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The nano-particles precipitated along basal and non-basal dislocation lines in an MgggCosY~ (at.%) alloy during
compression at 200 °C are observed. Aberration-corrected scanning transmission electron microscopic studies
indicate that the nano-precipitate, with approximately 10 nm in diameter, has a face-centered cubic structure
(a = 0.523 nm). The nano-precipitate and Mg matrix exhibit an orientation relationship of (111)¢||(0001) g
and [ﬁO]fCCH[ZﬁO]Mg. We propose that hot compression-induced dislocations should be responsible for activat-
ing the atomic motion of solutes and succedent precipitation. The present study indicates that segregation of su-
persaturated solutes along the defects should be considered in Mg alloys upon deformation at medium

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Solute segregation at grain boundaries are becoming increasingly
attractive for improving the mechanical properties of Mg alloys, since
segregation to boundaries could efficiently suppress boundary migra-
tion and then lower the grain coarsening [1-6]. This is an efficient way
in weakening the strong basal texture, which tends to be developed in
magnesium sheet or extrusions [1-3]. It has been documented that Gd
atoms prefer to segregate or cluster at grain boundaries in Mg-Gd
solid solutions after rolling and annealing [4] or dilute alloys after extru-
sion [5], which will be expected to suppress boundary migration. Re-
cently, nanometer-sized Y clusters segregate to grain boundaries in
Mg-Y alloys after rolling and annealing [6]. Also, periodic distribution
of solute atoms along coherent twin boundaries in Mg alloys has been
observed after compression and annealing, and further been proven to
decrease the deformation twin growth [7]. Thus, solute atoms in Mg
alloys prefer to segregate to the grain boundaries with lots of defects
and to coherent twin boundaries with large lattice strain after plastic
deformation.

Dislocations and stacking faults (SFs) are also defects produced dur-
ing deformation, possessing local strain and tending to attract solute
atoms. The solute segregating to dislocations or SFs in metallic materials
was suggested long time ago [8-10]. Especially, J. D. Robson recently in-
dicated that rare earth (RE) solutes can have a strong tendency to segre-
gate to dislocations and inhibit their motion in RE containing wrought
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Mg alloys, similar to their segregating to grain boundaries [11]. Yang
et al. [12] demonstrated the occurrence of the Suzuki segregation of
Znand Y to the SFs in Mg-Zn-Y alloys after hot compression, one typical
Mg alloy containing long period stacking ordered (LPSO) phase [13],
using high-angle annular dark-field (HAADF) imaging technique in
the scanning transmission electron microscope (STEM). However, up
to now, the solute segregation to dislocations in Mg alloys is still less
understood.

In the present work, we characterized the nano-particles precipitat-
ed along dislocation lines in MgggCosY7 alloys upon hot compression,
whose dominant LPSO structures include distorted 15R, 12H, and 21R
LPSO structures [14]. The microstructures and chemical features of
nano-particles were investigated by the combination of HAADF-STEM
and energy dispersive spectrum (EDS). The formation mechanisms of
nano-particles along defects during hot compression are proposed.

Alloys with nominal composition of MgggCosY7 (at.%) were pre-
pared in a high-frequency induction melting furnace under ultrahigh-
purity argon, and then cooled down to the room temperature in an
argon atmosphere in the furnace. A specimen with the dimensions
3.6 x 4.6 x 6.2 mm° was cut from the ingot by low speed diamond cut-
ting machine. Hot compression experiment was carried out at 200 °C,
and a strain rate of 1.0 x 10~ s~ ! in an Instron-8801 fatigue machine.
Prior to being compressed, the specimen was inductively heated to
200 °C at a heating rate of 5 °C s~ ! and held for 180 s for equilibration.
The compression direction was parallel to the long axis of the specimen.
The specimen was deformed to failure (strain of 48%), then was imme-
diately water quenched to room temperature for microstructure analy-
sis. Thin foil samples for TEM were prepared by the conventional ion
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milling method, a Gatan precision ion polishing system (PIPS 691) with
a liquid-nitrogen-cooled stage to avoid preferential thinning effects. A
Titan®™ G2 60-300 aberration-correction transmission electron micro-
scope (TEM), equipped with a HAADF detector, energy-dispersive X-ray
spectrometer systems, operated at 300 kV, was used for microstructural
and compositional investigations. It is also noteworthy that the relative
results of evolution of LPSO phases and intermetallic phases in
MggsCosY7 (at.%) alloys [15] are not included in this work.

Fig. 1a shows the typical morphology of the matrix of as-cast
MgssCosY~ alloy. There's no other precipitate phase except stacking
faults (SFs) or lamellar LPSO phase, some long lines with bright contrast.
These are growth SFs with Co/Y segregation on basal planes according
to high-resolution Z-contrast imaging and EDS mapping, as shown in
Fig. 1b-d and Fig. le, respectively. Fig. 1b-d are atomic resolution
HAADF images of area b, ¢, d outlined by rectangles in (a), respectively,
indicating that every long bright lines contains several growth SFs.
These stacking sequence of the SFs can be described into two types: I;
“...ABAB'CBCB..."” and I, “...ABAB'C’'ACA...”, where the B’ layer in SF I;
and the B'C’ layers in SF I, showing brighter contrast than other layers,
suggesting higher concentration of Co/Y among these layers. The AB'C
and AB'C’A stacking unit in SF I; and SF I, are the same as the building
blocks of 15R and 18R LPSO phases in the Mg-Co-Y alloys, respectively
[14]. The SFs in Mg-Co-Y alloys could be comprised of I3, I, I; and I5, and
their corresponding twin-related variants, as denoted by “1” and “2” in
Fig. 1c. Compared with the following Fig. 2, it's worthwhile to note that
these growth SFs will not decompose into nano-particles in this com-
pression process here.

Profuse nano-particles precipitated in the matrix of Mg-Co-Y sam-
ple after compression at 200 °C, coexisting with growth SFs, as present-
ed in Fig. 2. Fig. 2a is a low-magnification bright-field TEM micrograph
of the nano-particles in the matrix obtained from [1 IEO}Mg orientation.
The profuse long dark lines are parallel to basal planes, denoted by the
solid arrows, with hundreds of nanometer in length and about 10 nm
in width. Also, some other oblique lines show dark contrast, marked
by the open arrows. Fig. 2b shows the corresponding HAADF-STEM
image of Fig. 2a. Apparently, the long horizontal and oblique lines
decorated with the chain-like nano-particles exhibit bright contrast,
corresponding to the dark contrast in Fig. 2a. It is noteworthy that the
growth SFs or lamellar LPSO phases segregated with Co/Y atoms (de-
scribed in Fig. 1) can still be observed, as indicated by the arrow heads
in Fig. 2b. The nano-particles are brighter than the growth SFs or LPSO
phases, demonstrating the content of Y/Co in former is higher than
that in latter. Thus, it indicates that the nano-particles are not produced
by the decomposition of growth SFs or LPSO phases in this alloy during
deformation. Fig. 2c is a low magnification HAADF image of the precip-
itated nano-particles taken along [OlTO]Mg orientation. Similarly, these
nano-particles distributed parallel or slant to basal planes. The horizon-
tal and oblique lines in Fig. 2b and c possibly represent the basal and

Fig. 1. (a) A low magnification HAADF-STEM image of SFs/LPSO lamellar in Mg matrix of
as-cast MgggCosY- alloy. (b-d) Atomic resolution HAADF images of area b, ¢, d outlined
by rectangles in (a), respectively. (e) EDS mapping images of region e framed in (a),
demonstrating the SFs/LPSO lamellar are enriched with Co/Y.

non-basal slip systems, since both basal and non-basal dislocations
could be activated in Mg alloys during deformation at medium temper-
atures [16]. Then, the little difference of the angle between the oblique
lines and basal planes in Fig. 2b and ¢ should be due to the different pro-
jection of non-basal dislocations along [1120] Mg and [0110] Mg ZONE axis.
It has been documented that the SFs and thin LPSO plates distributed in
the matrix in Mg alloys may enhance the nucleation of particles along
non-basal dislocations even deformed at room temperature [17,18].
Further, the sandwiched microstructure consisting of Mg layers and
the SFs/thin LPSO plates would be beneficial to the activation of non-
basal dislocations nucleating at their interface due to the different dis-
continuity of the elastic properties of Mg and SFs/thin LPSO plates
[19]. Thus, this unique microstructure would increase the homogeneous
nucleation of nano-particles along non-basal dislocations correspond-
ingly. The Fig. 2d is a high magnification HAADF-STEM image of the
nano-particles along the [11-20]ug zone axis, suggesting that the
chain-like nano-particles show homogeneous contrast, approximately
or smaller than 10 nm in diameter.

The atomic arrangement of the nano-particles and orientation rela-
tionships between the phase and Mg matrix were characterized by
atomic-resolution HAADF-STEM imaging and their fast Fourier trans-
form (FFT) analysis. Atomic-resolution HAADF imaging provides a sig-
nificant atomic-number-dependent contrast and the image intensity is
approximately proportional to the square of the mean atomic number,
Z, in the columns [20]. Fig. 3a and ¢ show the atomic-resolution
HAADF-STEM images of the nano-particles precipitated in the matrix
of Mg—Co-Y alloy, taken along the zone axis of [1120];, and [0110]y,
respectively. The nano-particles enriched with Co/Y can be clearly dis-
tinguished since they show much brighter contrast than the matrix. In
addition, the interface between the nano-particles and the matrix is
fuzzy and irregular. Fig. 3b and d is the corresponding FFT images of
Fig. 3a and c, respectively, where the diffraction pattern of the matrix
is denoted in white and that of the nano-particle in yellow. Combining
the FFT patterns and the rotation angle between Fig. 3 b and d (30°),
we could calibrate that the nano-particles have a face-centered cubic
(fcc) structure, with the lattice constants a = 0.523 nm based on the lat-
tice parameter of the matrix (a = 0.3209 nm, ¢ = 0.5211 nm). More-
over, the orientation relationship between the nano-particles and the
matrix is derived as: (111)||(0001)mg and [1-10]¢c//[2-1-10]mg. The
interplanar spacing of the (111)¢ and (0002)y, planes are 0.302 nm
and 0.261 nm, respectively, thus the lattice misfit between the matching

. . d —d, ..
atomic planes can be estimated to be§ = -2 (e — 15 79, Similar-

d(UUO2)Mg
ly, the lattice mismatch between d,7, (0.161 nm) for Mg and
d220(0.185 nm) for nano-particles is 14.9%. This indicates a large lattice
misfit at the interface of the nano-particles and Mg matrix, which is ac-
commodated by some misfit dislocations, as shown by “T” in Fig. 3a and
c. In addition, the misfit angles between these atomic planes are very
small (<0.5°).

The chemical features of the nano-particles were further investigat-
ed by EDS analysis. Fig. 4 describes the morphology of precipitated
nano-particles in the sample and their EDS mappings. It's obvious that
the nano-particles are enriched with Y, deficient with Mg, but no detect-
able Co. This is also another proof that the nano-particles are not decom-
position products of growth SFs or lamellar LPSO phases in Mg-Co-Y
alloys. Furthermore, there's either no apparent O element enriched
even though the compression tests were conducted at 200 °C in the at-
mospheric environment. The precipitation of nano-particles in the
200 °C compression Mg-Co-Y alloys is not alone. They also precipitated
in the matrix after Mg-Co-Y alloys compressed at 300 °C, distributing at
the recrystallized grain boundaries or within the recrystallized grains,
which are not shown here.

The above examination demonstrates that the chain-like nano-
particles precipitated in Mg-Co-Y alloys deformed at medium temper-
atures have an fcc structure (a = 0.523 nm), enriched with Y and no
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Fig. 2. Morphologies of nano-particles precipitated in Mg—Co-Y alloy during 200 °C compression process. (a) Low-magnification bright-field TEM image of the nano-particles viewed along
1 1?0]1\,,g zone axis. (b) and (c) HAADF-STEM images of precipitated nano-particles obtained along [1 170]1\,[g and [OﬁO]Mg zone axis, respectively. This indicates the nano-particles

precipitate along basal planes and non-basal planes. (d) A high magnification HAADF-STEM image of the nano-particles recorded along [1 120]1\,[g orientation, showing the chain-like

features of the nano precipitates.

detectable Co or O. The possible intermetallic phases including Mg,
Co and Y elements should be Mgs (Co, Y) and MgYCo,4 considering
thermodynamic assessment, in which the amount of Co elements
could be obviously detected [15], hence, are ruled out here. In view
of the crystallography parameters and chemical features of the
nano-particles, they are possibly intermetallic compounds of Mg
and Y, pure fcc Y, or yttrium hydrides. Firstly, there are three inter-
metallic compounds in Mg-Y binary phase diagram: Mg,4Ys (14
3m), Mg,Y (P63/mmc), MgY (Pm3m), and one previously reported
phase Mg-,Y (orthorhombic) [21]. All the crystal systems of Mg-Y in-
termetallics previously reported does not agree with the present re-
sult, which owns an fcc structure. There's also a possibility that the
intermetallic is an isomorph of known fcc intermetallic phase, such
as MgsGd and Mg,Sn. This can be easily excluded because of the uni-
form contrast of the phase in the atomic-resolution HAADF-STEM
images shown in Fig. 3a and c.

Secondly, the precipitated nano-particles are probably pure Y with
an fcc lattice. The Mg-rich part of the Mg-Y binary phase diagram indi-
cates that the maximum solid solubility of Y in magnesium is 3.75 at.% at
566 °C (the eutectic temperature), and it decreases to 0.75 at.% at 200 °C
[22]. EDS analysis indicates that the content of Y in Mg matrix of as-cast
MggsCosY5 alloy is about 3 at.%, so in our samples Y element is supersat-
urated in the matrix. According to “Cottrell atmosphere” theory and
Suzuki effect theory, solute atoms have a tendency to segregate to dislo-
cation lines and stacking fault planes to lower the total energy of the al-
loys [9,23]. Thus, it is reasonable that the supersaturated solute Y atoms
segregate to the SF planes and basal or non-basal dislocation lines when
compressed the Mg—Co-Y alloy at 200 °C. It has also been reported RE
elements segregating into grain boundaries are in the form of 1-2 nm
clusters, with an fcc structure, in Mg-Gd alloys [4]. Meanwhile, Y can

produce structural transformation: hcp — Sm-type — double-hcp with
the increase of pressure, and we could expect that Y may transform to
the fcc structure at room temperature at moderately higher pressures
[24]. We also calculate the lattice parameter of the most stable fcc yttri-
um is 0.504 nm through ab initio simulation, slightly different from the
experimental result, 0.523 nm. Thus, it's possible that the nano-particles
are pure Y precipitated from the supersaturated matrix to the defects in
order to lower the total energy, similar to the segregation of pure Gd
along the grain boundaries [4]. The basal and non-basal dislocations
operated in Mg alloys during plastic deformation at moderate tem-
peratures [16], could play an important role in the diffusion of Y to
the defects. The deviation of lattice parameter from the experiments
and the simulation is possibly due to the large strain between nano-
precipitates and Mg matrix.

Thirdly, the nano-precipitates can be yttrium hydrides. The lattice
parameters of the nano-precipitates are consistent with the parameters
of yttrium hydrides (YH,), which has an fcc structure and a =
0.5224 nm [25]. With more hydrogen, like YH, , , (0 <x< 1), the param-
eter can be smaller [26]. RE hydrides are sometimes reported in as-cast
Mg-RE alloys and are observed more frequently when the alloys are
subjected to solution treatment or annealing at high temperatures
[27-31]. What distinguishes the main formation mechanism is the
source of hydrogen or the source of the RE elements, which are ex-
plained as follows. (i) The RE hydrides forming during melting, casting,
heat treatment or sample preparation, are the reaction product of RE
and hydrogen [27-30]. The source of the hydrogen can be hydrogen
generated from moisture breakdown at the sample surface [27,28,30]
or hydrogen previously dissolved in Mg matrix [29]. (ii) The formation
of RE hydrides is probably related to the decomposition of Mg-RE inter-
metallic phases by hydrogen during solidification or high-temperature
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Fig. 3. Atomic structures of the nano-particles and the orientation relationships between the nano-particles and the matrix in Mg-Co-Y alloys. (a) and (c¢) Atomic resolution HAADF images
of the nano-particles, recorded along [1170],\,[g and [OﬁO]Mg, respectively, showing homogeneous contrast in a whole particle. The misfit dislocations on the interface of matrix and nano-
particles are marked by “T”. (b) and (d) Corresponding FFT images of (a) and (c), where the patterns of fcc precipitated phase and those of Mg matrix were marked in yellow and white,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

heat treatment [31]. Usually the reported RE hydrides are in a large size,
at the micron scale and distribute inhomogeously. In our case, if the
nano-precipitates along basal and non-basal dislocation lines are
yttrium hydrides in Mg-Co-Y alloys, the dislocations activated during
hot compression should take a significant part in the formation process.
The dislocations can serve as channels for the diffusion and transporta-
tion of hydrogen from the outside environment. Then, the yttrium
hydrides in the current compressed Mg alloys are probably formed as
a result of reaction between supersaturated yttrium and hydrogen
produced by the outside hydrides dissociation. The short deformation
and reaction time should be the reason that the nano-particles are
much smaller than the reported yttrium hydrides.

Fig. 4. Chain-like precipitates and their EDS mapping images, indicating that the nano-
particles are enriched in Y elements but no detectable Co elements.

In summary, the nano-particles precipitated along dislocation lines
in MggsCosY (at.%) alloy compressed at 200 °C have been studied
by HAADF-STEM and EDS techniques. The nano-precipitates are
about 10 nm in diameter, with an fcc structure (a = 0.523 nm), dis-
tributing like chains along basal and non-basal dislocation lines in the
matrix. They can be pure fcc yttrium, resulting from the segregation of
supersaturated Y in matrix to the defects. They also can be yttrium
hydrides, which should be related to the reaction between the super-
saturated yttrium and hydrogen transported from the outside. The
dislocations play an important role in the formation of the nano-
particles during compression. Some relevant studies are underway
now.
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