �-type precipitates in the alloy was
much stronger than other alloying elements. Interestingly, the
distribution of Y atoms remained in the alloy with increasing in
ageing time, without exhibiting any significant partitioning into
precipitates in the alloy during ageing at 200 ◦C.

4. The improvement of mechanical properties at elevated temper-
atures was correlated well with an enhanced precipitation of
�-type precipitates, including �′′, �′ and �1, and the co-existence
with basal �-type precipitates in the microstructure of the alloy.

5. The stoichoimetry of �′′, �′ and �1 was measured to be
Mg9(Nd,Zn), Mg4(Nd,Zn), and Mg2(Nd,Zn) respectively in the Mg
alloy.
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