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Abstract 

We have systematically investigated the microstructures of as-cast Mg 97.49 Ho 1.99 Cu 0.43 Zr 0.09 alloy by atomic resolution high-angle annular 
dark field scanning transmission electron microscopy (HAADF-STEM), revealing the coexistence of 18R, 14H and 24R long period stack- 
ing/order (LPSO) phases with fully coherent interfaces along step-like composition gradient in a blocky intermetallic compound distributed at 
grain boundary. The short-range order (SRO) L1 2 -type Cu 6 Ho 8 clusters embedded across AB’C’A-stacking fault layers are directly revealed 
at atomic scale. Importantly, the order degree of SRO clusters in the present dilute alloy is significant lower than previous 6M and 7M 

in-plane order reported in ternary Mg-TM (transition metal)-RE (rare earth) alloys, which can be well matched by 9M in-plane order. This 
directly demonstrates that SRO in-plane L1 2 -type clusters can be expanded into more dilute composition regions bounded along the definite 
TM/RE ratio of 3/4. In addition, the estimated chemical compositions of solute enriched stacking fault (SESF) in all LPSO variants are 
almost identical with the ideal SESF composition of 9M in-plane order, regardless of the type of LPSO phases. The results further support 
the viewpoint that robust L1 2 -type TM 6 RE 8 clusters play an important role in governing LPSO phase formation. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: Magnesium alloys; Long period stacking/order (LPSO) phases; Short-range order (SRO) clusters; High-angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM). 
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. Introduction 

As a light-weight structural metallic material, Mg alloy
wning high specific strength shows great application prospect
n automotive and aerospace industries. Nevertheless, its prac-
ical application is gravely restricted by the relatively low
trength and poor ductility. Rare earth (RE) elements are rec-
gnized to be the significantly efficient alloying elements to
ptimize Mg alloys’ mechanical properties [1–16] . Especially
g-RE-TM (transition metal) ternary alloys containing long
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eriod stacking/order (LPSO) phases have received consid-
rable attention due to a good combination of strength and
uctility [6–14] . The predominant strengthening mechanism
as attributed to the formation of kink band, which can not
nly improve the yield strength significantly by inhibiting dis-
ocation motion but also enhance the ductility effectively by
ccommodating the strain originating from applied stress dur-
ng the plastic deformation [7–11] . 

In the past decades, great efforts have been made to de-
elop high performance LPSO-containing Mg alloys. Five
ypes of LPSO phases (12R, 10H, 14H, 18R and 24R) con-
tructed by hexagonal close-packed (hcp) Mg layers and
ace-centered cubic (fcc) intrinsic-II type stacking faults ( I 2 -
F, AB’C’A-type stacking sequence) have been identified in

ernary Mg-RE-TM alloys [17–28] . It was demonstrated that
/Zn atoms segregated in the four successive atomic layers of
B’C’A building units in Mg-Zn-Y alloys would form robust
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1 2 -type Zn 6 Y 8 clusters with short range order (SRO) [20–
2] , which are believed to play an important role in enhancing
he thermodynamic stability of LPSO phases through reducing
he total Gibbs energy [ 29 , 30 ]. Similar L1 2 -type Al 6 Gd 8 clus-
ers with long rang order were also observed in 18R LPSO
hase of a heat treated Mg-Al-Gd alloy [31] . As for an an-
ealed Mg-Zn-Gd alloy, SRO L1 2 -type Zn 6 Gd 8 clusters were
evealed in an isolated solute enriched stacking fault (SESF)
n addition to LPSO phase [32] . More interestingly, D0 19 -like
nGd 3 clusters were identified in the Mg matrix by means
f atomic-resolution high-angle annular dark field scanning
ransmission electron microscopy (HAADF-STEM) and first-
rinciples calculations, which are considered as precursors of
RO L1 2 -type Zn 6 Gd 8 clusters. Such precursor phenomenon
as also demonstrated in Mg-Zn-Y and Mg-Zn-Gd systems
y in-situ synchrotron radiation [ 33 , 34 ] and photoemission
pectroscopy [35] , suggesting SRO clusters first formed dur-
ng the formation process of LPSO phases. First-principles
alculations as well as scanning tunneling microscopy ex-
eriments predicted that the density of L1 2 -type clusters de-
ends mainly on the composition of LPSO phase [ 36 , 37 ].
his was directly verified by diffraction pattern and atomic-

esolution HAADF-STEM image recently. In that work [25] ,
M (7 × (11 ̄2 0) hcp ) in-plane order L1 2 -type clusters were
bserved in 12R LPSO phase for Mg 79 Ni 9 Y 12 alloy, whose
ensity is lower than that of 6M (6 × (11 ̄2 0) hcp ) in-plane
rder clusters frequently observed in 10H, 14H and 18R
PSO phases for Mg-Zn-Y [ 20 , 21 ] and Mg-Al-Gd [31] al-

oys. Accordingly, the corresponding composition with non-
toichiometry extended into dilute solute range, but it was
ounded along the definite Ni/Y ratio due to the formation
f robust L1 2 -type clusters [25] . This suggests SRO clusters
ndeed play a key role in forming process of LPSO phase.
n addition, 15R, 12H and 21R LPSO phases constructed by
ntrinsic-I ( I 1 ) SFs with AB’C-type stacking sequence were
efinitely demonstrated in Mg-Co-Y [38] alloys using atomic-
esolution HAADF-STEM. It should be noted that, similar to
RO L1 2 -type Zn 6 Y 8 clusters of I 2 -type LPSO phase, SRO
o 3 Y 5 clusters embedded across the three consecutive atomic

ayers of I 1 SFs were recently clarified in Mg-Co-Y alloys
hrough the combination of atomic-resolution HAADF-STEM
haracterizations and density-functional theory (DFT) calcu-
ations [39] . 

Through the above analysis, it can be also deduced that
M may play a critical role in determining the type of
PSO structures in ternary Mg-TM-RE alloys. Cu is a typi-
al TM element, its maximum solid solubility in Mg matrix
s 0.013 at.%, which is much lower than 2.4 at.% of Zn [27] .
t is worth noting that 18R LPSO phase was observed in the
s-cast Mg 97 Y 2 Cu 1 alloy and it could exist stably after heat
reatment at 773 K for 10 h [27] . Additionally, the maximum
olid solubility of Ho (5.44 at.%) in Mg matrix is larger than
hat of Gd (4.53 at.%) and Y (3.35 at.%), which can pro-
ide excellent solid solution strengthening and precipitation
trengthening. Kawamura and Yamasaki [28] fabricated a se-
ies of Mg 97 Zn 1 RE 2 (RE = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy,
o, Er, Tm, Yb and Y) alloys and observed the coexistence
f 18R and 14H LPSO phases in the as-cast Mg 97 Zn 1 Ho 2 

lloy. Remarkably, among of them, Mg 97 Zn 1 Ho 2 alloy exhib-
ted the best combination of strength and ductility at 473 K,
ts tensile yield strength reached to 310 MPa. This indicates
hat Ho indeed provides excellent strengthening effect, which
an also be supported by other recent works [ 40 , 41 ]. On the
asis of previous research, it is expected that the combination
f Ho and Cu may be one of the promising candidates for the
evelopment of high performance Mg alloys. However, up to
ow, there has been no public report on Mg-Ho-Cu alloy. Al-
hough the LPSO formation in Mg-Ho-Cu alloy is predicted
y DFT calculations [42] , the experimental details, such as
he type of LPSO phase and SRO cluster, and even cluster
ensity still remain unrevealed. 

In this work, the LPSO phases of the as-cast Mg-Ho-Cu-
r alloy were thoroughly investigated using atomic-resolution
AADF-STEM. In particular, the blocky LPSO structural
ariants with coherent interfaces along the composition gra-
ient were observed at grain boundary. The in-plane order
luster density is also discussed. Here, we should mention
hat a trace of Zr was added to refine grains. 

. Experimental procedures 

The quaternary alloy with nominal composition of
g 97.5 Ho 2.0 Cu 0.4 Zr 0.1 (at.%) was fabricated by melting high

urity Mg, Cu, and Mg-Ho and Mg-Zr master alloys in an
lectrical resistance furnace. The melt was protected by the
ixed atmosphere of 1% SF 6 and 99% CO 2 throughout the

asting process until it was poured into a Cu-mold. The actual
hemical composition of the present alloy was measured to
e Mg 97.49 Ho 1.99 Cu 0.43 Zr 0.09 (at.%) by means of inductively
oupled plasma atomic emission spectroscopy (ICP-AES).
icrostructures were characterized by scanning electron mi-

roscope (SEM, JEOL JIB-4700F) equipped with energy-
ispersive X-ray spectrometer (EDS, Oxford Instruments) un-
er an accelerating voltage of 15 kV, transmission electron
icroscope (TEM, JEM-2010HC) with EDS operating at

00 kV and atomic-resolution aberration-corrected scanning
ransmission electron microscope (STEM, JEM-ARM200CF)
perating at 200 kV. SEM-EDS test was carried out on an
mage with the magnification of 6 k, and the work dis-
ance was set as 8 mm. The corresponding EDS data was
uantitatively analyzed by the software including ZAF cor-
ections. For HAADF-STEM observations, we used conver-
ence semi-angle of 22 mrad and high-angle annular dark
eld detector ranged from 68 mrad to obtain atomic num-
er ( Z )-contrast images. Thin foils for TEM/STEM observa-
ions were mechanically polished to about 25 μm, and then
on-milled using precision ion polishing system (PIPS, Gatan
91) equipped with liquid nitrogen cooling system. Atomic-
esolution HAADF-STEM image simulations were performed
ith the Dr. Probe software package [43] . The specimen

hickness of about 20 nm was used in simulations, consis-
ent with the thickness of experimental specimens. The probe
as set to zero aberration. The acceleration voltage was set
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Table 1. 
The experimental chemical compositions of LPSO phases measured by SEM-EDS and the corresponding estimated SESFs compositions. 

Region (LPSO) LPSO compositions (wt.%) SESF compositions (wt.%) 

Cu Ho Zr Mg Cu Ho Mg 

A(18R) 4.1 4.9 0.1 Balance 6.2 7.4 Balance 
B(14H) 3.0 4.1 0.1 Balance 5.3 7.2 Balance 
C(24R) 2.7 3.7 0.1 Balance 5.4 7.4 Balance 

Fig. 1. The typical OM image (a) of as-cast Mg 97.49 Ho 1.99 Cu 0.43 Zr 0.09 alloy 
and the corresponding histogram of grain size (b), backscattered SEM image 
(c), and the enlarged image (d) recolored with green corresponding to the 
yellow dashed rectangle in (c) (For interpretation of the references to color 
in this figure, the reader is referred to the web version of this article.). 
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Fig. 2. Bright-field TEM images (a, b), SAED patterns (c–e) taken along 
[11 ̄2 0] hcp and atomic-resolution HAADF-STEM images (f–h). (c, f), (d, g) 
and (e, h) correspond to A, B and C regions marked in (b), respectively. 
The corresponding structural models of LPSO variants are attached in (f–h), 
blue: Mg, dark pink and light pink: solute-enriched Mg sites with different 
degrees of solute occupations (For interpretation of the references to color 
in this figure, the reader is referred to the web version of this article.). 
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o 200 kV, and a convergence angle of 22 mrad was used,
onsistent with the experimental parameters. The inner and
uter radii of the HAADF detector were set to 68 mrad and
20 mrad, respectively. 

. Results 

The typical OM image of the as-cast
g 97.49 Ho 1.99 Cu 0.43 Zr 0.09 alloy and the corresponding his-

ogram of grain size distribution are shown in Fig. 1 a and
, respectively. The average grain size is estimated to be
3.4 ± 5.7 μm, which is much smaller than that of other
raditional as-cast Mg-TM-RE alloys [28] . Fig. 1 c presents a
epresentative backscattered SEM image. Numerous blocky
ntermetallic compounds with bright contrast are obviously
istributed at grain boundaries. On closer inspection, the
ontrast distinction within the interior of a blocky phase at
he grain boundary frequently occurs, which can be observed

ore clearly in the enlarged image ( Fig. 1 d) recolored with
reen corresponding to the region marked by yellow dashed
ectangle in Fig. 1 c. As shown in Table 1 , the compositions of
, B and C regions indicated by yellow arrows in Fig. 1 d are
easured to be Mg 90.9 Ho 4.9 Cu 4.1 Zr 0.1 , Mg 92.8 Ho 4.1 Cu 3.0 Zr 0.1 ,

nd Mg 93.5 Ho 3.7 Cu 2.7 Zr 0.1 , respectively, by means of SEM-
DS. The distinctions of contrast and chemical composition
mply the existence of variants with different crystalline
tructures in blocky phases. 

In order to well identify the detailed structures of blocky
hases, TEM and atomic-resolution HAADF-STEM charac-
erizations were performed. Fig. 2 a is the bright-field TEM
mage taken along [11 ̄2 0] hcp zone axis of the blocky phase, in
hich plenty of lamellar structures subsequently identified as
PSO phases using STEM are observed in the interior of Mg
rains. The high magnification image of local blocky phase
s shown in Fig. 2 b. Fig. 2 c–e present the selected area elec-
ron diffraction (SAED) patterns taken along [11 ̄2 0] hcp zone
xes, which are corresponding to A, B and C regions marked
y pink dotted circles in Fig. 2 b, respectively. As shown in
ig. 2 c, there are five extra diffraction spots distributed homo-
eneously between (0000) hcp and (0002) hcp spots, implying a
uperstructure containing six basic units in c ∗ direction, which
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Fig. 3. HAADF-STEM images (a-c), the Z -contrast intensity profile (d) ob- 
tained from the yellow dashed frame region in (c), and the atomic-resolution 
HAADF-STEM images along with Z -contrast intensity profiles (e, f) around 
18R/14H (e) and 14H/24R (f) interfaces. (b) and (c) are corresponding to the 
regions marked by pink rectangle in (a) and white rectangle in (b), respec- 
tively. Pink bars in (e, f) indicate AB’C’A-type stacking units. 
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s similar to 12H and 18R LPSO phases. Due to the invisi-
ility of (10 ̄1 0) hcp spot, this phase can be determined as 18R
PSO phase with the lattice parameters of a = 0.321 nm,
 = 4.689 nm. As shown in Fig. 2 d, 14H and 21R LPSO
tructures are suggested by the even distribution of six extra
iffraction spots between (0000) hcp and (0002) hcp spots. The
elevant phase is finally identified as 14H LPSO structure
 a = 0.321 nm, c = 3.647 nm) because of the existence of
10 ̄1 0) hcp spot. In the same way, the SAED pattern with the
niform distribution of seven extra diffraction spots between
0000) hcp and (0002) hcp presented in Fig. 2 e can be indexed as
4R LPSO phase ( a = 0.321 nm, c = 6.252 nm). The typical
tomic-resolution HAADF-STEM images obtained from A, B
nd C regions in Fig. 2 b are presented in Fig. 2 f–h, respec-
ively. It can be seen that all three kinds of LPSO structures
re constructed by Mg layers and AB’C’A building units with
istinct segregation of Cu/Ho atoms. The numbers of Mg lay-
rs sandwiched between each two adjacent building units in
ig. 2 f–h are 2, 3 and 4, respectively, directly vindicating the
nalysis results of SAED patterns. In addition, the even num-
er (2 and 4) of the sandwiched Mg layers results in the same
hear direction of the stacking sequences in each two adja-
ent building units for 18R and 24R LPSO phases, while the
dd number (3) results in opposite shear directions for 14H
PSO phase, as highlighted by yellow bars in corresponding

mages. Further inspection of the HAADF-STEM images re-
eals that each four-layered building unit contains two inner
ayers with significant segregation and two outer layers with
ntermediate segregation, which is well consistent with previ-
us results in Mg-Zn-RE alloys [ 17 , 20 ]. Structure models of
8R, 14H and 24R LPSO phases are inserted in the lower-
ight corner of Fig. 2 f–h, where blue, dark pink and light
ink circles represent hcp layer, fcc layer and hcp layer next
o fcc , respectively. By using TEM-EDS, the compositions
f A, B and C regions marked in Fig. 2 b were measured to
e Mg 91.16 Ho 4.76 Cu 4.05 Zr 0.03 (18R), Mg 92.60 Ho 4.27 Cu 3.07 Zr 0.06 

14H) and Mg 93.22 Ho 3.87 Cu 2.85 Zr 0.06 (24R), respectively. Com-
ined with the SEM-EDS results, it can be inferred that A, B
nd C regions indicated in Fig. 1 d correspond to 18R, 14H
nd 24 R LPSO phases, respectively. 

Fig. 3 a shows the low magnification HAADF-STEM image
orresponding to Fig. 2 a, its contrast feature seems like that
n the backscattered SEM image shown in Fig. 1 c. The high
agnification HAADF-STEM image around the local region
arked by pink rectangle in Fig. 3 a are shown in Fig. 3 b,
hose white rectangle region is further enlarged in Fig. 3 c,

n which Z -contrast distinctions of the blocky phase are ob-
iously observed and the boundaries are highlighted by azure
otted lines. The Z -contrast intensity profile obtained from the
ellow dashed rectangle region marked in Fig. 3 c is shown in
ig. 3 d. One can see step-like Z -contrast intensity along the
uilding units stacking direction, and the average intensity of
8R ( I 18R 

), 14H ( I 14H 

) and 24R ( I 24R 

) are measured to be
.98, 7.45 and 7.08, respectively. The corresponding ratio of
he experimental average Z -contrast intensity is 1:0.93:0.89.
t is well known that Z -contrast intensity is basically propor-
ional to the square of Z. Z -contrast intensity can be roughly
stimated using the following formulae: 

 = kZ 

n (1)

 

n = �x i Z 

n 
i (2)

n which k is a constant, Z is atomic number, n = 1.7 ˜ 2.0, i
s alloying element ( i represents Mg, Ho and Cu in the present
ork), x i and Z i are atomic percent and atomic number of al-

oying element i , respectively. According to the TEM-EDS re-
ults of LPSO variants, the ratio of the Z -contrast intensity for
8R, 14H and 24R is estimated to be 1:0.93:0.88 by assuming
 = 2 in Eq. (1) and (2) , providing a good agreement with
he experimental ratio (1:0.93:0.89). This suggests that the
verage Z -contrast intensity in Fig. 3 d can represent the av-
rage composition of LPSO variants, i.e. step-like Z -contrast
ntensity stands for step-like composition gradient. With the
urpose of investigating the orientation relationships between
hree LPSO structural variants, the respective interfaces of
8R/14H and 14H/24R are characterized by atomic-resolution
AADF-STEM, as shown in Fig. 3 e and f. The fully coher-

nt interfaces are directly revealed at atomic scale, suggesting
hree LPSO structural variants originate from the same crystal
ucleus during the solidification of alloy. Z -contrast intensity
rofiles of the relevant atomic columns are attached in Fig. 3 e
nd f. It is significant that all the SESF layers with Cu/Ho
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Fig. 4. Simulated HAADF-STEM images (a, c and e) along [11 ̄2 0] hcp and 
the corresponding intensity profiles (b, d and f) along the stacking direction. 
Red bars in (a, c and e) indicate AB’C’A-type stacking units. (a, b), (c, d) and 
(e, f) are corresponding to 18R, 14H and 24R LPSO phases, respectively (For 
interpretation of the references to color in this figure, the reader is referred 
to the web version of this article.). 
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egregation exhibit almost identical intensity regardless of the
ype of LPSO phases, meaning that the chemical composi-
ions of SESFs in all the LPSO phases are equivalent in the
resent alloy. In other words, and the chemical compositions
f LPSO phases could vary mainly depending on the num-
er of Mg layers sandwiched between adjacent SESFs [17] .
t is pointed out that the different features of Z -contrast in-
ensity profiles between Fig. 3 d and (e, f) can be attributed
o the different magnification of the obtained HAADF-STEM
mages. 

The above experimental results can be also supported by
he relevant HAADF-STEM simulations. Fig. 4 a, c and e
how the simulated atomic-resolution HAADF-STEM images
f 18R, 14H and 24R LPSO phases, respectively, which are
enerated by using Dr. Probe [43] based on the experimental
ompositions of these LPSO variants. The structure features
uch as the shear direction of AB’C’A-type stacking units (in-
icated by red bars) in the simulated results are in line with
he experimental HAADF-STEM images shown in Fig. 2 f–
. The corresponding Z -contrast intensity profiles shown in
ig. 4 b, d and f suggest that the chemical compositions of
ESFs in these LPSO variants are almost equivalent regard-

ess of the type of LPSO phase, which is well consistent with
he experimental results shown in Fig. 3 . In addition, the ra-
io of the average intensity for simulated 18R, 14H and 24R
PSO phases is estimated to be 1:0.96:0.93, which conforms
ith the experimental trend and can also support the reason-

bility of step-like composition gradient presented in Fig. 3 to
 certain extent. It is worthwhile to note here that the present
nnular detector was set to the angle higher than 68 mrad,
hich is significantly larger than the beam convergence angle
f 22 mrad. Therefore, the present Z -contrast is able to pro-
ide the ideal Z 

2 -dependent (i.e., n = 2 in Eq. (1) and (2) ),
s anticipated by the condition close to Rutherford scattering
ehavior. 

The robust L1 2 -type TM 6 RE 8 clusters distributed across
he fcc building units are considered to be a key factor in
overning the chemical composition and order degree in I 2 -
ype LPSO phases. They are frequently observed in Mg-Zn-
 [ 20–23 , 26 ] and Mg-Al-Gd [31] alloys and generally in-
icated by distinctly diffuse streaks paralleling to c ∗ direc-
ion in the SAED patterns of [11 ̄2 0] hcp and [1 ̄1 00] hcp inci-
ences. However, analogous diffraction features representing
uperlattice structure cannot be observed in [11 ̄2 0] hcp SAED
atterns for the present alloy, as shown in Fig. 2 c–e, imply-
ng the inexistence of long-range order clusters. Taking the
4R LPSO phase as an example, the representative SAED
attern and atomic-resolution HAADF-STEM image viewed
rom [1 ̄1 00] hcp zone axis are also obtained to further examine
he L1 2 -type TM 6 RE 8 clusters, respectively shown in Fig. 5 a
nd b. As shown in Fig. 5 a, although additional streaks are
bsent, some weak diffusion peaks are still displayed along
 

∗ direction in the diffraction pattern. Further examination
f atoms’ characteristic in Fig. 5 b reveals a certain amount
f particular configurations (marked by yellow dotted frames)
hat are automatically selected using a template-matching pro-
edure based on the cross-correlation evaluations of the local
ontrast variations [44] , representing SRO clusters are actu-
lly existed along SFs. According to previous reports [20–26] ,
hey are reasonably identified as L1 2 -type Cu 6 Ho 8 clusters,
ven though some of them are incomplete due to the rela-
ively dilute concentrations of Cu/Ho. As presented in Fig. 5 c,
wo striking diffusion peaks indicated by yellow arrows are
isplayed in the fast Fourier transformation (FFT) pattern ob-
ained from Fig. 5 b, working in concert with the features of
iffraction pattern. Fig. 5 d presents the inverse FFT pattern
enerated by masking diffuse peaks in the corresponding FFT
attern, in which the remarkable fringe contrast marked by
hite dotted frames can also vindicate the existence of SRO
1 2 -type Cu 6 Ho 8 clusters. Additionally, the detailed atomic
tructure of the SRO L1 2 -type Cu 6 Ho 8 cluster is shown in
ig. 5 e, which is generated by averaging over the similar con-

rast regions marked by yellow dotted frames in Fig. 5 b [44] .
t is basically consistent with the configuration of the typi-
al Zn 6 Y 8 cluster proposed in Mg-Zn-Y alloy [20] , further
upporting the formation of SRO L1 2 -type Cu 6 Ho 8 clusters
n the present alloy. Furthermore, STEM-EDS was performed
o investigate the chemical feature of the 24R LPSO phase.
he EDS mappings of Mg, Ho, Cu and Zr elements for the
AADF-STEM image ( Fig. 5 b) are presented in Fig. 5 f, and

he corresponding intensity profiles of the HAADF-STEM im-
ge and EDS mappings along the stacking direction are pre-
ented in Fig. 5 g. The results indicated that Ho and Cu are
harply segregated in the two middle layers of the 4-layer
ESFs, while the solute segregation in the two outer layers
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Fig. 5. SAED pattern (a) taken along [1 ̄1 00] hcp zone axis, the corresponding 
atomic-resolution HAADF-STEM image (b), the FFT pattern (c) obtained 
from (b), and the inverse FFT patterns (d) generated by masking diffuse 
peaks indicated by yellows arrows in (c). The atomic structure of SRO L1 2 - 
type Cu 6 Ho 8 cluster (e) generated by averaging over the similar contrast 
regions marked by yellow dotted frames in (b). The EDS mappings (f) for 
the HAADF-STEM image shown in (b), and the corresponding intensity pro- 
files (g) of the HAADF-STEM image and EDS mappings along the stacking 
direction (For interpretation of the references to color in this figure, the reader 
is referred to the web version of this article.). 
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Fig. 6. Mg-Cu 3 Ho 4 cross-section schematics of LPSO phase (a) and SESF 
(b) around the Mg-rich corner in the Mg-Ho-Cu ternary phase diagram. 

c  

l  

t  

p  

i  

p  

c  

L
a  

t  

w  

[  

o  

M  

t  

s  

i  

t  

p  

p  

i  

t  

i  

s  

i  

a  
djacent to Mg layers is relatively weak. Meanwhile, there
s no distinct segregation of Zr in the LPSO phase, which
s in accord with the results of SEM-EDS and TEM-EDS. It
s further confirmed that the chemical distribution feature of
PSO phase fits in well with the Z -contrast characteristic of

he corresponding HAADF-STEM image. 

. Discussion 

As described in the previous section ( Table 1 ), the compo-
itions of 18R, 14H and 24R LPSO phases marked by A, B
nd C in Fig. 1 d were identified as Mg 90.9 Ho 4.9 Cu 4.1 Zr 0.1 ,
g 92.8 Ho 4.1 Cu 3.0 Zr 0.1 , and Mg 93.5 Ho 3.7 Cu 2.7 Zr 0.1 , respec-

ively. By comparison with Mg-Zn-Y alloys, the compo-
itions of LPSO phases in the present alloy are very di-
ute, for instance, the composition of 18R LPSO structure
as reported as Mg 85.0 Y 9.0 Zn 6.0 [20] . It is particularly note-
orthy that the ratios of Ho/Cu in three variants are very
lose to 4/3, as shown in Fig. 6 a, even though their so-
ute concentrations are indeed different. This is attributed
o the nature of robust L1 2 -type Cu 6 Ho 8 clusters in LPSO
hase. As we mentioned already, TM 6 RE 8 clusters with 6M
n-plane order were frequently observed in I 2 -type LPSO
hase for Mg-Zn-Y and Mg-Al-Gd alloys. The ideal stoi-
hiometry compositions of corresponding 18R, 14H and 24R
PSO phases were estimated as Mg 29 TM 3 RE 4 , Mg 35 TM 3 RE 4 

nd Mg 41 TM 3 RE 4 , respectively [ 20 , 25–26 ]. Recently, rela-
ively low-density TM 6 RE 8 clusters with 7M in-plane order
ere demonstrated in 12R LPSO phase for Mg-Ni-Y alloy

25] , and the corresponding ideal stoichiometry compositions
f 18R, 14H and 24R LPSO phases were expected to be
g 42 TM 3 RE 4 , Mg 301 TM 18 RE 24 and Mg 175 TM 9 RE 12 , respec-

ively. However, as shown in Fig. 6 a, the measured compo-
itions of LPSO phases in the present alloy are expanded
nto much more dilute regions, which cannot be matched by
he ideal compositions of LPSO phases with 6M or 7M in-
lane order clusters. This means that the SRO clusters in the
resent LPSO phases seem to stretch into much lower-density
n-plane order. In this case, the ideal stoichiometry composi-
ions of 18R, 14H and 24R LPSO phases with 8M and 9M
n-plane order clusters were proposed. All the above ideal
toichiometry compositions (listed in Table 2 ) and the exper-
mental compositions (listed in Table 1 ) in the present work
re summarized in Fig. 6 a. By the way, trace amounts of Zr
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Table 2. 
The ideal chemical compositions of LPSO phases and SESFs. 

LPSO phase (in-plane order) Chemical formula LPSO compositions (at.%) SESF compositions (at.%) 

Cu Ho Mg Cu Ho Mg 

6M 18R Mg 29 Cu 3 RE 4 8.3 11.1 Balance 12.5 16.7 Balance 
14H Mg 35 Cu 3 RE 4 7.2 9.5 Balance 
24R Mg 41 Cu 3 RE 4 6.3 8.3 Balance 

7M 18R Mg 42 Cu 3 RE 4 6.1 8.2 Balance 9.2 12.2 Balance 
14H Mg 301 Cu 18 RE 24 5.2 7.0 Balance 
24R Mg 175 Cu 9 RE 12 4.6 6.1 Balance 

8M 18R Mg 57 Cu 3 RE 4 4.7 6.3 Balance 7.0 9.4 Balance 
14H Mg 203 Cu 9 RE 12 4.0 5.4 Balance 
24R Mg 235 Cu 9 RE 12 3.5 4.7 Balance 

9M 18R Mg 74 Cu 3 RE 4 3.7 4.9 Balance 5.6 7.4 Balance 
14H Mg 525 Cu 18 RE 24 3.2 4.2 Balance 
24R Mg 101 Cu 3 RE 4 2.8 3.7 Balance 
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s omitted in the ternary phase diagram. It is evident that the
xperimental compositions (red marks) for the present LPSO
hases are very close to the ideal stoichiometry compositions
green marks) for LPSO phases of 9M in-plane order. The low
luster density provides a good explanation for the absence
f distinct superlattice reflections paralleling to c ∗ direction
n the SAED patterns for the present alloy. The occurrence
f SRO in-plane robust L1 2 -type TM 6 RE 8 clusters in the ex-
raordinarily dilute Mg-Ho-Cu alloy supports that they do play
n important role in LPSO phase formation. Assuming that
he Mg layers sandwiched between adjacent SESFs contain
o Cu/Ho solutes, the compositions of SESFs in 18R, 14H
nd 24R LPSO phases are estimated to be Mg 86.4 Ho 7.4 Cu 6.2 ,
g 87.5 Ho 7.2 Cu 5.3 , and Mg 87.2 Ho 7.4 Cu 5.4 , respectively. Simi-

arly, the SESF compositions in ideal stoichiometric LPSO
hases of 6M, 7M, 8M and 9M in-plane order are estimated to
e Mg 70.8 Ho 16.7 Cu 12.5 , Mg 78.6 Ho 12.2 Cu 9.2 , Mg 83.6 Ho 9.4 Cu 7.0 ,
nd Mg 87.0 Ho 7.4 Cu 5.6 , respectively. The SESFs compositions
stimated from both the experimental and ideal compositions
re summarized in Fig. 6 b, in which the pink dashed rectan-
le region is enlarged from the black dashed rectangle region.
t is obvious that the ideal composition of 9M in-plane order
ESF can match well with the estimated values based on the
xperimental results. This further demonstrates that the SRO
lusters in the present LPSO phases are 9M in-plane order. In
ddition, the results provide direct evidence for the equivalent
ESF compositions in all the LPSO phases inferred from the

dentical Z -contrast intensity features shown in Fig. 3 e and f.

. Conclusion 

The microstructures of as-cast Mg 97.49 Ho 1.99 Cu 0.43 Zr 0.09 

lloy have been systematically characterized. The coherent
PSO structural variants (18R, 14H and 24R) along step-

ike composition gradient were identified at atomic scale in a
locky phase distributed at grain boundary. The robust SRO
1 2 -type Cu 6 Ho 8 clusters embedded across the I 2 -type SFs
ere revealed in the very dilute Mg-Ho-Cu alloy, directly in-
icating that SRO in-plane L1 2 -type TM 6 RE 8 clusters can be
xtended into much more dilute composition regions bounded
long the fixed TM/RE ratio of 3/4. It is important that the
rder degree of SRO L1 2 -type Cu 6 Ho 8 clusters was identi-
ed as 9M in-plane order, which is remarkably lower than
requently reported 6M and 7M in-plane order in traditional
ernary Mg-TM/Al-RE alloys. Furthermore, in the present al-
oy, the chemical compositions of SESFs in these LPSO vari-
nts are equivalent regardless of the type of LPSO phases,
hich are almost identical with the ideal SESF composition
f 9M in-plane order. The results further support the view-
oint that robust L1 2 -type TM 6 RE 8 clusters play an important
ole in governing LPSO phase formation. 
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