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In several complex crystals, like Al13Co4, metadislocations have been shown to facilitate plastic flow at high tem-
perature. Consistent deformation has been revealed in small scale testing down to room temperature, but until
now, no high resolution studies of the underlying dislocation core structures have been conducted to confirm
the presence of metadislocations where diffusion slows down towards room temperature. Here, we used
microcompression and high resolution TEM to reveal that room temperature plasticity in the monoclinic
Al13Co4 phase does indeed occur bymotion ofmetadislocations and that these are closely related to those report-
ed previously in the orthorhombic Al13Co4 phase.
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Complex crystals exhibit structural symmetries proscribed to sim-
pler, conventional crystals. In particular in quasi-crystals and their
approximants, their unique topology and electronic structure gives
rise to interestingmagnetic, optical andmechanical properties [1,2]. De-
spite their large unit cells, most complex crystals are known to exhibit
dislocation or phase transformation mediated plastic deformation [3–
8], but the details of the underlying mechanisms are often not yet fully
understood. An open question in this context is whether previously
identified deformation mechanisms at high temperatures involving
themotion of a large number of atoms [9,10] or synchronousmovement
of atoms in different directions [3,11] may take place in a similar way at
room temperature. Here, we elucidate this question using two comple-
mentary experimental techniques: (i) nanomechanical single crystal
compression tests, which have been shown to successfully suppress
cracking in many brittle crystals [6,7,12] including quasicrystals and
Laves phases, and (ii) high resolution scanning transmission electron
microscopy to study the dislocation core structure generated in defor-
mation at room temperature and thus under conditions where a much
more limited contribution of diffusion to the deformation process
would be expected.

As an example of some of the most complex yet well-studied struc-
tures, we use Al13Co4, a quasicrystal approximant and complex metallic
zel).
.

is is an open access article
alloy [10,13–16]. In this and related structures, extended defects, called
metadislocations, have been found in high temperature deformation ex-
periments and their structure has been revealed in detail by electron
microscopy [10,15]. Metadislocations are highly complex partial dislo-
cations mediating plastic deformation as well as phase transformations
inmany complexmetallic alloy phases [4]. They are observed in various
alloy systems like Al–Pd–Mn [17–19] and Al13Co4 [10,15]. In the phase
o-Al13Co4, for instance, the atomic structure of metadislocation cores
with six and four stacking faults was revealed using high-resolution
high angle annular dark field scanning transmission electron microsco-
py (HAADF-STEM). Burgers vectors of −b/τ4 [010] and b/τ3 [0 1 0], re-

spectively, were found, where τ ¼
ffiffi

5
p

þ1
2 is the number of the golden

mean. The metadislocations are associated to separate phason defects,
which are required to adapt the dislocation core structure to the o-
Al13Co4 phase and which escort their movement through the material.
Due to the complex nature of the defect itself and the large number of
atoms inside the core region taking part in structural rearrangement
upon movement, the atomic mechanism of metadislocation motion is
elusive. By combining high-resolution HAADF-STEM, density functional
theory, and simulated annealing, a first three-dimensional model of a
metadislocation glide step in o-Al13Co4 was recently presented [16]. A
single glide step implies the motion of about 250 atoms along various
crystallographic with maximum atomic jump distances of 3.4 Å.

The defects investigated in all previous studieswere, however, intro-
duced in high temperature macroscopic compression tests. Therefore,
the question remains if such highly complex deformation mechanisms
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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involving extensive structural rearrangements of the material occur at
room temperature as well. Recent results using small scale testing re-
vealed that Al13Co4 [5,20] and quasicrystals [6] can be deformed plasti-
cally down to room-temperature if cracking is suppressed by reducing
the specimen size [7,21]. This enables the dislocation structures induced
in low temperature compression experiments to be studied in detail.
Here, we present the first work revealing the dislocation core structure
in an Al13Co4 crystal deformed at room temperature using high-resolu-
tion HAADF-STEM. As the approximate composition Al13Co4 exists in
two crystal structures [22] which are very closely related (Fig. 1A), we
focus here on themonoclinic phase, which has not been studied before.
However, the results presented here are expected to not only extend
previous studies to a related phase but to be complementary in the
sense that the dislocation mechanisms are expected to be closely relat-
ed, with the monoclinic phase formed during metadislocation move-
ment in the orthorhombic phase [10], and that if similar
metadislocation structures form and move in the absence of increased
thermal activation at high temperature in the monoclinic phase, the
same might reasonably be expected for the orthorhombic phase.

The monoclinic Al13Co4 phase is homeotypic to that of monoclinic
Al13Fe4, and structurally closely related to o-Al13Co4 [13,14,23,24]. The
two dimensional tiling description of the monoclinic phase (Fig. 1A)
viewed along the b direction is characterized by a parallel arrangement
of pentagon/rhomb elements whereas the orthorhombic phase is de-
scribed by an alternating arrangement of pentagon/rhomb elements.
In order to describe vectors within the tiling representation, we use a
cubic basis spanned by the vectors a′ and c′with the edge length of ide-
alized tiles (approximately 4.7 Å). In terms of this basis the monoclinic
cell is spanned by the vectors a ¼ ðτ ffiffiffiffiffiffiffiffiffiffiffiffi

τ þ 2
p

1Þ and c ¼ 0 τ þ 1ð Þ .
Fig. 1. (A) Tiling representation ofm- and o-Al13Co4with base vectors and unit cells indicated fo
orientation was determined locally by EBSD (C). Micropillars were prepared by FIB (D) at th
micrograph) was further analysed in a centre cross-section by conventional TEM (F, bright fiel
The orthorhombic cell is spanned by the vectors ( τ
ffiffiffiffiffiffiffiffiffiffiffiffi

τ þ 2
p

0 ) and
( 0 τ þ 1 ), respectively.

A polycrystalline sample was arc-melted from the elements and char-
acterized byX-ray diffraction (XRD) revealing that themajor constituents
were the orthorhombic and monoclinic Al13Co4 phases (Fig. 1A and B).
Aftermechanical grinding andpolishing, the samplewasmappedby elec-
tron back-scatter diffraction (EBSD) to reveal the local orientation. Due to
the high similarity of the two phases their distinction by EBSD is not reli-
able in all orientations and an orientation map including both phases is
therefore shown in Fig. 1C. Grains of different resolved shear stresses on
the two expected slip planes ((001) in o-Al13Co4 [5,15,20] and (100) in
m-Al13Co4) could be identified due to the equivalent symmetry and
micropillars were prepared by focussed ion beam (FIB) milling in several
grains with a range of resolved shear stresses (Fig. 1D). The final beam
current for thinning used was 100 pA at an accelerating voltage of
30 kV. After compression using a flat punch diamond indenter at room
temperature, all pillars were imaged from four sides and a TEM lamella
was extracted from the micropillar shown in Fig. 1E after compression.
Conventional TEM confirmed them-Al13Co4 crystal structure of the single
crystalmicropillar and the operationof the expected (100) plane revealed
by diffraction (Fig. 1F). The same lamella was then thinned further to
allow high resolution HAADF-STEM analysis.

The stress-strain curves obtained on all pillars were analysed in
terms of the first visible deviation from linear elastic loading, taken as
the yield stress, and the measured values are shown in Fig. 2a. The
three sets of compression experiments performed at rates of 0.02, 0.2
and 2 mN s−1 show an overall constant stress level at the onset of
yielding within the scatter that is common to most microcompression
studies [25]. A distinction may be made between those pillars which
r both structures. Thepresence of bothm- and o-Al13Co4was confirmedbyXRD (B) and the
e positions indicated by circles in (C). A compressed micropillar (E, secondary electron
d image and selected area diffraction pattern).

Image of Fig. 1


Fig. 2. (a) Yield stresses of pillars tested at three different loading rates. Those pillars which exhibited stable yielding are represented by closed symbols while those where yielding was
associated with a displacement burst are given as open symbols. Typical stress-strain curves are given in (b) with the micropillar analysed by (HR)TEM shown in dark blue.
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showed stable deformation after yielding and those which exhibited a
displacement burst as the first visible sign of plastic deformation (see
Fig. 2b). These two sets are shown as filled and open symbols in Fig. 2, re-
spectively, and reveal that a small rate dependence may be present for
plasticity by defect glide, while in the case of displacement bursts no
rate dependence is seen. However, no clear distinction can be made
based on the stress-strain curves and the corresponding SEM images be-
tween burst events mediated by nucleation of dislocations or cracks or a
sequence of both as found in previous work on brittle crystals [7,21,26].
The yield stresses are consistent with the stresses reported on the ortho-
rhombic phase using a single crystal specimen at room temperature [20],
suggesting that both phases deform at a similar stress level at room tem-
perature. Taking those pillars most similar to the curves measured by
Walter et al. [20] with small load drops in displacement control, i.e.
those showingnoor small strain bursts here, a comparable rate sensitivity
at room temperaturewas found. The implication of this finding is that the
activation volumes for glide are of the same order in them- and o-Al13Co4
phases and that therefore the underlying deformation mechanisms not
only extend from high to room temperature in the orthorhombic phase,
as suggested in [20], but are also very similar in both crystal structures.

In order to reveal the type of dislocation facilitating plastic flow in
the m-Al13Co4 phase at room temperature, conventional TEM and
HAADF-STEM was employed on a micropillar which had exhibited a
large amount of stable plastic deformation. Its appearance with parallel
slip traces formed in the top half of the pillar, shown in the scanning
electron micrograph in Fig. 1E, is consistent with plastically deformed
pillars of o-Al13Co4 where the Schmid factor on the (001)[010] slip sys-
temwas high [20]. In pillars of varying other orientations slip and brittle
aswell as ductile fracturewas observed but no clear distinction between
the behaviour of the two Al13Co4 phases can bemade based on the EBSD
analysis due to the similarity of the structures. However, there was also
no obvious difference in the behaviour of those pillars indexed with a
high confidence as either the orthorhombic or monoclinic phase.
Fig. 3. (a) Bragg-contrast bright-field TEM image of dislocations (white arrows) and stacking f
STEM image of the boxed region in (b) with tiling representation of stacking faults.
Fig. 3a shows a Bragg-contrast bright-field TEM image of dislocations
(white arrows) and stacking faults (black and grey arrows) of the plas-
tically deformed pillar. The structure of the stacking faults is revealed by
using high-resolution HAADF-STEM in Fig. 3b. Using a pentagon/rhomb
tiling description, the stacking fault extending along the c-direction is
represented by three rows of pentagon/rhomb elements (blue tiles in
Fig. 3), which are twinnedwith respect to thematrix. Stacking faults ex-
tending along the (1 0 −2) direction (grey arrow) are represented
using additional phason elements (red tiles in Fig. 3). The formation of
twin-like stacking faults and single phason defects was observed in
plastically deformed o-Al13Co4 as well, however, the formation of
straight stacking faults involving phason elements was not observed.

Fig. 4 present microstructural investigations using HAADF-STEM of
two different dislocation cores and their associated stacking faults
using the pentagon/rhomb tiling. Again, the stacking fault of the disloca-
tion in Fig. 4 a is represented by three rows of pentagon/rhomb ele-
ments (blue tiles in Fig. 4b). The core of the dislocation is identified by
a green polygon and a Burgers circuit is performed using unstrained
tiles. The Burgers vector of the dislocation is b′1= (0 1

τ2 ), i.e.
1
τ4 c or ap-

proximately 1.80 Å along the c direction (Fig. 4c).
The second dislocation presented in Fig. 4d has a distinctly larger

core area and is connected to five twin-like rows of pentagon/rhomb
tiles (blue tiles in Fig. 4e). The tiling representation furthermore demon-
strates the existence of a phason defect (red tile in Fig. 4e) which alters
the stacking sequence of the pentagon/rhomb elements at the right-
hand side of the dislocation core (compare Ref [10]). A representation
of the dislocation core structure without the phason element would
be possible as well (compare Fig. 3d in Ref [10]). The Burgers vector of
the dislocation in Fig. 4f b′2 = −( 0 1

τ3 ) is smaller than b1 by a factor

of τ, i.e. 1
τ5 c or approximately 1.11 Å along the −c direction.

The dislocation core structures and Burgers vectors observed in m-
Al13Co4 in the present work are equal to those observed in o-Al13Co4
aults (black and grey arrows). (b) Additional TEM image and (c) high-resolution HAADF-

Image of Fig. 3
Image of Fig. 2


Fig. 4. (a, d) HAADF-STEM images of two different metadislocation cores, (b, e) tiling representation, and (c, f) a Burgers circuit using unstrained tiles.
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after deformation at high temperature [10]. Assuming that the Burgers
vector has no component along the b direction, which is true for disloca-
tions in o-Al13Co4 as well, the dislocationwould be of pure edge-type and
would move by glide. The only difference between dislocations in o- and
m-Al13Co4 however is the necessity to introduce additional phason de-
fects into the o-Al13Co4 structure in order to accommodate the dislocation
core structure (compare Figs. 2 & 3 in Ref. [10]). The addition of phason
elements is possible in m-Al13Co4 (Fig. 4f) as well, but is not required to
accommodate the dislocation (compare Figs. 5 and 3b–d in Ref [10]).

Using microcompression to suppress fracture and conventional and
high resolution TEM to elucidate the operative slip planes and disloca-
tion core structures, we show that room temperature deformation in
the monoclinic Al13Co4 phase occurs by motion of metadislocations
even at room temperature. No discernible differences in terms of the
critical stresses for deformation on the crystallographically equivalent
planes, rate sensitivity or deformation morphology were found for the
two crystal structures of monoclinic and orthorhombic Al13Co4. High-
resolution HAADF-STEM of a deformed micropillar demonstrates the
presence of a complex deformation mechanism based on the motion
of metadislocations at room temperature in monoclinic Al13Co4. From
a comparison with an idealized tiling, we infer that two types of
metadislocations with b1 = (0 0 1

τ2 ) and b2 =−(0 0 1
τ3 ) associ-

ated to three and five stacking faults represented by twin-like rows of
pentagon/rhomb elements exist.

The structure of the metadislocations observed in the present work
is widely comparable to those observed in o-Al13Co4 after high-temper-
ature plastic deformation, consistent with the similarities observed also
in terms of the mechanical response of micropillars at room tempera-
ture. The structural similarities between the metadislocations observed
in the present work and those in o-Al13Co4 implies the presence of a
highly complex process of metadislocationmotion similar to the atomic
model ofmetadislocation glide in o-Al13Co4 recently presented [16]. The
existence of a room-temperature deformation mechanism inducing
structural transformations and atomic motion of hundreds of atoms
along various crystallographic directions is perhaps surprising but an
essential consequence of our present results.
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