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Abstract

The formation and evolution of Gd-rich precipitates companying with the matrix structure ordering in a Mgy;Gd,Cd, (at.%) solid-solution
alloy aged at 200 °C have been systemically investigated using high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM). The results show that Gd-rich precipitation dynamics during the aging treatment are noticeably affected by a continuous
ordering transformation in the matrix. The ordering transformation process involving mainly re-distribution of Cd atoms was revealed to
occur in the following way: random super-saturated solid solution (S.S.S.S.) — Bjo-type ordered domains — DO9-type ordered domains.
Four Gd(Cd)-rich precipitates, G.P. I zone, G.P. II zone, 8’ and B, phases, have been observed to be formed in sequence to coexist with
the various ordered domains. Based on the HAADF-STEM characterization on the aging microstructures at different aging stages, it can
be concluded that the Cd-addition and related matrix structure ordering can play significant roles in modifying the early-stage G.P. zone

structure, altering the morphology of B’ precipitates and promoting the forming ability of the 8, precipitate.
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Magnesium rare-earth (Mg-RE) alloys are of a critical class
of lightweight metal structural materials that have been stud-
ied for more than a decade [1-3]. Compared with other Mg
alloys, Mg-RE alloys exhibit excellent resistance to corrosion
and high-temperature creep, and thus have broad application
prospects in the fields of industry, transportation, aerospace
and electronic communication [3-9]. It has been well docu-
mented that superior mechanical properties for Mg-RE alloys
can be achieved through precipitating various dispersed nano-
sized RE-rich strengthening phases in the Mg matrix [2,10-
18]. Obviously, exploring precipitation varieties and figuring
out more effective factors for controlling the formation and
evolution of RE-rich precipitates are of great significance for
developing multipurpose Mg alloys.

* Corresponding author.
E-mail address: weisun@bjut.edu.cn (W. Sun).

https://doi.org/10.1016/j.jma.2021.10.012

For achieving desirous precipitation microstructures so as
to improve the general performance of binary Mg-RE alloys,
adding a third kind of alloying element and performing appro-
priate heat treatments had been proved to be highly feasible
means for this goal. It had been widely reported that the ad-
dition of RE elements of different kinds or adding transition
group elements of different groups can effectively regulate
the strengthening precipitation microstructure through alter-
ing the precipitation dynamics, precipitate morphology and
distribution in the Mg alloy matrix. For instance, for binary
Mg-Y and Mg-Gd alloys in which the B, precipitation phase
is rarely formed during the conventional aging treatment at
200 — 250 °C, the addition of Nd or Sm to these two alloys
can promote the B;-phase precipitation such that the precip-
itated B-phases of high-density can connect alternately with
the coexisting B’-phases to form characteristic long chains or
network extensively [11-18]. Also, adding Zn or Al, Ag, Co,
Cu and Ni to binary Mg-RE alloys instead of adding other
different kinds of RE elements can induce the formation of
layered G.P. zones, y'"-, y"-, y'-, y-phases, or LPSO-phases,
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in the corresponding Mg alloy matrix along the basal plane
[19-31]. In essence, the precipitation diversity in Mg-RE al-
loys, as mentioned above, is mainly due to the fact that the
added alloying elements can directly involve in the formation
of various precipitates, exhibiting different bonding and elec-
tronic structure features [32—35]. On the other hand, in view
of the fact that solid-solution strengthening of alloy matrix is
also an effective strengthening means for Mg-RE alloys, one
can consider adding a certain kind of alloying elements that
can mainly act as a solid solute in the alloy matrix rather than
contribute itself mostly to precipitation phase formation. It is
believed that a solid-soluted Mg alloy can be further strength-
ened when allowing an ordering transformation to occur in
its matrix since the motion of deformation dislocations under
stress is more difficult in an ordered matrix structure than in
its random counterpart [36-38].

According to the Mg-based binary phase diagrams, Cd is
the only alloying element being capable of dissolving in any
ratio into the Mg matrix to form a complete solid solution
at a certain temperature [39,40]. Unlike the above-mentioned
alloying elements, which can directly contribute to precipi-
tation phase formation, the Cd element has been considered
for other purposes. It has been reported that the addition of
Cd to some Mg alloys could play an effective role in improv-
ing their anti-corrosion properties and refining their grain size
[41-45]. However, less attention has been paid to its possible
influence on the RE-rich precipitation evolution in an age-
hardenable Mg-RE alloy so far. Only quite recently, it has
been reported that adding Cd to Mg-Sm alloy can effectively
enhance aging-hardening response due to Sm/Cd-rich precip-
itation at the early aging stage [46], however its effects on
the precipitation evolution and matrix structure ordering are
not mentioned. For the Mg-Cd binary system, element Cd
can have infinite solid solubility in Mg when the tempera-
ture is above 253 °C [40]. In contrast to those aged Mg-
RE alloys with complex precipitation structures, the Mg-Cd
alloy system subjected to the same aging treatment should
be much simple in phase constitution and related aging mi-
crostructure. A remarkable feature of phase transformation in
the Mg-Cd alloy system is that the ordered Mg;Cd/MgCds
and MgCd phases which have D09 and Bj9 structures re-
spectively can be formed within a wide composition ranges
at temperatures lower than 253 °C [40]. In view of the alloy-
ing effect of Cd in Mg, it is expectable that adding Cd to an
age-hardenable Mg-RE alloy shall introduce a microstructure
controlling factor relevant to the Cd-atom ordering in the Mg
matrix, through which an ordered matrix diverged from the
random solid solution one could be developed for the RE-
rich phase precipitation. This consideration can be taken as
a possible strategy for exploring a new approach to diversify
precipitation structures, which could allow mechanical and
anti-corrosion performances of Mg-RE alloys to be adjusted
more flexibly and comprehensively. However, what type of
ordered matrix can actually be formed in a Mg-RE-Cd alloy
and what is its formation process? What are the effects of
Cd-addition and related ordering process as well as ordered
structure in the matrix on the RE-rich precipitation behaviors

and precipitate structures? Can the combination of the matrix
structure ordering and the RE-rich precipitation really cause
new or characteristic aging microstructures? These are still
open questions without definite answer so far.

In the present study, we have developed an age-hardening
Mg-Gd-Cd alloy in which Gd-rich strengthening phases can
be precipitated under the influence of the ordering transforma-
tion in the ¢-Mg matrix during aging treatments. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) technique has been applied to examine the
microstructural evolutions involved with the ordering trans-
formation and concurrent Gd-rich precipitation in the alloy
matrix during the aging treatment at 200 °C. Our objectives
are to provide reliable HAADF-STEM characterization results
relevant to the aging microstructures at different aging stages
for the Mg-Gd-Cd alloy. On the basis of these, we try to
clarify the effects of Cd on the matrix structure ordering and
the Gd-rich precipitation, and further to ascertain the relevant
evolution characteristics and mechanisms.

2. Experimental procedures

An alloy ingot with a nominal composition of Mgy;Gd,Cd,
(at.%) and a weight of about 10 gs was prepared by melting
high-purity (>99.99%) Mg, Gd, and Cd in a high-frequency
induction furnace under the protection of pure argon gas. The
as-cast ingot was then divided into small parts for the sub-
sequent experiment. The actual chemical composition of the
obtained alloy was determined to be Mgos3Gd, Cd;; (at.%)
by using an X-ray fluorescence spectrum analyzer (Magix
PW2403). Similarly, a MgygGd, (at.%) alloy ingot (measured
composition: Mgg73Gd;» (at.%)) was also prepared subse-
quently as a binary alloy reference for the hardness testing
and aging microstructural characterization. The as-cast sam-
ples, sealed in evacuated quartz tubes, were solution-treated
at 530 °C for 10 h and then quenched into water. The aging
treatments for the as-quenched samples were carried out at
200 °C for different periods of time. Vickers hardness testing
for the aged alloy samples was performed using a hardness
tester (HMV-1T) with a load of 100 gs and a dwell time
of 10 s. Transmission electron microscope (TEM) specimens
were prepared by twin jet electro-polishing at —20 °C in a so-
lution with 15% nitric acid, 15% glycerol and 70% methanol,
using a Struers Tenupol-5 electro-polisher, and subsequently
low-energy ion thinning was carried out in order to clean the
specimen surfaces. HAADF-STEM characterizations of the
precipitation structures at different aging stages were carried
out using an FEI Tecnai G*> F20 TEM operated at 200 kV
as well as an FEI Titan G*> 60-300 TEM equipped with a
probe Cs corrector and operated at 300 kV. The HAADF-
STEM images were acquired with a collection angle in the
range of 76 — 200 mrad. EDS element mapping was per-
formed using an FEI super-X EDS detector system attached
to the FEI Titan G? 60-300 TEM. Furthermore, quantitative
EDS chemical composition analysis for any selected region
was realizable through calculating its average element content
from the obtained element mapping data.
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Fig. 1. Aging hardening response of the Mgyg7GdyCd; (at.%) alloy aged at 200 °C, presented together with that of the aged MgosGd, (at.%) alloy for
comparison.
3. Results and then gradually sustains at ~92 HV when the aging time

3.1. Age-hardening response of the Mg-Gd-Cd alloy

In order to reveal the age-hardening behavior of the
Mgy;Gd,Cd; alloy, hardness testing was carried out after the
as-quenched samples were aged at 200 °C. The typical hard-
ening response with the aging time at 200 °C is shown in
Fig. 1, from which one can see that the hardness increases
continuously from an initial of ~72 HV to a peak value of
~110 HV after the as-quenched sample was aged at 200 °C
for 25 h. For comparison, the aging hardening response for
a binary MgogGd, alloy aged at 200 °C is also presented in
Fig. 1 (see the green curve). It is obvious that the aging hard-
ening response for the solution-treated Mgo;Gd,Cd; alloy at
200 °C is quite swift at early aging stage, since its hardness
value is higher and can increase more rapidly compared with
the case for the aged MgosGd, alloy. More specifically, for the
Mg-Gd-Cd sample aged at 200 °C for 2 h, its hardness value
(~97 HV) had already reached to about 88% of the peak
value (~110 HV), while for the Mg-Gd sample subjected to
the same aging treatment, its hardness value (~83 HV) is
just about 73% of the peak value (~113 HV). Accordingly,
it can be said that the aging hardening process in the Mg-
Gd-Cd system tends to be accelerated due to the Cd-addition.
Notice that there exists a small plateau (or a shoulder) rang-
ing roughly from # = 2 to 4 h in the hardness curve for the
Mgy;Gd,Cd; alloy, indicating that the hardening rate appears
to have a brief slowdown before increase again to achieve the
peak value of hardness at 25 h. With further increase of the
aging time, the hardness value will decrease from the peak,

exceeds about 200 h. Obviously, the Mgy;Gd,Cd; alloy has a
definite age-hardening response when heat-treated at 200 °C
and thus belongs to a typical aging-hardenable alloy. Notice
that, in comparison with the peak-hardness value of the aged
MgosGd, alloy, that of the aged Mgy;Gd,Cd; alloy is just
slightly lower but does not exhibit a considerable difference.

3.2. Experimental observations of aging microstructures and
evolutions

3.2.1. Structure of the Mg-Gd-Cd super-saturated solid
solution

A super-saturated solid solution (S.S.S.S.) state for the
Mgo7;Gd,Cd; alloy can be established by solution treatment
at 530 °C for 10 h, during which the solute-rich primary
phases distributed dendritically in the as-cast Mg-Gd-Cd al-
loy had mostly dissolved into the Mg matrix (see Figs. 2(a,
b)). Further solution treatment at 530 °C for an even longer
time can no longer bring about any obvious variation in mi-
crostructure, indicating that the solid-solution treatment (530
°C + 10 h) is sufficient to allow the alloy matrix to reach
a super-saturated state. For the obtained Mg-Gd-Cd S.S.S.S.,
its matrix structure can be directly revealed through HAADF-
STEM observation at atomic-scale resolution. As seen in
Fig. 2c, the overall bright-dot-contrast distribution corre-
sponding to the long-range hexagonal arrays of atom pil-
lars in the @-Mg alloy matrix appears to be homogeneous.
It is clear that no prominent ordered structure exists in the
Mg-Gd-Cd S.S.S.S. alloy matrix except for the presence of
a few atomic pillars with slightly brighter contrast in some
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Fig. 2. Backscattered electron images of (a) as-cast and (b) solution-treated Mgo;Gd,Cd; (at.%) alloys; (c¢) Atomic-scaled HAADF-STEM image (with an
enlarged part being inserted) showing the solution-treated structure of the alloy matrix along the [0001]mg axis; (d) Selected area electron diffraction (SAED)
pattern taken from a region larger than (c); (e) Fast Fourier transform (FFT) pattern corresponding to (c).

local regions. Since the brightness of each atomic pillar in the
HAADF-STEM image is roughly proportional to the square of
the average atomic number (Z?) of the constituent elements,
the Z-contrast variation for a small group of atomic pillars
in some local regions (such as those indicated with arrows
in Fig. 2c¢) can thus be attributed to locally inhomogeneous
chemical fluctuations of solute atoms. Figs. 2(d) and 2(e) are
two part patterns corresponding respectively to the selected
area electron diffraction (SAED) from the solution-treated al-
loy matrix and the fast Fourier transform (FFT) from the ob-
served HAADF-STEM image. As can be seen from these two
patterns, no extra diffraction spot or even diffuse one can be
detected to correlate with the presence of any precipitate or
local ordered structure. On the whole, it can be regarded that
the solute atoms, including Gd with limited solid solubility
and Cd with infinite solid solubility in Mg, are distributed ran-

domly in the alloy matrix of the Mg-Gd-Cd super-saturated
solid solution.

3.2.2. G.P. I zone segregation and concurrent Bjo-type
ordering in the matrix

For the Mg-Gd-Cd sample aged at 200 °C for 2 h, TEM
observation along the [0001]y axis clearly revealed that
plenty of long thin-plate-like products with an average length
of ~20 nm were precipitated densely in the Mg-Gd-Cd matrix
along its {IOTO}Mg planes (see Fig. 3a). In the corresponding
selected area electron diffraction (SAED) pattern presented in
Fig. 3b, long weak streaks caused by those irregularly-spaced
platelet precipitates can be seen along each of < 1010 >Mg*
directions, as indicated by green arrows. Note also that in
Fig. 3b, extra sharp spots (marked with blue circles) ap-
pear at 1/2 positions between the transmission and the main
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Fig. 3. Structural observation of the Mgg7Gd>Cd; (at.%) alloy aged at 200 °C for 2 h along the [0001]m, axis, showing that the G.P. I zones were formed
coexisting with Bjg-type ordered domains. (a) TEM bright-field image; (b) Selected area electron diffraction (SAED) pattern; (c, d) Low- and high-magnification
HAADF-STEM images; (e, f) HAADF-STEM images for two typical platelet G.P. I zones; (g) Atomic-scale HAADF-STEM image of the ordered structure
of the Big-type. For comparison, a HAADF image taken along the [0001]mg axis from the MgogsGd, (at.%) aged at 200 °C for 2 h is inserted in (c).
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Fig. 4. (a) ~ (c) Schematic illustration showing the existence of three orientational variants for the Bjg-type ordered domains formed in the Mg matrix (the
first row). The corresponding diffraction patterns along the [0001]y, direction are given in the second row, where blue and red spots represent diffraction
spots from the ordered domains and the Mg matrix, respectively. (d) Overlapping the patterns in (a) ~ (c) can reproduce the observed hexagonal diffraction

pattern as shown in Fig. 3b.

diffraction spots of the «-Mg matrix (outlined with red cir-
cles), which indicates that the matrix had initiated an ordering
process at this aging stage.

As can be seen in Figs. 3(c, d), the long thin-plate precipi-
tates exhibit significant bright contrasts in HAADF-STEM im-
ages, indicating that they are mainly rich in Gd atoms with a
large atomic number. Actually, the Cd atoms co-precipitating
with Gd atoms also involve in the formation of these long
thin-plate precipitates even though the forming process is
mainly dominated by the Gd precipitation. This fact can be
seen clearly in Fig. 6 where the EDS mapping analysis on the
long thin-plate precipitates formed in the early aging stage
is presented. It is obvious that those long thin precipitates
clearly seen in the HAADF image (see Fig. 6a) can have a
much more definite morphology in the Gd-mapping than in
the Cd-mapping images (compare Figs. 6¢ and 6d). Atomic-
scale HAADF-STEM observations further revealed that these
long thin precipitates were formed with a thickness ranging
just 2~4 atomic layers in the ordered matrix, and the corre-
sponding arrangements of Gd(Cd) atoms in these layers were
observed to be only in a less-ordered or less-definite state (see
Figs. 3(e, f)). Therefore, as major precipitation products at the
early aging stage, these long thin-plate precipitates can be re-
garded as a kind of G.P. zone of compositional segregation.
It will be referred to as G.P. I zone hereinafter.

Companying with the segregation of G.P. I zones, the oc-
currence of matrix structure ordering had also been revealed
by HAADF-STEM observation directly. As can be seen in
Fig. 3d, ordered domains with three orientational variants
(such as those bounded with blue dashed lines) had been
formed coherently in the matrix, whose dimensions were only
~2 nm to ~30 nm in average diameter. In each domain,
atomic pillars, imaging to exhibit second brightest Z-contrasts
for Cd and weak ones for Mg atoms, primarily arrange fol-
lowing a Bjo-type ordered structure (see Fig. 3g), namely

the ordered domains are structurally identical to the Bjo-
type MgCd phase [47]. In fact, it is the existence of these
Bo-type domains that give rise to the extra sharp diffraction
spots in the observed SAED pattern (see those marked with
blue circles in Fig. 3b). As schematically illustrated in Fig. 4,
the hexagonal distribution of these extra diffraction spots ob-
served in the diffraction pattern of Fig. 3b is a result of mul-
tiple diffraction contributions from three orientational domain
variants of the Bjo-type.

3.2.3. G.P. I-to-G.P. I structural transformation and
concurrent DOjg-type matrix ordering

With the increasing of aging time from 2 to 4 h, the
predominant precipitates in the matrix did not exhibit ap-
parent variations in morphology, dimension and distribution
density (see Fig. 5a). Nevertheless, in addition to the G.P.
I zones of majority (such as those indicated by red arrows
in Fig. 5b), a few newly-formed Gd-rich linear precipitates
with a definite zigzag feature can be recognized through high-
magnification HAADF-STEM observations, such as those in-
dicated by green arrows in Figs. 5(b, c, d). Obviously, un-
like the G.P. I zone whose structure is less-definite, this kind
of zigzag chain-like Gd-rich precipitate is structurally unam-
biguous. As clearly revealed in Fig. 5c of an atomic-scaled
HAADF-STEM image, each single Gd-rich zigzag chain is
structurally consistent with the Gd-rich building layer for con-
structing the well-known B’ phase whose structure is charac-
terized by the stacking of zigzag arrangement rows of RE
atoms [13,48-55]. Actually, in the Mg-Gd-Cd alloy aged in
such an early stage, the specific stacking configuration con-
sisting of two parallel zigzag chains with a mirror relation
and an interval of ~1.11 nm in the < 1010 >, direction had
been established in some regions (see Fig. 5d), which can be
regarded as a B’ nucleus with half-constructed B’ structure
since only half-g’-unit-cells can be outlined from it. On the
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Fig. 5. (a) Low- and (b) high-magnification HAADF-STEM imaging for the Mgyg;Gd,Cd; (at.%) alloy aged at 200 °C for 4 h along its [0001]mg axis;
Atomic-scaled HAADF-STEM images showing (c) zigzag chain-like G.P. II zones in the ordered matrix and (d) characteristic stacking of two zigzag G.P. II
zones which can be regarded as a B’ nucleus with half-constructed B’ structure; (e) Atomic-scaled HAADF-STEM image of the D0jg-type ordered structure;
(f) HAADF-STEM images showing that G.P. I and G.P. II zones can exist in Bjgo-type and DOj9-type ordered domains, respectively.
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Fig. 6. EDS element mapping analysis for the long thin precipitates formed in the Mgyg7GdyCd; (at.%) alloy aged at 200 °C for 4 h. (a) HAADF-STEM

image; (b) ~ (d) Element mapping images for Mg, Gd and Cd, respectively.

whole, most of these Gd-rich zigzag chain-like precipitates
newly formed in this aging stage are still distributed with
less correlation as compositional segregation products in the
matrix, and herein they are referred to as G.P. II zones.

On the other hand, the matrix structure ordering was still
underway. As can be seen in Fig. 5b, in addition to those
Bo-type ordered domains (outlined with blue dashed lines),
the other ordered domains of the DO9-type were also formed
coherently in the matrix together with Bjg-domains. Fig. 5e is
an atomic-scale HAADF-STEM image showing the structure
of the DOjo-type ordered domain. Since the DO;o-type ordered
domain is completely coherent with the Mg matrix by sharing
the same symmetry of space group (P63/mmc), no any other
additional orientational variant exist for it, and its diffraction
pattern is similar to the pattern of Fig. 3b which is a result
of multiple diffraction contribution from all the three types
of orientational variants for Bjo-domains (refer to Fig. 4).
Actually, the coexistence of Bjg- and DOj9-type domains is

always in a coherently intergrowing state. For the sake of re-
vealing the transition relationship between the two ordered
structures, we will describe the DOjo-type structure using
an orthogonal unit cell (see the lower unit cell depicted in
Fig. 5e) instead of its usual rhombus one (see the upper
unit cell in Fig. 5e). The detailed observation results concern-
ing the Bjg-to-D0;9 ordering transformation will be presented
later in this section.

As early-stage Gd-rich precipitation products, G.P. I and
G.P. II zones were observed to present in both Bjg-type and
DO0jo-type domains (see Fig. 5f, in which the G.P. Il zones
tend to exhibit definite zigzag feature). The continuous evo-
lution from (Bjo-type domains 4+ G.P. I zones) to (D0O;o-type
domains + G.P. II zones) in the early aging stage can bring
about a complex mixture composed of the G.P. zones and
ordered domains of different types (see Fig. 5b).

EDS analysis showed that both G.P. I and G.P. II zones
are enriched with Gd and Cd. As can be seen in Fig. 6,
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Fig. 7. (a) HAADF-STEM image recorded from the Mgg;Gd>Cd; (at.%) alloy aged at 200 °C for 4 h, showing the intergrowth of B9 and DO;9 ordered
structures; (b) Enlarged image of the region outlined with the red dashed rectangle presented in (a), showing the transition between Bjg9 and D09 ordered

structures; (c) Structural model showing the Bjg — D09 transformation.

where typical EDS mapping results for the G.P. zone precip-
itates formed at the early-aging stage (4 h) are presented,
Gd-mapping image has quite sharp compositional contrast
for exhibiting G.P. zone morphology in comparison with
Cd-mapping one where the corresponding contrast is quite
blurred. This indicates that the formation of G.P. zone pre-
cipitates (both G.P. I and G.P. II) is mainly dominated by the
diffusion and precipitation of Gd atoms. The co-precipitation
of Cd with Gd can enhance the G.P. zone precipitation, and
this may then be favorable for the surrounding matrix struc-
ture ordering. It can be said that Gd and Cd are predominant
for G.P. zone precipitation and ordered domain formation, re-
spectively, even though minor mutual substitution between Gd
and Cd atoms may occur during the formation of correspond-
ing well-established structures.

The DO,y and B9 domains can intergrow coherently, indi-
cating that there exist close structural and compositional rela-
tionships between them. Fig. 7a is an atomic-scaled HAADF-
STEM image showing a local ordered region being involved
with the Bjg — D09 structural transition. As can be seen in
Fig. 7b, which is the enlarged image of the region outlined
with a red dashed rectangle in Fig. 7a, the Cd-rich atomic pil-
lars in the D09 domain (Cd;-pillars) exhibit brighter contrasts
than that in the Bj9 domain (Cd,-pillars), implying that the
proportion of Cd atoms is higher in Cd;-pillars than in Cd,-
pillars. In the By — D09 transition region, the Cd,-pillars
in the B9 structure will adjust their Cd-content as reflected
by the variation tendency of their Z-contrasts. For those Cd,-
pillars which coincide in position with the Cd;-pillars in the
D0,y structure, their Z-contrasts turn to increasingly bright
(such as the pillars marked with red dashed circles in Fig. 7b),
whereas for the other Cd,-pillars, their Z-contrasts will be
weakened (such as those marked with pink dotted circles in
Fig. 7b). These contrast variations strongly indicate that a

re-distribution of Cd atoms can occur in the B9 structure
through pillar-to-pillar diffusion so as to form Cd;-pillars for
constructing the D09 structure during the B;9 — D09 struc-
tural transformation. As illustrated in Fig. 7c, the extended
DO0jo-type Mg3Cd unit cell (as we defined in Fig. 5e) can be
established on the basis of a B g-type MgCd supercell through
the diffusing of Cd atoms from Cd,-pillars 1" ~ 6’ to Cd,-
pillars 1 ~ 6. The Cd atoms in the pillar 1’ could have two
possible diffusion paths, 1’ — 1 or 1’ — 2, both of which are
the nearest diffusion paths in an hcp-based structure. In order
to clarify the actual diffusion path for the Cd atoms during
the B9 — DOj9 transformation, it is necessary to calculate
the corresponding potential barrier through the first principle
method so as to figure out the possible path with the lowest
potential barrier for the Cd-atom diffusion. This effort will be
made in our future work.

3.2.4. Formation of bamboo-raft-like B’ precipitates featured
by stacking of long G.P. Il zones

As the aging treatment at 200 °C continued to 18 h,
the average length of G.P. zones had increased to ~30 nm
(see Fig. 8a). In particular, bamboo-raft-like precipitates con-
structed by sequentially stacking three or more G.P. II zones
in the < 1010 >Mg direction had been formed in many ar-
eas, such as those outlined with red ellipses in Fig. 8a.
High-magnification HAADF-STEM observation clearly re-
vealed that most of the structurally irregular G.P. I zones had
transformed to well-defined G.P. II zones exhibiting charac-
teristic zigzag-chain contrast, and that the on-growing G.P. II
zones can be further combined into a bamboo-raft-like pre-
cipitation configuration featured by periodically stacking one
after another in a mirror manner with an interval of ~1.11 nm
(see Fig. 8b). Actually, the observed bamboo-raft-like precipi-
tation structure built up by stacking well-defined G.P. II zones
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Fig. 8. (a) Low-magnification and (b, d) high-magnification HAADF-STEM images recorded from the Mgyo7Gd>Cd; (at.%) alloy aged at 200 °C for 18 h
along its [0001]ng axis; (c) FFT pattern corresponding to the region outlined with the white square in (b). For comparison, a schematic illustrating the
morphological difference between Mg-Gd-Cd and Mg-Cd B’ phases is inserted in (b).

is nothing but the B’ phase structure, and this can be further
confirmed from its corresponding FFT pattern (see Fig. 8c).
Our observation offers a clear illustration showing that the
nucleation and growth of the B’ precipitate can be dominated
by the formation and stacking of G.P. II zones, rather than
by one-by-one formation and arrangement of individual f’
unit cells. Obviously, it is the formation of G.P. II zones
with a longer length in the ordered matrix that allows the
B’ phase constructed by stacking of them to have a bamboo-
raft-like morphology. As illustrated in the inset in Fig. 8b, this
characteristic morphology for the 8’ phases in our Mg-Gd-Cd
alloy is obviously different from the common long-ellipsoidal
morphology for those B8’ phases formed in Mg-Gd binary al-
loys.

Besides, close observation had shown that the matrix is
still characterized by a mixture of Bjg-type and DOjo-type

domain structures (see Fig. 8d), which had no evident differ-
ence compared with the previous aging stage.

3.2.5. Precipitation and ordered structures corresponding to
the peak aging

Further increasing the aging time to 25 h (corresponding
to the peak-aging at 200 °C) brought about remarkable vari-
ation in precipitation structure. The typical HAADF-STEM
observation results are presented in Fig. 9. It can be seen
that, in addition to the densely distributed 8’ phases which
had already been formed as main strengthening phase, a
considerable number of newly formed precipitates with very
bright Z-contrasts had also been formed to coexist with G.P.
IT zones and bamboo-raft-like B’ phases (see Figs. 9(a~c)).
These precipitates with high Gd-content distribute mainly
in between adjacent B’ phases and have either granular or
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Fig. 9. HAADF-STEM observations of the precipitation structure along the [0001]yg direction after the Mgg7GdrCd; (at.%) alloy aged at 200 °C for 25 h.
(a) Distribution of newly-formed Gd-rich precipitates (81 phases); (b) Formation of the B phases coexisting with G.P.II zones and B’ precipitates; (c) A
typical B1 phase growing with two attached B’-phases and its FFT pattern (inset) obtained from the region outlined with a white square; (d) FFT-filtered
image showing the coexistence of various precipitates and ordered structure domains.

rhombic morphology (see those indicated by red arrows in
Figs. 9(b, ¢)). Those granular precipitates are usually smaller
than 10 nm in average diameter, while rhombic precipitates
are relatively larger, with their average width and length be-
ing approximately 10 nm and 40 nm, respectively. As deter-
mined by atomic-scale HAADF imaging and the correspond-
ing FFT pattern indexing (see Fig. 9d and the inset in Fig. 9¢),
the rhombic precipitate is structurally identical to the f.c.c.-
structured B phase which has been observed to be formed as
non-equilibrium precipitate prior to the formation of equilib-
rium B phase in some Mg-RE based alloys [13,56-61]. The
granular precipitates are actually some precursors of the
phases, which can be regarded as 8, embryos or nuclei with
incomplete or imperfect B-structure. The detailed structural
characterization for these B; precursors will be reported else-
where. It should be pointed out that the solute Cd atoms can

involve in the Gd-rich precipitation directly. The existence of
Cd (6-7 at.%) in growing B; precipitates has been clearly
revealed by means of EDS element mapping analysis (see
Fig. 10). Notice also that the Cd-content in the well-developed
B’ structure is much lower than that in B, precipitates. Com-
paring the composition contrast for those f; phases coupled
with B’ phases in Figs. 10(a, ¢, d), where some typical 8,
and B’ phases are indicated with red and yellow arrows, re-
spectively, one can see that the Cd mapping contrast for these
B’ phases is much weaker (see Fig. 10d).

On the other hand, as seen in Fig. 9d, ordered domains
of Big- and DOjg-types still exist in the Mg matrix together
with various Gd-rich precipitates. It can be said that establish-
ing the coexistence of the dispersed G.P. II zones, 8’ + B
phases and ordered domains in the matrix is contributive
to achieve adequate peak-hardness for the aged Mg-Gd-Cd
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Fig. 10. EDS element mapping analysis for the growing precipitates in the Mgg7;Gd>Cd; (at.%) alloy aged at 200 °C for 25 h. (a) HAADF-STEM image in
which some B; and B’ phases are indicated with red and yellow arrows, respectively; (b) ~ (d) Corresponding element mapping images for Mg, Gd and Cd,

respectively.

alloy. It appeared that the matrix ordering process had reached
a relative equilibrium state at this peak aging stage since no
pronounced evolution was observed for the ordered structures
in comparison with the case of the near-peak aging in the
previous stage.

3.2.6. Precipitation structure and evolution in the over-aging
stage

After the Mg-Gd-Cd alloy getting through the peak aging,
the solid-soluted content of Gd in the matrix will reduce dras-
tically since massive Gd-rich precipitation has already taken
placed before that. The formation of more 8; phases followed
by their coarsening would turn to be a major evolution process
in the over-aging stage. With the aging time being extended
to 36 h, the B, phases with high Gd-content exhibited obvi-
ous increases in both average dimension and number density
(see Fig. 11a), whereas both the G.P. II zones and 8’ phases

tended to be re-dissolved continuously. In fact, G.P. II zones
had almost disappeared at this stage (see Fig. 11b). Neverthe-
less, the B’-B1-B’ coupled configuration, extensively existing
at the peak-aging stage, can still remain in some region in
addition to those fully grown B; phases (those large and iso-
lated ones) (see Figs. 11b and 11c). It should be pointed out
that Cd can directly involve in the formation of B; phases
as a constituent element at this stage. This fact can be seen
clearly in Fig. 12 where the EDS element mapping results for
the B, precipitates formed at this stage are presented. The dis-
tribution of Cd is quite uniform in well-developed B; phases
(see Fig. 12d), which is almost the same as that of Gd (see
Fig. 12¢).

As the aging time increased from 36 to 72 h, more
B1 phases with long-lath morphology were formed but
their coarsening tendency appeared to be insignificant (see
Fig. 11d and compare with Fig. 11a). The average size for
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Fig. 11. HAADF-STEM images taken from the aged Mgy;Gd>Cd; (at.%) alloy along the [0001]mg axis, showing precipitation structures after aged at 200
°C for 36 h (a) ~ (c) and 72 h (d) ~ (f). The insets in (c) and (f) are the FFT patterns corresponding to the outlined regions.

the B, phases formed at this stage is estimated to be ~15 nm
in width and ~350 nm in length, respectively (see Fig. 11d).
In contrast, however, the B’ phases attached to each end of
the B, phases had virtually disappeared at this stage (see
Fig. 11e). On the whole, the precipitation evolution at 200 °C
had already entered a steady stage when the aging time was
further extended to longer (> 72 h), and this corresponded
well to the smooth tendency of the hardness variation for the
aged Mg-Gd-Cd alloy, as seen from the corresponding hard-
ening curve in Fig. 1.

On the other hand, it should be pointed out that the aging
structural evolutions, including the coarsening of B; phases
and the re-dissolving of B’ phases in the over-aging stage,
will bring about the continuous modification of the ordered
structures in the matrix. Specifically, most 8, phases formed
after aging 36 h were observed to coexist with the D0y or-
dered structure (see Fig. 11c). However, a small number of
local By ordered structure can still coexist with §; phases
even though the Mg-Gd-Cd alloy had been aged for 72 h
(see Fig. 11f). It should be pointed that the 8, enriched with
both Gd and Cd is a final equilibrium precipitation phase in
the Mg-Gd-Cd alloy aged at 200 °C. With more and more
Gd and Cd involving in the formation and coarsening of B,
phases, the ordered structure domains around B; phases will
tend to disappear finally due to the gradual lack of Cd in
the matrix. We had confirmed that, when the aging further
continued to 200 h, only equilibrium B; phases were formed
without the coexistence of any surrounding ordered structure
(see Fig. 13). It is obvious that Cd can play important roles in

promoting the formation and stability of the §; phase. As for
the B phase, which is well-known as an equilibrium phase
in many aging-hardenable Mg-RE alloys, its formation was
not found to occur in our Mg-Gd-Cd alloy during aging at
200 °C.

4. Discussion
4.1. Aging microstructure evolution in Mg-Gd-Cd alloy

From the above experimental observations, it has been
made clear that the formation and evolution of Gd-rich
precipitates in the Mg-Gd-Cd solid-solution alloy can take
place in conjunction with the ordering transformation in the
Gd/Cd-containing «¢-Mg matrix. Gd and Cd re-distributions
are mainly responsible for the aging precipitation and the ma-
trix structure ordering, respectively, although complex mutual
influence may exist for Gd and Cd to involve in these pro-
cesses. Four Gd-rich precipitates, G.P. I zone, G.P. II zone, 8’
and B, have been observed to be formed in the Mg-Gd-Cd
alloy subjected to aging treatment at 200 °C. As a summary,
the aging microstructure evolution involving the Gd-rich pre-
cipitation and the concurrent matrix structure ordering in the
Mg-Gd-Cd alloy aged at 200 °C is schematically shown in
Fig. 14. For clarity and convenience, let us first briefly de-
scribe the evolution scenario before discussing the effects of
Cd-addition on aging hardening and Gd-rich precipitation be-
haviors in detail. As illustrated in Fig. 14, after the initial
precipitation of the thin-plate G.P. I zones and the formation
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Fig. 12. EDS element mapping analysis for the f§; precipitates formed in the Mgg7;Gd,Cd; (at.%) alloy aged at 200 °C for 36 h (the viewing direction is
away from the [0001]mg axis). (a) HAADF-STEM image; (b)~(d) Element mapping images for Mg, Gd and Cd, respectively.

of Bjo-type domains with three different orientational vari-
ants at the early aging stage (2 h), the aging structure soon
evolved into a more complex mixture due to the further for-
mation of G.P. Il zones and DO,9-type domains (4 h). Subse-
quently, the B’ phases initiated to be constructed basing on the
characteristic stacking of G.P. II zones, during which the con-
tinuous Bjg — DOj9 ordering transformation in the domain
matrix gradually led to a (D09 + Bj9) intergrowing state
(4~18 h). With more B’ phases being formed as main precip-
itates, some f.c.c. B; phases with higher Gd-content began to
nucleate in between the adjacent 8’ phases and finally grew to
have a definite rhombic morphology (25 h, peak aging). These
B1 phases which actually have a three dimensions prismatic
shape can steadily coarsen to form long thick lath precipi-
tates with their surrounding G.P. II zones and g8’ phases being
slowly re-dissolved (72 h). After the aging time is prolonged
to 200 h, only equilibrium B; phases can finally be retained

in the matrix (200 h). As a result, the aging-precipitation se-
quence for the Gd-rich phases in the Mg-Gd-Cd alloy can be
described as: S.S.S.S. - G.P. I zone — G.P. Il zone — g’
phase — B; phase. Companying with this series of precipita-
tion, the ordering transformation in the alloy matrix occurred
in the following sequence: S.S.S.S. — Bj9 — DO0j9. The
concurrent occurrence of Gd-dominated precipitation and Cd-
dominated ordering transformation can give rise to a more
diverse aging microstructure in the aged Mg-Gd-Cd alloy.
Due to the coexistence of two aging evolution sequences
in the Mg-Gd-Cd alloy during aged at 200 °C, the competi-
tion and influence between them are therefore inevitable with
the aging progressing. At the very early stage of aging, the
concurrent occurrence of Gd/Cd co-precipitation (G.P. I zone)
and Bo-type structure ordering in the matrix can cause com-
plex local aging structure during the re-distribution of Gd and
Cd solutes (see Fig. 3). It should be pointed out that the ma-
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Fig. 13. Structural and compositional characterizations of the 8 precipitates formed in the Mgyg7Gd>Cd; (at.%) aged at 200 °C for 200 h. (a) HAADF-STEM
image showing the distribution of precipitated B; phases in the clean matrix; (b) Atomic-resolution HAADF-STEM observation showing that the B; phase
was formed without surrounding ordered structure in the matrix; (c) FFT pattern corresponding to the outlined region in (b); (d)~(f) Element mapping images
corresponding to (a) for Mg, Gd and Cd, respectively.
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Fig. 14. Schematic diagram showing the ordering transformation and precipitation evolution in the Mg-Gd-Cd S.S.S.S alloy subjected to aging at 200 °C.
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jority of G.P. I zones were observed to lie within the By
domains or close to the domain boundaries (such as those in-
dicated by red arrows in Fig. 3d or schematically illustrated
in Fig. 14 (2 h)). However, this does not indicate that the
G.P. I zones are formed relying on the B9 domains. It can
be inferred that the segregation of G.P. I zones is ahead of the
formation of well-definite B9-type ordered domains, consid-
ering the fact that the G.P. I zones of Gd/Cd co-segregation
have three equivalent habit planes which are consistent with
three sets of {IOiO}Mg planes of the o-Mg matrix. It will be
structurally and compositionally more favorable for Gd(Cd)-
rich G.P. I zones to segregate from the Mg-Gd-Cd S.S.S.S.
matrix directly. Otherwise, the G.P. I zone segregation will
have to segregate along a high-index habit plane (//{IOTO}Mg)
in the Cd-enriched B9 ordered structure with low symmetry,
and certainly, this is unlikely to occur. The matrix structure
ordering dominated by Cd will be more prone to occur around
the developing G.P. I zones since the relative Cd enrichment
can occur there. This ordering process could disturb local
Gd-rearrangement in the Mg matrix and thus lead to a less
ordered arrangement of Gd atoms in the precipitated G.P. 1
zones. The long G.P. I zone is a new precipitation form that
is absent in aged Mg-Gd binary alloys, but can be formed
as the primary precipitation product coexisting with Bjg-type
ordered domains in our ternary Mg-Gd-Cd alloy aged at the
early aging stage. Of course, the existence of solute Cd is
a critical factor that can initially promote the formation of
Gd(Cd)-rich G.P. I zone and then involve in the surrounding
B9-type ordering transformation so that the G.P. I zones can
be enclosed in the ordered domains or in the vicinity of do-
main boundaries. A more detailed discussion concerning the
effects of Cd on the Gd-rich precipitations at different aging
stages will be given in Section 4.3.

In comparison with the evolution process of Gd-rich pre-
cipitation, that of ordered structures in the matrix appears
to be inapparent since Bj9 and D09 ordered domains usu-
ally intergrow coherently, and their mixture can be observed
at various aging stages (see Figs. 5,8,9,11). However, the
B9y — DO0j9 ordering transformation, exhibiting a contin-
uous transitional mechanism as we have presented in Sec-
tion 3.2.3 (see Fig. 7), is actually affected by the modifi-
cations of local solute composition and diffusion condition
around Gd-rich precipitation phases. With the Gd-rich pre-
cipitation progressing in sequence, the surrounding ordered
structures will have to undergo some changes to achieve a
relative equilibrium correspondingly. In the pre-peak aging
stage, with the continuous S.S.S.S. — B9 — D09 ordering
transformation and the increasing of number density for the
B’ phases, the networking of differently-orientated 8’ phases
and G.P. zones may close off some local regions where the
long-range Cd diffusion may be hampered so that localized
equilibrium for the ordering transformation can be established
provisionally. As clearly revealed by the EDS analysis, Cd
can directly involve in the precipitation of §; phases (see
Fig. 10). Specially in the over-aging stage, a large amount of
Cd will be consumed to involve in the formation and coarsen-
ing of Gd/Cd-rich B8, phases (see Fig. 12). The variations in

the precipitation density and configuration of Gd/Cd-rich 8,
phases will alter the surrounding Gd- and Cd-concentrations,
and owing to this, the relative equilibrium state for the ordered
structure domains in the matrix will have to be re-established.
Therefore it is not unexpected that either Bjg9 or D09 ordered
structure could be retained or dissolved or even re-formed lo-
cally in the surrounding of some f; phases even though the
sample has already been subjected to over-aging for a long
time (see Fig. 11). It should be pointed out that the 8, phase
is the only equilibrium phase in the Mgy;Gd,Cd; (at.%) al-
loy aged at 200 °C. The ordered structure of either Big- or
DO09-type around B; phases will finally disappear completely
if the over-aging time is sufficiently long (for instance, 200 h)
(see Fig. 13).

4.2. Relation between aging hardening behavior and
microstructure

Through the mutual contrast between the isothermal ag-
ing hardening behavior reflected by the aging hardness curve
of the Mgy;Gd,Cd; alloy presented in Fig. | and the aging
microstructure evolution illustrated in Fig. 14, one can eas-
ily figure out the interrelation between them. The under-aging
process (t = 0-25 h) for the Mg-Gd-Cd alloy can be roughly
divided into three stages according to the characteristic vari-
ations in both aging hardening feature and microstructure be-
fore the hardness increases to the peak value (~110 HV).

In stage I (f = 0-2 h), the hardening rate is mainly dom-
inated by the G.P. I zone segregation. For the Mg-Gd-Cd
S.S.S.S. alloy sample with an initial hardness value of ~72
HYV, aging at 200°C for 2 h allows its hardness value to in-
crease to ~97 HV (approximate 88% of the peak value). This
rapid increase of hardness can be attributed to the quick segre-
gation of densely distributed long G.P. I zones along with the
B9 ordering in the surrounding matrix. For the aged MgygGd,
sample, however, both its hardness value and hardening rate
are lower in the same stage (see the green hardening curve
in Fig. 1), and no G.P. I zone can be formed except for some
very short zigzag chains of G.P. II zones and prosperous nano-
sized atom clusters of Gd atoms (see the inset in Fig. 3c).
Obviously, it is due to the extraordinary effect on precipi-
tation features arising from the Cd-addition that allows the
Mg-Gd-Cd alloy to have a much swift hardening response in
its early aging stage.

In stage II (r = 2-4 h), hardness variation exhibits a
plateau, as seen in Fig. |, indicating that the hardening rate
begins to slow down when aging to this stage. Actually, the
aging microstructural evolutions corresponding to the plateau
have been clearly revealed to involve the following struc-
tural transformation: (G.P. I zones + B9 ordered domains)
(2 h) — (G.P. Il zones + DO,y ordered domains) (4 h) (see
Fig. 14). It seems that the DO9- and B9-ordered domains can
play the same role in strengthening the alloy matrix since the
obvious Bjg — DO0;g ordering transformation occurring in this
stage exhibits less effect on the further increment of hardness.
However, in contrast to the G.P. I zone with a less definite
structure, the G.P. II zone with an ordered zigzag Gd(Cd)
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array should act as a more effective strengthening precipi-
tate. Nevertheless, the G.P. I — G.P. II structural transfor-
mation will contribute effectively to the hardness increment
only when the formation of G.P. II zones has reached a suf-
ficient number density. This is also a necessary condition for
the subsequent B’ formation.

In stage III (f = 4-25 h (peak aging)), the hardening rate
is accelerated again due mainly to the precipitation of the 8’
phases. With increasing the number densities of G.P. IT and g8’
precipitates during which the §; precipitation is also initiated,
the aging hardness will keep increasing until a peak value is
achieved after aging for 25 h. The peak aging microstructure
for the Mg-Gd-Cd alloy is characterized by a complex mixture
involving G.P. II zones, 8’ phases, 8| phases, Big- and DO09-
type domains, in which the contribution of B’ precipitates to
the aging hardness increment is dominant. Of course, more
extensive formation of various ordered domains in the Mg
matrix will have benefits for enhancing alloy strength in that
they can hinder the dislocation motion more effectively during
deformation.

As for the hardening behavior of the Mg-Gd-Cd alloy in
the over-aging stage (¢ > 25 h), the hardness decrease is
mainly due to the facts that the densely-distributed 8’ precip-
itates are re-dissolved gradually and the formation of Gd/Cd-
rich B; phases has become a predominant process. In con-
trast, the hardness of aged Mg-Gd alloy can be sustained at
a high level in the aging stage of + = 50-200 h (see the
green curve in Fig. 1), since the formation of the Mg-Gd
B1 phase through dissolving surrounding B’ precipitates has
rarely been observed to occur in Mg-Gd alloys aged at 200
°C. The equilibrium Mg-Gd-Cd B, phases with definite long-
lath morphology and uniform distribution configuration can
be formed at 200 °C when the aging time is sufficiently long
(72-200 h), and due to this, the aging hardness for the Mg-
Gd-Cd alloy fully aged at 200 °C can be maintained at ~92
HV. In view of diverse aging microstructural evolution pro-
cesses in the Mg-Gd-Cd alloy as we have presented above,
it seems that the mechanical performance could be regulated
more flexibly and efficiently for the Mg-Gd-Cd alloy than for
a Mg-Gd alloy.

4.3. Effects of Cd on the Gd-rich precipitation

Adding Cd as an alloying element can be regarded as an
effective controlling factor for the Gd-rich precipitation in
that the Mg-Gd-Cd alloy indeed has shown apparent differ-
ences in precipitation dynamics, precipitate distribution and
morphology in comparison with the MgygGd, alloy and those
previously reported Mg-Gd binary alloys. Specifically, we will
discuss the effects of Cd on the Gd-rich precipitation in the
following aspects.

(1) Effect on the Gd-rich G.P. zone precipitation at early
aging stage

In comparison with the aged MgygGd, alloy and those
previously-reported Mg-Gd alloys [13,14] in which only
hexagonal solute clusters and very short zigzag chains of Gd-
rich G.P. I zones can be precipitated prior to the g’ phase for-

mation, the aged Mg-Gd-Cd alloy allows to precipitate quite
long Gd(Cd)-rich G.P. I zones at the very early stage of ag-
ing. It should be pointed out that, for the ordered hexagonal
Gd clusters which are prosperous in Mg-Gd alloys as a kind
of common early-stage precipitation product, its formation is
suppressed in the aged Mg-Gd-Cd alloy. Instead, quick Gd-
segregation involving 2—4 atomic layers can occur along the
three equivalent {IOTO}Mg planes, resulting in the formation
of G.P. I zones with a long length (see Figs. 3(d—f)). This
early-stage precipitation process is responsible for the swift
hardening response in stage I, as we have mentioned above. It
appears that the Gd atom diffusion in the Mg-Gd-Cd alloy is
promoted in the Cd-solid-soluted matrix. As clearly revealed
by our EDS analysis, Cd can co-segregate with Gd at the
early aging stage, and this will help the Gd-dominant G.P.
I zones to precipitate quickly with a long length but a less
definite structure.

The Gd(Cd)-rich G.P. I zones existing with a less defi-
nite structure in Bjo-type domains are not structurally stable,
and they are prone to transform into more ordered G.P. II
zones with the progressing of aging. Furthermore, a continu-
ous ordering transformation from the Bj9 domain variants to
the DOjo-type domains with a higher structural symmetry will
be conducive to the formation of much longer zigzag chains
of G.P. II zones along three equivalent {IOIO}Mg planes. Cer-
tainly, unlike the case in aged Mg-Gd alloys, the precipitation
of unusually long G.P. I and G.P. II zones, together with the
ordering transformation in the Mg-Gd-Cd alloy matrix at the
early aging stage, will affect the subsequent Gd-rich precipi-
tation evolution significantly.

(2) Effect on the formation of 8’ and related transitional
precipitates

For the B’ phase, which is widely known as a kind of
main strengthening phase in many age-hardenable Mg-RE
based alloys [13,48-54], its structure can be described as a
periodic stacking of G.P. II zones (zigzag-featured layers) at
regular intervals of a-Mg layers. In Mg-Gd binary alloys,
the precipitated Mg-Gd B’ phases are all characterized by the
stacking of G.P. Il zones with a very short length (see the
inset in Fig. 8b), and therefore they usually exhibit a long
ellipsoidal morphology [13,14]. In addition, the existence of
various transition precipitates around individual B8’ phases or
in between two adjacent 8’ phases had also been found in
Mg-Gd alloys. Some typical Mg-Gd transition precipitates in-
clude: the 8'; phase constructed only by stacking short zigzag
Gd-rich G.P. II zones but having a shorter stacking period
[14,48,54], the Bym phase composed of only hexagonal Gd-
rich atom clusters [13], and irregular hybrid precipitate con-
sisted of both hexagonal and zigzag arrays of Gd-rich atom
pillars [13,48,54]. Moreover, these transition precipitates can
connect 8 phases alternately to form long linear precipitation
configurations [54]. However, through adding Cd as alloying
element, all of these characteristics associated with the g’
phase in the Mg-Gd alloy system can be altered significantly.
Unlike the Mg-Gd B’ phases in Mg-Gd binary alloys, the Cd-
contained Gd-rich B8’ phases formed in our aged Mg-Gd-Cd
ternary alloy can have an unusual bamboo-raft-like morphol-
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ogy (see Figs. 8(a, b)). This is no unexpected considering that
the G.P. II zones can be formed with a length much longer
in the Mg-Gd-Cd alloy than in Mg-Gd alloys. Also, none
of the above-mentioned Mg-Gd transitional precipitates was
found to be formed in the aged Mg-Gd-Cd alloy. It has been
reported that the formation of 8’ phase in an aged Mg-Gd al-
loy could cause considerable local strains due to the volume
expansion of B’ phase with respect to the alloy matrix [51].
The localized Gd-rich transitional precipitation could there-
fore be a result of local strain-accommodation. As we have
clearly revealed, the formation of B’ phases in the Mg-Gd-Cd
alloy is accomplished by the stacking of the G.P. II zones
which can grow longer in length in the ordered domains. The
bamboo-raft-like Mg-Gd-Cd B’ phase formed in this way can
have a relatively low interfacial energy which will introduce
less or no strain in its surrounding ordered matrix. Therefore,
the strain-induced transitional precipitation associated with the
B’ phase will not occur in the Mg-Gd-Cd alloy.

(3) Effect on the B; phase formation

The B, precipitate phase in the Mg-Gd-Cd alloy can be
formed extensively as an equilibrium phase during the aging
at 200 °C. In contrast, for the 8, phase in Mg-Gd alloys, its
formation generally requires a higher aging temperature (>
250 °C) and longer aging time (> 500 h) [13,60], and fur-
thermore, its number density is also much lower than that in
the Mg-Gd-Cd alloy. Very recently, it has been shown through
HAADF-STEM observation that the B; phases in Mg-Gd
alloys are formed relying closely on the preexisting transi-
tional precipitates [13]. However, our HAADF-STEM obser-
vations can clearly reveal that the formation of §, phase in
the aged Mg-Gd-Cd alloy is independent of any of the above-
mentioned transitional precipitate since no similar one can be
formed to coexist with 8’ phases prior to the 8, formation.
As an alloying element with infinite solid solution ability in
Mg, Cd can also involve in the Gd-rich §; precipitation di-
rectly in addition to its contribution to the matrix structure
ordering. Cd element can be regarded as a B, stabilizer. Its
uniform distribution in the well-grown §; phases in the Mg-
Gd-Cd alloy has been clearly revealed by the EDS mapping
analysis (see Figs. 10,12,13). Since the B, phases can precip-
itate more densely and have a number density much higher
in the aged Mg-Gd-Cd alloy than in aged Mg-Gd alloys, it
can be said that the adding of Cd is favorable for promot-
ing the formation ability and stability of the 8, phase. These
effects of the Cd-addition on the 8; formation are supposed
to be beneficial for enhancing the high-temperature structural
stability of Mg-Gd-based alloys.

On the whole, from our careful HAADF-STEM observa-
tion results and above discussions, it is clear that the effect of
Cd alloying addition on the Gd-precipitation-dominated aging
microstructure evolution in a Mg-Gd alloy can be multifold,
including the introduction of structure ordering of different
types for the matrix and the modifications in formation, mor-
phology, distribution and evolution for the Gd-rich precip-
itates. Solute atom Cd can involve in the Gd-rich precipi-
tation process directly. The addition of a proper amount of
Cd can modify Gd-precipitation dynamics and thus can be

taken as an effective precipitation controlling factor for the
age-hardenable Mg-Gd-based alloy system.

5. Conclusions

In the present study, the aging microstructural evolutions
in the Mgy7Gd,Cd; (at.%) alloy subjected to the aging treat-
ment at 200 °C, involving the ordering transformation in the
alloy matrix and concurrent formation of the Gd-rich pre-
cipitates, have been characterized via HAADF-STEM imag-
ing technique. The main conclusions are summarized as
follows:

(1) The Bg-type ordered domains with three symmetrical
orientation variants were formed together with Gd(Cd)-
rich G.P. I zones from the Mg-Gd-Cd random S.S.S.S.
matrix at the early aging stage, and then they gradu-
ally transformed to the DO;9-type ordered domains dur-
ing the subsequent aging stage. The atomic ordering
transformation process in the matrix is revealed to be:
S.S.S.S. — Bjy-type domains — DO9-type domains.
The continuous Bj9-to-D0;¢ structural transformation
had been observed, which was mainly dominated by
Cd atom diffusion and was accomplished through the
re-arrangement of Cd atom pillars.

(2) Four Gd-rich precipitates, G.P. I zones, G.P. II zones,
B’ and B, phases, were observed to be formed in the
Mg-Gd-Cd alloy during the aging at 200 °C, company-
ing with the continuous matrix structure ordering. The
G.P. I zone, which is a Gd/Cd co-precipitation prod-
uct absent in the Mg-Gd system, is characterized as a
long Gd(Cd)-rich segregation platelet along a {lOIO}Mg
habit plane with 2 ~ 4 atomic layers in thickness. The
Gd-rich precipitation sequence in the aged Mg-Gd-Cd
alloy is as follows: S.S.S.S. — G.P. I zone — G.P. II
zone — fB’ phase — B, phase. Solute Cd atoms can
involve in the formation of Gd-rich 8’ and B; phases
in different extent. The Cd-distribution in the 8’ phases
formed during aging from under-aging to peak-aging
stages is relatively less and nonuniform, while that in
the well-grown g, phases formed mainly in the over-
aging stage is more obvious and quite homogeneous.

(3) Under the influence of Cd solutes and the related matrix
structure ordering, the aged Mg-Gd-Cd alloy exhibited
noticeable differences in the early-stage G.P. zone struc-
ture, morphology of B8’ precipitates and formability of
B1 phase in comparison with Mg-Gd alloys. The Gd
precipitation in the under-aging stage can be effectively
promoted. In particular, the Gd/Cd co-precipitation in
the form of G.P. I zone and concurrent occurrence of
matrix structure ordering are responsible for the swift
aging hardening response in the early aging stage. El-
ement Cd can act as a stabilizer for the 8, phase, and
its addition can allow a uniform distribution of equi-
librium Mg-Gd-Cd B, phases to be established in the
over-aging stage at 200 °C.
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