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ABSTRACT

Metadislocations are novel defects recently identified in complex metallic alloys. It was reasoned that
their propagation necessarily requires the orchestrated motion of hundreds of atoms along various
crystallographic directions per elementary step. Here, we report on the direct observation of the
motion of metadislocations on the atomic scale in the complex metallic alloy phase T-Al-Mn-Fe, using
in-situ high-resolution transmission electron microscopy. We observe their propagation by discrete
jumps between low-energy configurations. Using a tiling model, we determine their characteristic
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features including the Burgers vector, and identify their motion to take place in a mixed glide/climb

process.

IMPACT STATEMENT

We report on the direct in-situ observation of the motion of metadislocations in the transmis-
sion electron microscope, establishing a novel mechanism of plastic deformation in a structurally

complex metallic alloy.

1. Introduction

Since several decades, quasicrystals and the related fam-
ily of complex metallic alloys (CMAs), have attracted
widespread research interest due to their exceptional
structural and physical properties [1-3]. CMAs pos-
sess a periodic complex structure with large unit cells
and lattice parameters, typically ranging from one up
to tens of nanometres. Their atomic structure is often
related to that of quasicrystals, being based on a cluster
sub-structure and featuring local 5- or 10-fold symme-
try. These unusual structural features may give rise to
salient mechanical properties, new mechanisms of plastic

deformation, and novel defects [4-6]. Indeed, a new
class of salient structural defects, referred to as metadis-
locations (MDs), have been observed in various CMA
phases including e-Al-Pd-Mn [4,5,7], Al-Pd-Fe [8],
Al13Co4 [9-11], T-Al-Mn-Pd, and T-Al-Mn-Fe [6,12].
In the phase T-Al-Mn-Pd, for example, a highly com-
plex MD-based deformation mechanism was identified
[6,12]. MDs are partial dislocations, [5] and their motion
implies structural transformation in a large volume and a
formation of a slab of a different complex phase in their
wake. Yet, the detailed atomic mechanisms of metadis-
location motion are widely unknown. Up to now, only
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a very limited number of tiling-based models have been
employed to describe MD motion [10,13], which for the
relatively simple case of MD motion in the phase Al;3Coq4
could be further developed into a three-dimensional
atomic model including all involved atomic species [14].
It was shown that the rearrangement of atoms within the
core region leads to atomic jumps with a maximum dis-
tance of about 3 A along various crystallographic direc-
tions, which is much shorter than the elementary glide
step of 12.3A. So far, however, the motion of a MD
in a complex alloy has never been directly observed,
for instance in a TEM in-situ experiment. The available
models of MD motion were never validated experimen-
tally, not even the mechanism of motion of MDs on the
unit-cell scale. All evidence for the mobility of MDs has
been obtained from post-mortem investigation of plasti-
cally deformed samples. While this is pretty strong evi-
dence it is still indirect, and it remains an open question
if MDs are indeed mobile, and if MD motion contributes
to plastic deformation in complex metallic alloys at all.

In this paper, we report on the direct observation
of MD motion in a complex metallic alloy using in-
situ transmission electron microscopy. MD Motion was
observed along different crystallographic directions and
individual elemental steps of motion were identified. The
atomic-scale structure of the moving MD was analysed
using atomic-resolution (scanning) transmission elec-
tron microscopy ((S)TEM), individual steps along the
<001 > and <101 > directions by climb were iden-
tified, and a tiling model for the motion of the MD in the
phase T-Al-Mn-Fe phase was developed.

2. Methods

The experiments were carried out using single crystalline
T-AlMnFe CMA samples of composition Al 72 at.%, Mn
22 at.%, and Fe 6 at.% grown by the Czochralski tech-
nique (Figure S1) [15]. Lamellar specimens with (0 1 0)
plane normal were prepared using a focused ion beam
(FIB) system and placed on MEMS chips (DENSsolu-
tions Wildfire system) for the in-situ TEM experiments
(see Figure S2). Three separate MEMS chips were pre-
pared and subsequently three in-situ experiments were
executed. The heating experiments were conducted in an
image corrected FEI TITAN 80-300 and an FEI Tecnai
G2 F20 microscope. The samples were oriented with their
[0 1 0] direction parallel to the electron beam and the
heating experiments were performed under similar con-
ditions. All three samples were initially free of defects.
During the in-situ experiments at about 600°C, the cre-
ation of dislocations and planar defects at the edges of
all of the three FIB lamellae was observed (Figure S3).
After the initial creation of dislocations, the temperature
was set to control the speed of dislocation motion. For
low-magnification observations we held the temperature
above 600°C to record long-range dislocation motion
at discernible velocity, while for high-resolution imag-
ing we slowed down the dislocations by decreasing the
temperature below 600°C.

Post-mortem high-resolution HAADF-STEM analy-
sis at room temperature was performed on the in-situ
heated samples in a probe-corrected FEI TITAN 80-300
employed with a high-angle annular dark field (HAADF)
detector.

Figure 1. Bragg-contrast TEM still images of an in-situ heating experiment at 645°C showing the motion of dislocations (red arrows)
trailing planar defects. The movement of the dislocations is determined by comparison of their relative positions with respect to the
surface contamination speckles (blue arrows). In the 60s frame, the dislocation positions at t = 0 s are indicated by pink arrows as a

guide to the eye.



3. Results

Figure 1 displays two low-magnification Bragg-contrast
still micrographs taken at a time interval of 60s during
an in-situ experiment at 645°C (see supplementary
movie_1). Dislocations (red arrows) are seen to move
towards the upper-left side, leaving behind planar defects.
Also seen are bend-contrast contours (dark, almost ver-
tical lines), which also change position due to bending
of the FIB lamella during the deformation experiment.
The movement of the dislocations can unambiguously be
monitored via their relative position with respect to the
stationary surface-contamination speckles (blue arrows).
For clarity, in the 60 s frame the initial dislocation posi-
tions at = Os are indicated by pink arrows. An average
dislocation velocity of about 0.8 nm/s was observed.
Figure 2 presents still images from an in-situ exper-
iment at 565°C (see supplementary movie_2) under
HR-TEM conditions along the [0 1 0] direction. A
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corresponding fast-Fourier-transform image of a respec-
tive image of the in-situ series and an electron diffrac-
tion image of the T-AlMnFe phase sample are shown in
Figure S4.

We see movement of a dislocation on the unit-cell
scale, trailing a planar defect with short (100) and (101)
segments. For better visualisation, red and pink arrows
mark the current and previous positions of the disloca-
tion, respectively. Furthermore, the jump directions are
indicated by dotted arrows. We note however that the dis-
crete jumps are difficult to discern by looking at the still
images in Figure 2, so we recommend to consider supple-
mentary movie_2. Between the consecutive image frames
at 0 and 0.3 s, a discrete jump of the dislocation along the
-[1 0 1] direction takes place, followed by further jumps
along -[1 0 1] and -[0 0 1] in the subsequent frames.
The jump distances correspond to the edges and diago-
nals of the unit cell and occur rapidly between individual

Figure 2. (a,b) High-resolution transmission electron micrograph still images of in-situ heating experiments at 565°C showing the
motion of a dislocation (red arrows) along the -[0 0 1]and -[1 0 1] direction trailing planar defect segments. Previous dislocation positions
are indicated by pink arrows. See supplementary movie 2 and crystallographic information in Figure S4.
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frames, i.e. faster than the frame rate of 3 s~!. The dis-
locations move in a jerky fashion with large fluctuations
of the jump frequency at 565°C and occasional halts for
several seconds or even minutes (see also supplemen-
tary movie_3). Here, an average dislocation velocity of
about 0.14 nm/s was found. Backward motion was not
observed.

In general, it is observed that the speed of motion
varies with temperature. Therefore, the temperature was
adjusted in a range between about 650 and 550°C to
adapt the dislocation velocities to allow high-resolution
imaging. After accumulation of some strain at later
stages of the in-situ experiments, the dislocations slow
down and a higher temperature is needed to maintain
dislocation motion. We also observed that the dislo-
cation velocities greatly vary in different sample areas,
which most probably is a result of local variations of
the stress field. Accordingly, from the current set of
experiments, a more quantitative evaluation of the tem-
perature dependence of the dislocation velocities is not
feasible.

Subsequent to the in-situ experiments, the samples
were cooled to room temperature, in order to investi-
gate the very dislocations, the motion of which was pre-
viously observed as well as the planar defects created,
using high-resolution HAADF-STEM imaging. A tiling
representation is used to interpret the micrographs and
analyse the defect structures. In Figure 3(a) the (100) pla-
nar defect is characterised by a parallel arrangement of
hexagon tiles (white tiles) and a row of bow-tie shaped
tiles (red tiles). The dislocation core is represented by a
green polygon. The Burgers vector of the dislocation is
determined by applying a Burgers circuit along the edges
of the dislocation-core polygon [5]. In a first step, a closed
circuit along the edges of the polygon is performed. Sec-
ond, the circuit is transferred to an unstrained tiling using
ideal tiles (Figure 3(b)). The edges of an ideal tile cor-
respond to vectors of a regular pentagon which can be
expressed as:

0 —Vr+2], 1)

where ag is the edge length of the hexagons. The clo-
sure failure,_}depicted by a red arrow in Figure 3(b),
is given by b — a; + 2a, — 243 + a4 = 0, which yields
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Figure 3. (a) HAADF-STEM micrograph a dislocation associated
with a (1 0 0) planar defect and corresponding tiling repre-
sentation. (b) Burgers circuit around the dislocation core using
unstrained tiles. The Burgers vector is represented by a red arrow.
(c) HAADF-STEM micrograph of a (1 0 1) planar defect.

b= “‘)Z—V:;rz [~10¢2]. With the lattice constant ¢ =

ap+/T + 2, the Burgers vector b = 327 [-10772] of mag-
nitude of 0.257 nm is obtained. The Burgers vector points
out of the (1 0 0) and (1 0 1) planes of motion, which
means that the dislocation does not move by pure glide
but has a climb component.

The (1 0 1) planar defect, the second faceted direc-
tion of dislocation movement, is displayed in Figure 3(c).
The overlaid tiling representation reveals that this planar
defect is described by an arrangement of bow-tie shaped
tiles (red) and additional inclined hexagons.



4. Discussion

In this study, we induced the motion of linear defects with
[0 1 0] line direction in-situ in single crystalline T-Al-Pd-
Fe (0 1 0)-oriented FIB lamellae by thermal stress. The
defects were shown to possess a Burgers vector which is
a small fraction of the lattice parameter scaled by the fac-
tor 7, i.e. they are irrational partial dislocations in the
structure. Upon movement, they create planar defects in
their wake that can be described by a specific hexagon
and bow-tie tiling representation. According to these fea-
tures, we can identify the defects as MDs [5]. The MDs
observed in the present study have a [ -1 0 r—2 ] Burgers
vector not lying in the plane of motion, i.e. they move by
a mixed glide/climb mode. The latter distinguishes them
from MDs previously observed in T-Al-Mn-Pd and Al-
Mn-Fe, which were always found to move either by pure
glide or pure climb and have pure edge-character.

Previously, MDs induced by plastic deformation of T-
phase Al-Mn-Pd and Al-Mn-Fe were characterised after
two types of uniaxial deformation experiments. On the
one hand, macroscopic compression experiments along
a direction perpendicular to the [0 1 0] direction and
inclined by 45° with respect to [1 0 0] and [0 0 1] led to
a high resolved shear stress for glide on (1 0 0) planes
along the [0 0 1] direction [12]. MDs induced by this
deformation experiment were identified to be of the type
shown in Figure S1b, havinga —t *c[001] (x =2, 3,
4) Burgers vector, and move by pure glide. They trail
(1 0 0) planar faults which in a tiling are represented
by a parallel arrangement of hexagon tiles [6]. On the
other hand, compression experiments along the [1 0 0]
direction and perpendicular to [0 1 0] and [0 0 1] led to
the formation of MDs also having a [001] Burgers vec-
tor, but moving by pure climb and trail faults consisting
solely of bow-tie shaped tiles, i.e. forming (001) phason
planes [12].

The main difference to the previously observed MDs,
in particular the occurrence of a mixed glide/climb
motion, is most likely due to the different experimen-
tal deformation geometry. In macroscopic compression
experiments, the compression direction is well defined
along a single axis, while in the present case, in-situ
heating was applied to a T-Al-Mn-Fe lamella on a SiN
MEMS chip. The different thermal expansion of the sam-
ple material and the MEMS chip leads to a complex stress
field in the lamella in which the MDs are created. Indeed,
investigation of the FIB lamellae after the experiment
revealed strong bending of the samples with local vari-
ation of the sample-plane normals of up to 20 degrees
and occasional fracture of the lamellae. The lamellae are
thus subjected to a strongly non-uniform stress field,
including mixed compressive and bending components,
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i.e. a considerably different deformation geometry than
in the macroscopic compression experiments reported
previously. A further experimental difference to the pre-
vious experiments is the temperature range, which in the
present experiments was considerably lower than in the
previous experiments, as well as the presence of a very
different sample geometry, i.e. the presence of a thin sam-
ple and an extended surface area, which might induce
defect/surface interaction effects by extended diffusion
and due to surface pinning of the dislocations.

In our in-situ experiments, we have directly observed
MD motion on the unit-cell scale. To our best knowl-
edge, this is the first time that direct motion of defects
was observed in a complex metallic alloy. We observed
different modes of motion at high magnification and were
able to control the speed of MD motion by adjusting the
temperature. At higher temperature, fast and continuous
motion is observed (Figure 1), while at lower tempera-
ture, discrete instantaneous jumps of the MDs along -[0
0 1] and -[1 0 1] are observed (Figure 2). Heating induces
strain due to thermal expansion of the sample material
and the MEMS chip, so it is assumed that the speed of
the MDs is controlled both by the effects of thermal acti-
vation and thermally induced local stress. Furthermore,
it is very likely that additional electron-beam induced
straining or heating of the sample during high resolution
investigation influences the speed or direction of motion,
so that variations of the direction of motion (Figure 2,
SI movies) might include an electron-beam effect. There-
fore, a consistent quantitative analysis of the temperature
dependence of the MD velocities is not possible.

Individual jumps of motion along -[0 0 1] and -[1 0 1]
were found to occur within short time intervals below 0.3
s, so motion of the MDs takes place in a jerky fashion
on the unit cell scale. These jump distances are 4.9. and
7.5 times higher than the Burgers vector length. Appar-
ently, the unit cell acts as a rate-controlling obstacle to
the motion of the MD, which is not trivial as the unit cell
is considerably larger than the Burgers vector or average
interatomic distances. All incremental steps of motion,
on the scale of the Burgers vector and on the atomic
scale, occur too fast to be observed within the tempo-
ral resolution of the experiment, while MD movement
comes to a temporary halt on the scale of the lattice con-
stants. This allows for the conclusion that the observable
structure of the MD core represents a low-energy state,
while all intermediate phases of MD movement corre-
spond to higher states of energy and as such represent the
activation barrier for MD movement.

Using the tiling models introduced in Figure 3
based on the ex-situ HAADF-STEM investigations
and the results from our in-situ TEM investigations
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Figure 4. (a) Tiling model of a dislocation trailing a (1 0 0) planar defect and sequence of motion along a-[0 0 1] direction (b) and along
a-[10 1] direction. (d1, d2) Further motion along -[0 0 1] direction and -[1 0 1], respectively.

demonstrating MD jumps along the -[0 0 1] and -[1 0
1] direction, a tiling-based model of MD motion along
these directions can be constructed. Figure 4 a shows
a tiling model of a dislocation trailing a (1 0 0) planar
defect in its initial state (Figure 4(a)) and after a jump
along the -[0 0 1] direction (Figure 4(b)). Subsequently,
a jump along a -[1 0 1] direction is show (Figure 4(c)).
Figure 4 d1 and d2 illustrate further motion of the MD
along -[0 0 1] direction and -[1 0 1], respectively. It can
be noted that the (1 0 1) and (1 0 0) planar defect seg-
ments can be seamlessly connected as shown in Figure 4,
and are both characterised by the same displacement vec-
tor of # [-102]. This agrees with the observation
that these defects segments are trailed by a single disloca-
tion with the same Burgers vector, which is intermittently
changing its direction of motion (see Figure 2 and sup-
plementary movies 2 and 3) and corresponds to our in-
situ observation of individual alternate jumps along both
directions (Figure S5).

Setting up an atomic model of motion is far more
complex and goes beyond the tiling model of motion dis-
cussed above. Our supplementary movies 5a and 5b are
used to illustrate a single step of motion along the [0
0 1] direction using two superimposed HAADF-STEM
images of the MD shown in Figure 3(a) shifted by one
lattice constant. The animation illustrates jumps between
neighbouring atomic columns within and around the
MD core along various crystallographic orientations
which are necessary to move the MD by one lattice con-
stant. The large number of atoms in a unit cell and the
large size of the defect suggests the involvement and the
orchestrated motion of potentially several tens or even
hundreds of atoms per unit cell thickness and elementary
step of MD motion.

In conclusion, the creation and movement of dislo-
cations in the complex metallic alloy T-Al-Mn-Fe was
observed during in-situ heating experiments in the trans-
mission electron microscope. The dislocations could be
identified as MDs moving in a mixed glide/climb mode,
and trailing (1 0 0) and (1 0 1) planar defects. The tem-
perature during the in-situ experiments was set to control
the speed of the dislocations and to allow for observation
of motion at high magnification. At high magnifications,
discrete jumps of MDs, faceted along the [1 0 —1] and
[0 0 —1] direction are directly observed. Jumps by one
unit cell occur rapidly between individual frames. No
intermediate steps can be resolved, which shows that
the incremental processes taking place on a length scale
smaller than the unit cell represent higher states of energy
and form the activation barrier of MD motion. Subse-
quent high-resolution STEM imaging allowed for deter-
mination of the Burgers vector and characterisation of
the planar defects by an arrangement of hexagon and
bow-tie shaped tiles. The MDs are found to move in a
mixed mode involving glide and climb.
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