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Abstract

Crystal defects in a plastically deformed Mg–Zn–Y alloy have been studied on the atomic scale using aberration-corrected scanning
transmission electron microscopy, providing important structural data for understanding the material’s deformation behavior and
strengthening mechanisms. Atomic scale structures of deformation stacking faults resulting from dissociation of different types of dis-
locations have been characterized experimentally, and modeled. Suzuki segregation of Zn and Y along stacking faults formed through
dislocation dissociation during plastic deformation at 300 �C is confirmed experimentally on the atomic level. The stacking fault energy
of the Mg–Zn–Y alloy is evaluated to be in the range of 4.0–10.3 mJ m�2. The newly formed nanometer-wide stacking faults with their
Zn/Y segregation in Mg grains play an important role in the superior strength of this alloy at elevated temperatures.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Interactions between dislocations and solute atoms are
of long-standing interest, since they have direct influence
on the mechanical properties of alloys. Cottrell and Bilby
introduced the concept of “atmosphere” in 1949, and suc-
cessfully explained the plastic deformation and hardening
behavior of steels [1]. Soon after, Suzuki [2] pointed out
that chemical interactions could induce segregation of sol-
ute atoms to stacking faults (SFs). Suzuki segregation is
believed to play an important role in the dynamic strain
aging of some superalloys [3–6]. Experimental verification
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of Cottrell atmospheres around dislocations has been
achieved with the three-dimensional atom probe [7,8].
However, atomic level experimental identification of
Suzuki segregation has not yet been documented, although
several electron microscopy investigations have been car-
ried out in order to confirm the Suzuki effect [4,5,9–12].
Kamino et al. [12] reported Si segregation to SFs in a
Cu–Si alloy, and depletion of Si on both sides of the SFs
in the matrix, based on energy dispersive X-ray spectros-
copy (EDS) microanalysis. Han et al. [5] reported Mo
and Al enrichment along SFs in a Co–Ni-based superalloy
using nano-probe EDS, but no Al/Mo depleted regions
were detected beside the SFs. But very recently Koizumi
et al. [4] reported that no concentration fluctuation could
be detected across SFs in their Co–Ni-based superalloys
using EDS and Z-contrast imaging, although phase-field
simulation predicted Mo, Cr and Co enrichment along
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the SFs. Furthermore, structural information about the lat-
tice location of solute atoms, which is very important to
describe and model the Suzuki segregation, cannot be
obtained from EDS microanalysis. Thus, direct imaging
of the solute atom distribution along the SFs would be
the key to an in-depth understanding of the Suzuki segre-
gation and its effect on the mechanical properties of
materials.

A previous study showed that SFs in cast Mg–Zn–Y
alloys exhibited local solute enhancement [13] and thus
may be well suited for studying Suzuki segregation. The
strength of Mg97Zn1Y2 can be increased to 600 MPa by
rapid solidification processing, and its tensile strain to fail-
ure is up to 5% at room temperature, making these materi-
als suitable in applications for lightweight structural
materials [14–18]. Importantly, the strength of Mg97Zn1Y2

at 300 �C is just slightly lower than that at room tempera-
ture [13]. This is different from the dramatic softening at
elevated temperatures that commonly takes place in most
metallic alloys. Long-period stacking ordered (LPSO)
structures are believed to play an important role in
strengthening Mg–Zn–Y alloys [13–15]. However, the
superior strength at elevated temperatures cannot be sim-
ply attributed to the LPSO structures along grain bound-
aries. The Mg matrix must also play a role in the
remarkable strength at elevated temperatures. Moreover,
it is not just the solute providing increased lattice friction
for dislocation motion because this effect decreases with
increasing temperature. Therefore, there must be another
mechanism at play during deformation within the Mg
grains themselves that makes the dislocation motion diffi-
cult at elevated temperatures.

In the present work, we studied the atomic-scale micro-
structures and their evolution in the Mg matrix of an
Mg–Zn–Y alloy upon plastic deformation at 300 �C. While
deformation-induced nanometer-wide SFs with Suzuki seg-
regation have been extensively observed, Suzuki segrega-
tion is confirmed herein at the atomic level for the first
time. Models for different dislocation dissociation reactions
are presented to explain the formation mechanisms of the
different faulted structures we observe. The newly formed
nanometer-wide SFs accompanied by Suzuki segregation,
together with the SFs formed during growth, can effectively
impede dislocation motion within the Mg grains, and thus
play an important role in the superior strength at elevated
temperatures.

2. Experiments

A Mg97Zn1Y2 alloy was prepared using a vacuum melt-
ing furnace. Samples of size 4 mm � 4 mm � 8 mm were
compressed to a strain of �20.0% at a strain rate of
1.0 � 10�3 s�1 at 300 �C, and then quenched into water
to minimize thermo-driven microstructural evolution after
the deformation. Specimens for microstructural investiga-
tions were cut in the direction perpendicular to the com-
pression axis, mechanically polished, then ion milled.
A Nion UltraSTEM100 scanning transmission electron
microscope (STEM) equipped with a fifth-order aberration
corrector was used to characterize the atomic-scale struc-
tures of defects. High-resolution Z-contrast images were
obtained using a high angle annular dark-field (HAADF)
detector, which collects electrons that pass close to the
atomic nucleus and, thus, scatter with intensities that
approach the Z2 dependence of Rutherford scattering
[19]. It is thus possible to observe the atomic scale Zn/Y
solute segregation in the Mg–Zn–Y alloy using the
HAADF–STEM technique. The microscope was operated
at 60 kV in order to reduce beam etching during atomic
resolution imaging. HAADF observations were carried
out using a half-angle range of 86–200 mrad, in order to
eliminate the effect of strain contrast on images around dis-
locations [19]. The high-resolution images were processed
using a double Gaussian filter [20].

3. Results and modeling

Fig. 1 shows Z-contrast images recorded from the Mg
matrix in the as-cast (a) and deformed (b) samples. There
are large planar defects in both samples, as shown by the
long bright lines. These are growth SFs with Zn/Y segrega-
tion on basal planes according to high-resolution Z-contrast
imaging, as shown in Fig. 2. Some nanometer-sized bright
features that are parallel to the growth SFs appear in the
deformed material, as indicated by arrows in Fig. 1b. This
demonstrates that the deformation at 300 �C induces Zn/Y
segregation on the nanometer scale, which will be investi-
gated by high-resolution Z-contrast imaging, as shown
below.

Fig. 2 shows a high-resolution Z-contrast image of a
region containing several growth SFs in a Mg grain. The
stacking sequence across all the SFs has the same order
“. . .AB ABCA CA. . .”, although there are two twin-related
variants, as seen in the SFs marked “1” and “2”. The mid-
dle “B” and “C” layers have a local face-centered cubic
(fcc) environment, and they are much brighter than the
neighboring “A” layers, showing higher concentration of
Zn/Y in the two middle layers, which is a common charac-
teristic of all growth SFs.

Fig. 3 shows a Thompson hexahedron for the hexagonal
close packed (hcp) structure [21,22] that is convenient for the
description of the characteristics, motion and dissociation
of dislocations in Mg. Vectors AB, BC and CA represent
perfect “a” dislocations (Burgers vector, b ¼ 1

3
h11�20i); vec-

tor ST is the perfect “c” dislocation ðb ¼ h0001iÞ; vectors
SA/TB, SB/TC and SC/TA (which are respectively the
sum of vectors ST and AB, or BC, or CA) are “a + c” perfect
dislocations ðb ¼ 1

3
h11�23iÞ. Other vectors, such as Ad, dS

and AS, represent partial dislocations with Burgers vectors
of 1

3
h1�1 00i; 1

2
h0001i and 1

6
h2�203i, respectively. Dissocia-

tion of 60� “a” dislocations, screw “a” dislocations, and
“a + c” dislocations, as well as corresponding Suzuki segre-
gation are studied here at the atomic level, and will be dis-
cussed in the following sections. All the high-resolution



Fig. 1. Low magnification Z-contrast images showing planar defects in
Mg grains, (a) as-cast, (b) deformed.

Fig. 2. High-resolution Z-contrast image showing planar defects with
Zn/Y segregation within Mg grains in the as cast sample. “\” indicates a
partial dislocation bounding one SF.
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Fig. 3. Thompson hexahedron for dislocations in hcp structure. ABC
represents the basal plane, and ST indicated the c axis of the hcp structure.

352 Z. Yang et al. / Acta Materialia 61 (2013) 350–359
images in the present work are recorded along the zone axis
parallel to vector AB.

3.1. 60� “a” dislocation

Fig. 4a is a high-resolution Z-contrast image for one of
the nanometer-sized bright features in the deformed sam-
ple. It has the same stacking sequence as the growth SFs,
as shown by the short black line, indicating the formation
of a deformation SF. The SF width (the distance between
the two associated partials) is �18 nm. Also the two middle
layers are brighter due to higher concentration of Zn/Y,
compared with the adjacent layers, as shown by the line
intensity profile in Fig. 4b. But nanometer scale fluctua-
tions of the in-plane Zn/Y distribution can be identified
along the newly formed SF, which is different from uniform
contrast observed along the growth SFs, as shown in
Fig. 2. The closure failure of the Burgers vector surround-
ing the deformation SF indicates that it is associated with
the dissociation of a 60� perfect “a” dislocation
ðAC ! Adð30

� Þ þ dCð90
� Þ or BC! Bd + dC). The Shock-

ley dislocations bounding the left and right ends of the
SF are determined to be a 30� partial and a 90� partial,
according to the observed magnitude of the corresponding
Burgers vectors, as shown respectively in Fig. 4c and d.

3.2. Screw “a” dislocation

Fig. 5 shows a high-resolution Z-contrast image for
another type of deformation SF. The SF width is �7 nm.



Fig. 4. (a) High-resolution Z-contrast image showing the dissociation of a 60� “a” dislocation and corresponding Suzuki segregation, (b) line profile
crossing the SF demonstrating higher Zn/Y segregation in the middle planes “B” and “C” and (c, d) enlarged Z-contrast images showing the partial
dislocations bonding the left and right side of the SF.

Fig. 5. High-resolution Z-contrast image showing the dissociation of a
screw “a” dislocation and corresponding Suzuki segregation. The white
lines form the Burgers circuit around the dissociated dislocation, showing
no closure failure.
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There is no closure failure for the total Burgers circuit, as
shown by the white lines. Therefore, this deformation SF
is a result of the dissociation of a screw “a” dislocation into
two 30� partials ðAB! Adð30
� Þ þ dBð30

� Þ), as indicated by
the closure failure of the Burgers circuits for the two par-
tials. The higher intensities of the two middle basal planes
of the faulted region demonstrate the occurrence of Zn/Y
segregation along the SF.

3.3. “a + c” dislocations

“a + c” dislocations have been observed in various Mg
alloys, and they play an important role in the deformation
behavior and mechanical properties of Mg alloys [23–25].
Fig. 6 shows high-resolution Z-contrast images for a SF
with a width of �16 nm that is the result of the dissociation
of an “a + c” dislocation, as indicated by closure failure of
the Burgers circuit in Fig. 6a. And the “a” component of
this dislocation has a 60� character, AC or BC. The two cir-
cles indicate the position of the partial dislocations. It can
be seen that there is considerably less segregation of Zn/Y
to this SF compared with that seen with the SFs shown in
Figs. 4 and 5, although there are some brighter columns
within this faulted structure, as indicated by arrows in
Fig. 6a. More interestingly, this is a three-layer faulted
structure with a stacking sequence of “. . .AB ABC BC. . .”,
rather than the four-layer faults shown in Figs. 4 or 5, as
seen from the enlarged images for the two ends of the SF
in Fig. 6b and c. The stacking sequence of this three-layer
faulted structure is the same as an intrinsic growth SF [21].



Fig. 6. (a) High-resolution Z-contrast image showing the dissociation of
an “a + c” dislocation, Suzuki segregation and the formation of a three-
layer faulted structure, (b,c) enlarged images for both ends of the SF. The
“a” component is a 60� dislocation.
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The Burgers vectors for the partial dislocations bounding
the left (Fig. 6b) and right (Fig. 6c) ends of the SF
are determined to be TC and TA (or TB), respectively.
It is seen that TC ¼ Td 1

2
h0001i

� �
þ dCð90

� Þ; TA ¼ Tdþ
dAð30

� Þ ¼ dS 1
2
h0001i

� �
þ dA, according to the Thompson

hexahedron shown in Fig. 3. However, TC + TA = TS +
dC + dA, which is not equivalent to the Burgers vector of
TS + AC = TA/SC, for an “a + c” dislocation, since
dC + dA = Bd – AC. This is not consistent with the Bur-
gers circuit around the SF in Fig. 6a. The discrepancy
implies that other atomic processes must be involved in
the dissociation of the “a + c” dislocation and the follow-
ing movements of the partial dislocations, and they have
modified the partial dislocations on both ends of the SF.

Fig. 7 shows high-resolution Z-contrast images from a
five-layer faulted structure with a stacking sequence of
“. . .AB ABCAB AB. . .”. The intensities of atomic columns
indicate that there is Zn/Y segregation within all the five
basal layers of the fault, as shown by the line intensity pro-
file across the faulted structure in Fig. 7b. The intensity
variation along the basal planes is attributed to in-plane
concentration fluctuation of solute atoms, which is similar
to the cases shown in Figs. 4 and 6. The closure failure of
the Burger circuit shows that the faulted structure is related
to a perfect “c” edge dislocation, as indicated by the arrow
in Fig. 7a. The “. . .AB ABCAB AB. . .” stacking is known
as an extrinsic SF in the hcp structure and can be simply
achieved by inserting a section of “C” plane into the hcp
lattice [21,22]. But the Burgers circuit surrounding such a
SF will not show a closure failure equivalent to a perfect
“c” dislocation like that shown in Fig. 7a. Moreover, a
“c” dislocation dissociates into two 1

2
h00 01i partials that

on their own cannot produce the observed five-layer
faulted structure. It can be concluded that the dislocation
associated with this five-layer faulted structure is not a sim-
ple “c” dislocation and must contain a screw component
parallel to the viewing direction. Therefore, the five-layer
fault is probably the result of the dissociation of an “a + c”

dislocation.
Fig. 7c and d shows enlarged images for both ends of the

five-layer faulted structure. The closure failure of both the
Burgers circuits is c

2
, matching exactly that for an extrinsic

SF generated by inserting an extra “C” basal plane into the
hcp lattice. Fig. 7c and d demonstrates that the “c” edge
component dissociated into two c

2
partials, and they

climbed in opposite directions. Interestingly, no partial dis-
locations due to dissociation of the screw “a” component
of the “a + c” dislocation can be identified on the basal
plane, according to the Burgers circuits in Fig. 7c and d.
However, the screw “a” component must dissociate into
two 30� partial dislocations that have been involved in
the formation of the five-layer fault, since (i) the glide of
a perfect screw dislocation on the basal plane does not
change the observed stacking sequence, and (ii) the “c”

component itself cannot produce the five-layer fault. The
lack of dissociated 30� partial dislocations implies that pro-
cesses other than climb of c

2
partial dislocations and glide of

30� partial dislocations must take place accompanying the
formation of the five-layer faulted structure, and such pro-
cesses annihilate or shroud the 30� partials. The complex
cases shown in Figs. 6 and 7 will be modeled in the follow-
ing based on the principles of dislocation dissociation, as
shown in Figs. 8 and 9, respectively.

It is seen that there is difference in the concentration of
Zn/Y segregation among the observed deformation SFs, as
shown in Figs. 4–7. For example, the amount of Zn/Y seg-
regation within the three-layer faulted structure (Fig. 6) is
obviously less than those of other SFs (Figs. 4, 5 and 7).



Fig. 7. (a) High-resolution Z-contrast image showing the dissociation of another a + c dislocation, Suzuki segregation and the formation of a five-layer
faulted structure, (b) line profile across the SF showing Zn/Y segregation in five successive basal layers, (c,d) enlarged images for both ends of the SF. The
“a” component is a screw dislocation.
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Also, there are changes in Zn/Y concentration from one
end to the other end within the five-layer faulted structure
(Fig. 7). The variation of Zn/Y concentration should be a
result of fluctuation in solute concentration within the
Mg matrix, since the surrounding Mg matrix is the supplier
of solute atoms.

3.4. Modeling dislocation dissociation and partial dislocation

motion

For simplicity we will describe the dislocation dissocia-
tion using a pure Mg hcp structure in this section, without
considering the associated Zn/Y segregation. The local
enhancement of solute atoms, as shown in Figs. 4–7, is
direct atomic-scale evidence for the occurrence of Suzuki
segregation during the deformation at 300 �C, which will
be discussed in Section 4.1.

3.4.1. “a” dislocation

A perfect “a” dislocation can dissociate into two
Shockley partials, like ACð60

� Þ ! Adð30
� Þ þ dCð90

� Þ or
ABðscrewÞ ! Adð30

� Þ þ dBð30
� Þ for a 60� or a screw dislo-

cation, as shown respectively in Figs. 4 and 5. Partials
dCð90

� Þ and dBð30
� Þ, which are respectively opposite to

Cd and Bd, are not allowed to move on the same slip plane
of the partial Adð30

� Þ, since such glide would produce
“A-A” type stacking which violates the close packed hcp
structure. Therefore, the two partials have to glide on two
adjacent basal planes, as demonstrated in Figs. 4 and 5.

3.4.2. “a + c” dislocations

In the case of the dissociation of “a + c” dislocations,
the c

2
partials are required to climb in order to catch up with

the Shockley partials moving on the basal planes. Climb of
dislocations requires mass transport by diffusion, which is
normally slower than slip induced by shear. Thus the
Shockley partials are expected to start to glide prior to
the climb of the c

2
partials; and the moving Shockley par-

tials can act as pipe diffusion pathways to support the
climb of the following c

2
partial.

Fig. 8 shows atomic models for the dissociation of the
“a + c” dislocation and the formation of the three-layer
fault structure shown in Fig. 6. Firstly, the 60� “a” disloca-
tion dissociates into a 30� partial Ad and a 90� partial dC.
Secondly, glide of the 30�/90� partial shifts the part below/
above the dashed line toward the left/right, resulting in the
formation of a deformation SF (from step (iL) to (iiL), and
(iR) to (iiR)). Thirdly, the two dissociated c

2
partials locating

just above the SF start to climb. The left c
2

partial under-
goes the so-called negative climb, which means inserting
a “C” plane, as shown by step (iiiL) in Fig. 8. However, a
local “C-C” stacking will be produced by inserting a “C”
plane, which is not allowed. The right c

2
partial undergoes

positive climb by means of atoms diffusing away from the



Fig. 8. Formation mechanisms for the three-layer faulted structure. The
red symbols of “\” with an arrow represent the c

2
partial dislocations, and

the arrow indicates their corresponding climb direction. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Formation mechanisms for the five-layer faulted structure. The red
symbols of “\” with an arrow represent the c

2
partial dislocations, and the

arrow indicates their corresponding climb direction. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
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“A” plane, which also results in the appearance of “C-C”

stacking, as shown by (iiiR) and (ivR) in Fig. 8. An extra
shear between the two “C” planes is required in order to
remove the “C-C” stacking. If the lower part containing
the lower “C” plane, as indicated by the rectangular boxes
in (iiiL) and (ivR) of Fig. 8, is sheared by Bd relative to the
upper part, it will lead to the “. . .AB ABC BC. . .” stacking
sequence, as shown by (f) in Fig. 8. This is the same stack-
ing sequence as observed in the three-layer faulted struc-
ture shown in Fig. 6. The final Burgers vectors for the
partials bonding the left and right ends of the three-layer
faulted structure can be determined to be Eqs. (1a) and
(1b), respectively:

Tdþ Adð30
� Þ þ Bdð30

� Þ ¼ T dþ dCð90
� Þ ¼ TC ð1aÞ

dS þ dCð90
� Þ � Bdð30

� Þ ¼ T dþ dAð30
� Þ ¼ TA ð1bÞ

They are consistent with the Burgers circuits shown in
Fig. 6b and c. The two Shockley partials cannot exchange
their position for the case shown in Fig. 6, according to
Eq. (1). It is seen that the 30� and 90� Shockley partials
Ad and dC are shrouded by the extra shear of Bd. Therefore,
the discrepancy between the whole Burgers circuit and the
sum of the two partials surrounding the end regions of the
fault is attributed to the extra shear of Bd to remove the
“C-C” stacking associated with the climb of the c

2
partials.
Fig. 9 shows atomic models for the dissociation of the
“a + c” dislocation and the formation of the five-layer
faulted structure shown in Fig. 7. Here we assume that
the “a” component of the “a + c” dislocation is AB, and
it dissociates as ABðscrewÞ ! Adð30

� Þ þ dBð30
� Þ, as shown

by (iL) and (iR) in Fig. 9. There are two equivalent ways to
produce the final five-layer faulted structure through the
dissociation of an “a + c” dislocation. (i) The upper part
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containing the upper “C” plane is sheared by dA, in order
to accommodate the climb of the two c

2
partials, and finally

produce a five-layer faulted structure shown by (f) in Fig. 9.
The final Burgers vectors for the dislocation bonding the
left and right ends of the five-layer faulted structure can
be described by Eqs. (2a) and (2b), respectively:

Tdþ Adþ dA ¼ Td
1

2
h0001i

� �
ð2aÞ

dS þ dB� dA ¼ dS
1

2
h0001i

� �
þ ABðscrewÞ ð2bÞ

(ii) If the upper part is sheared by dB, the dislocation
bonding the left and right ends of the five-layer faulted
structure will be Eqs. (3a) and (3b), respectively:

Tdþ Adþ dB ¼ Td
1

2
h0001i

� �
þ ABðscrewÞ ð3aÞ

dS þ dB� dB ¼ dS
1

2
h0001i

� �
ð3bÞ

They both are consistent with the Burgers circuits in
Fig. 7c and d. Therefore, there should be a screw disloca-
tion on one side of the five-layer faulted structure. But its
position cannot be determined based on the high-resolu-
tion Z-contrast images. The “. . .ABCAB. . .” extrinsic SF
can be generated by simply inserting a basal plane into
the hcp lattice, which requires a shear equivalent to the
glide of a Shockley partial in order to remove the “A-A”

or “B-B” stacking. The Burgers circuit surrounding the
ends of the final SF will show a closure failure with a com-
ponent for the Shockley partial. Therefore, the five-layer
faulted structure shown in Fig. 7 is the result of the disso-
ciation of an “a + c” dislocation, instead of simply insert-
ing a basal plane into the Mg matrix.
4. Discussion

4.1. Suzuki segregation

Suzuki segregation is believed to have a strong influence
on the mechanical properties of alloys. For example, the
strength of cold-rolled Co–Ni-based superalloys is believed
to be further increased by aging at intermediate tempera-
tures due to the Suzuki segregation, although no direct evi-
dence was obtained by microanalysis [4]. In addition,
phenomena such as serrated flow, positive temperature
dependence of strength, dynamic strain aging (abnormal
strain rate dependences of flow stress) and deformation
twinning in alloys are often attributed to the interactions
between dislocations and solute atoms in the form of Cott-
rell atmospheres and/or Suzuki atmospheres [3–6]. The
appearance of SFs (i) in samples plastically deformed at
elevated temperatures, or (ii) in aged samples after cold
deformation, is considered to be evidence for Suzuki segre-
gation [4–6,9–12]. However, Suzuki segregation has not
been verified directly on the atomic level.
As shown in Figs. 4 and 5, the atomic columns within
the middle two planes “B” and “C” having a local fcc envi-
ronment show higher concentration of Zn/Y according to
their higher intensities, compared with other basal planes
with hcp environment, including the two “A” planes of
the four-layer “ABCA” structure. Those atomic columns
indicated by arrows in the “B” and “C” planes are obvi-
ously enhanced by Zn/Y segregation, compared with oth-
ers within the three-layer faulted structure in Fig. 6. All
the five “ABCAB” planes of the five-layer faulted structure
have higher concentration of Zn/Y, according to the inten-
sity line profile shown in Fig. 7b. Those results demonstrate
directly the occurrence of Suzuki segregation of solute
atoms to SFs on the atomic level.

Fig. 10 shows the variation of intensities for atomic col-
umns between X and X0 in Fig. 6b. The peak maxima are
normalized by assuming that those weaker atomic columns
are composed of pure Mg atoms, and setting their intensi-
ties to 1.0 ± 0.1. The focus depth is evaluated to be �4 nm
for our experimental settings. The theoretical normalized
intensity for an atomic column of 4 nm long with one Zn
or Y substitution atom is thus �1.38 or 1.68, respectively,
according to the Z2 law. Therefore, the intensity line profile
indicates that there are four atomic columns with Zn sub-
stitution and one with Y substitution, and they distribute
alternately with pure Mg columns. There is higher Suzuki
segregation for the other three cases shown in Figs. 4, 5
and 7, according to the corresponding higher intensities
of more atomic columns. Zhu et al. [26] observed a kind
of intrinsic SF in an annealed Mg–Zn–Y-based alloy, but
they did not detect the Suzuki segregation along the SF
using the HAADF–STEM technique. They thought that
it was because their samples were too thick. Other previous
results on the Suzuki segregation were based on EDX mea-
surements with nanometer spatial resolution, and no direct
identification of solute atoms has yet been achieved
[4,5,11,12]. Furthermore, the signals for the solute elements
are rather weak and noisy in the reported EDS spectra. For
example, Koizumi et al. [12] reported that the low signal-
to-noise ratio made it impossible to obtain any data on
solute segregation across SFs in their Co–Ni-based superal-
loys using EDS. Therefore, our experimental observations
confirm the Suzuki segregation directly, and provide the
distribution of solute atoms on the atomic level for the first
time. The Suzuki segregation to the newly formed nanome-
ter-wide SFs hinders their further motion, and can also
serve as nanometer-sized blocking centers, acting like pre-
cipitates or GP zones, for other dislocations. This is
believed to be responsible, at least partly, for the superior
strength at elevated temperatures of the Mg–Zn–Y alloys.

4.2. SF energy and resolved shear stress on Shockley partials

The deformation-induced SFs in our samples are 7–
18 nm wide, as shown in Figs. 4–7. The SF energy, c, is thus
calculated to be in the range of 4.0–10.3 mJ m�2, based on
the following equation [27]:
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c ¼ lb2

8pd
2� m
1� m

1� 2m
2� m

cos 2h

� �
ð4Þ

where l and m are the shear modulus (17 GPa) and Pois-
son’s ratio (0.35) for Mg, b is the magnitude of the Burgers
vector of the Shockley partials (0.186 nm), d is the mea-
sured width of the SF, h is the angle between the Burgers
vectors of the two partials. The SF energy for pure Mg is
in the range of 30–80 mJ m�2 according to experimental
measurements and first-principles calculations [28–32].
First-principles calculations also showed that �2 at.%
addition of Zn could decrease the Mg SF energy to
18.8 mJ m�2, while Y would increase it to 113.2 mJ m�2

[30]. The SF energy for the present Mg–Zn–Y alloy (4.0–
10.3 mJ m�2) is considerably lower than that for pure Mg
(30–80 mJ m�2) [25–29], and Mg alloyed with about
2 at.% addition of Zn (18.8 mJ m�2) [30]. It should be
pointed out that our samples were deformed at 300 �C.
The estimated SF energy should be lower than that de-
duced from samples deformed at room temperature and
first-principles calculations at �273 �C. Zhu et al.’s [26]
results showed that addition of Zr to Mg–Zn–Y alloy re-
duced the SFE alloy further to 0.9–1.8 mJ m�2.

The resolved shear stress (s) required to move the partial
dislocation can be described by [33]:

s � c
b
þ sp ð5Þ

where sp ¼ 2l
K exp � 2pa

Kb

� �
is the lattice resistance, in which K

is a constant and a is the distance between two adjacent slip
planes (�0.26 nm for Mg). It is thus deduced that the crit-
ical value for s is in the range of 26.5–60.4 MPa, in order to
keep the partials moving in the Mg97Zn1Y2 alloy. The yield
and peak flow stresses of our Mg97Zn1Y2 alloy are 90 and
190 MPa, respectively [13]. Therefore, the deduced critical
resolved shear stress on the Shockley partials is in a reason-
able range, considering the Schmid factors for dislocations
within each individual Mg grain.

4.3. Co-segregation of Zn and Y

Segregation of Zn from the hcp matrix to the SFs is
expected to lower the system energy, since the addition of
Zn decreases the SF energy of Mg [30]. Therefore, the local
Zn enhancement is reasonably attributed to the chemical
interaction between Zn and the SFs [2]. However, there is
also Y segregation along the SFs in the present Mg–Zn–
Y alloy, which cannot be rationalized through chemical
interaction, since the addition of Y increases the SF energy
of Mg [30]. However, a Zn atom is smaller than a Mg
atom, while an Y atom is larger than a Mg atom. The lat-
tice distortion originating from segregation of Zn atoms to
the SFs can therefore attract Y atoms in the vicinity to dif-
fuse to the SFs in order to lower the local strain energy. On
the other hand, if a SF happens to pass some Y atoms, the
lattice dilatation surrounding those Y atoms would provide
extra driving force for the diffusion of Zn atoms in the
vicinity of the SFs, in addition to the chemical interactions
between the SFs and Zn atoms. Therefore, the co-segrega-
tion of Zn and Y along the SFs is the combined result of
chemical and size effects, and the Suzuki segregation of
Zn atoms promotes the segregation of Y atoms toward
the SFs, and vice versa. The co-segregation of Zn and Y
to SFs is thus more energetically favorable than having
only Zn segregation along the SFs in the Mg–Zn–Y system.

5. Conclusions

� Three types of SF with nanometer width were formed in
the Mg97Zn1Y2 alloy upon deformation at 300 �C. Dis-
sociation of “a” dislocations produced intrinsic (defor-
mation) SFs with the stacking sequence of “. . .AB
ABCA CA. . .”. Dissociation of “a + c” dislocations
may produce three-layer or five-layer faulted structures
with respectively the stacking sequence of “. . .AB ABC
BC” or “. . .ABC ABCAB AB. . .” depending on the
character of the “a” component and motion of the
partials.
� Atomic resolution Z-contrast imaging demonstrates the

occurrence of the Suzuki segregation of Zn and Y to the
SFs, and shows the distribution of solute atoms with
atomic resolution. The solute concentration is higher
within atomic columns having local fcc environments.
� The co-segregation of Zn and Y to the SFs is the result

of chemical interaction between Zn atoms and the SFs
and strain minimization arising from Zn and Y atomic
size differences. The SF energy is estimated to be in
the range of 4.0–10.3 mJ m�2, as determined from the
measured widths of SFs. This SF energy value for the
Mg–Zn–Y alloy is much lower than that for pure Mg
and binary Mg alloys of Mg–Zn and Mg–Y, but higher
than that of a Mg–Zn–Y–Zr alloy.
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