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Abstract

Metadislocations (MDs) are linear defects enabling plastic deformation in
complex metallic alloys, a class of materials with large lattice parameters. We
systematically investigate MD configurations in plastically deformed T-Al-Mn—
Pd using aberration-corrected scanning transmission electron microscopy.
Atomic-resolution imaging reveals that MDs in the T-phase can dissociate into
energetically more favorable partials through a pure glide process. The analysis
of MD dissociations allows for an estimate of the energy of the associated
stacking faults. Adjacent MDs with opposite signs in the T-phase are found to
interact and form dipolar configurations connected by shared chains of phason
defects. We furthermore report on a new type of phason defect, which we identify
as anti-phason. We discuss structural variants of anti-phasons, their role in the

deformation- and MD-interaction processes and their energetical impact.
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1. Introduction

Complex metallic alloys (CMAs) are intermetallic compounds
characterized by large lattice parameters and a correspondingly high number of
atoms per unit cell, typically ranging between many tens and some thousands.
CMA phases meanwhile have been identified in various alloy systems [1].

Because of the large lattice parameters, in CMAs conventional dislocation-
based deformation mechanisms are prone to failure. Perfect dislocations are
unfavorable to form since their large Burgers vectors would imply high elastic
line energies. On the other hand, conventional partial-dislocation mechanisms are
also unfavorable since high numbers of partials and potentially complex planar
faults would be involved. In a number of CMAs this dilemma is resolved by a
novel type of linear structural defect, the metadislocation (MD). MDs were
discovered by Klein et al. in e-phases in the system Al-Pd—Mn [2, 3], and later
on found in other e-type phases like Al-Pd—Fe [4] and Al-Ni—Rh [5]. MDs were
further observed in orthorhombic Al13Co4 [6, 7] and orthorhombic T— phases in
the AI-Mn—Pd system [8, 9]. The definition of MDs, which was initially limited
to e-phases, was generalized later on [9] in order to include related defects
following the same structural principles in different materials. For an overview,
see [10].

The core of an MD typically includes several hundreds of atoms per unit-
cell thickness along its line direction [8]. As a result, any deformation process
MDs are involved in is highly complex by itself. Even in the simplest case of MD
glide in orthorhombic Ali3Co4, a CMA with 102 atoms per unit cell [11, 12], a
large number of coordinated atomic jumps along various crystallographic
directions, summing up to a total jump distance of about 45 nm per glide step,
takes place [7, 13, 14]. The glide mechanism of MDs in the Taylor phase in the
system Al-Mn—Pd, referred to as T-Al-Mn-Pd, the material considered in the

present paper, was firstly described in [8]. It was shown to involve movement of



the core plus a number of phasons, escorting the core. Phasons are particular
linear defects in CMAs mediating local structural rearrangements [9, 15, 16].
Upon plastic deformation, the phason defects move ahead and locally transform
the T-phase structure to allow for accommodation of the MD core. Glide of the
MD leads to a local phase transformation in its wake that can be interpreted as
the formation of a slab of R-Al-Mn-Pd, a structurally related phase in the alloy
system [15, 17].

In two previous papers, we have described the MD types existing in T-Al-
Pd-Mn and their properties [8, 9]. The present paper follows up, taking MD
interactions, reactions and dissociations into account, in order to advance our
understanding of the defects from merely structural aspects towards the
deformation mechanism they are involved in. It is essential to investigate these
aspects [ 18, 19] since the interactions of defects under applied stress play a critical
role in the deformation, strain hardening, and failure mechanisms [18, 20], i.e.
they essentially determine the plastic behavior of the material.

In the present study, we address the CMA phase T-Al-Mn-Pd, and
systematically investigate interacting MD configurations in plastically deformed
samples using atomic-resolution aberration-corrected scanning transmission
electron microscopy (STEM). In T-Al-Mn-Pd, MDs with different Burgers
vectors, associated with two, four, and six planar defects were identified [9]. The
planar defects were observed to be either (100) slabs of R-phase, (001) phason
planes, or inclined planar defects containing elements of both. Investigation of
the configuration of MDs sharing phason defects or planar defects allows us to
conclude on the nature of their interaction and their role in the plastic deformation
process. Furthermore, we report on a novel defect of phason type, the anti-phason,

and discuss its structural variants and functionality in the structure.



2. Experimental methods

A single crystal of the T-Al-Mn—Pd phase was grown employing the
Bridgman technique, with a final composition of Al 75 at.%, Mn 21 at.%, and Pd
4 at.%. A cuboidal sample of approximately 1.5 mm x 1.5 mmx 4 mm was
prepared and uniaxially deformed in compression using a modified Zwick Z 050
testing machine at 700 °C to a total strain of ~1.2 %. The compression direction
was oriented perpendicular to the [010] direction and 45° inclined with respect to
the [100] and [001] directions. This particular geometry leads to maximum shear
stress for dislocation glide with [001] Burgers-vector direction on (100) planes.
After deformation, the sample was rapidly unloaded and quenched to preserve its
microstructural state. The dislocation density in the material was shown [9] to be
higher than in an undeformed reference sample by three orders of magnitude,
which demonstrates that the observed dislocation microstructure is a direct result
of the deformation process.

The deformed T-Al-Mn-Pd sample was cut into slices and prepared for
TEM investigations by subsequent grinding, dimpling, and argon-ion milling on
a liquid nitrogen-cooled stage. Atomic-resolution STEM imaging was performed
using an FEI Titan 80-200 [21] electron microscope with a Cs-probe corrector
(CEOS GmbH) and a high-angle annular dark field (HAADF) detector. The
microscope was operated at 200 kV. Z-contrast conditions were achieved using a
probe semi-convergence angle of 24.7 mrad and an inner collection semi-angle
of the detector of 88.4 mrad. The structural model was visualized using the

VESTA software [22].

3. Structure model of T-Al-Mn-Pd

T-Al-Mn-Pd has an orthorhombic structure with lattice parameters a=1.47
nm, b=1.25 nm, ¢c=1.26 nm, and 156 atoms per unit cell [23, 24]. Fig. 1 (a) shows
a perspective view of the T- Al-Mn-Pd structure along the [010] direction based



on the atomic model developed by Klein et al. [15]. The complex structure can
be represented in the form of an area-filling tiling in the (010) plane. As shown
in Fig. 1 (a), the tiling for T-Al-Mn-Pd consists of elongated hexagons arranged
in rows of alternating orientation, mutually tilted by 36° and displayed in white
and yellow. The unit cell is indicated by a white cuboid, and a structure model is
shown in the inset. One white or yellow hexagon tile represents 78 atoms per unit-
cell thickness, equivalent to half the number of atoms in the unit cell.

Fig. 1 (b) shows a typical HAADF-STEM image of the T-Al-Mn-Pd
structure. The Z-contrast imaging conditions emphasize atomic columns
containing heavy atoms [25]. In T-Al-Mn-Pd, the atomic columns containing Pd
atoms (Z = 46) are located at the centers, and those containing Mn atoms (Z = 25)
at the vertices and edges of the hexagon tiles. The light Al atoms (Z = 13) do not
lead to significant image contrast. Comparing Fig. 1 (a) and (b), we see that the
contrast distribution in HAADF-STEM imaging corresponds well to the atomic

structure model considering only the heavier atom columns.

Fig.1. (a) Perspective view of the T-Al-Mn-Pd model along the [010] direction. The unit cell
1s indicated by a white cuboid. A space-filling model of the unit cell is shown in the inset. (b)
High-resolution HAADF-STEM image of T-Al-Mn—Pd phase along the [010] direction. An
area-filling tiling of elongated hexagons (white and yellow) is superposed.
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4. Results and discussion
4.1 Metadislocation dissociation in T-Al-Mn-Pd

Fig.2 (a) shows a high-resolution HAADF-STEM image of a specimen
region containing defects in plastically deformed T-Al-Mn-Pd. As described
above, image regions of ideal T-phase structure, e.g. in the uppermost part, can
be represented by a tiling of alternating hexagon rows. The lower part of the
image contains regions consisting of rows of hexagon tiles in parallel orientation,
indicating the presence of the R-phase. For example, in the lowermost part of the
image, a slab of R-phase of ~4nm thickness along the [100] direction is shown
with a superposed tiling of five parallel hexagon rows.

Since in the ideal T-phase, neighbored hexagon rows always appear in
alternating orientations, the plane between two neighbored hexagon rows of equal
orientation constitutes a (100) stacking fault (SF) in the T-phase. In this sense,
any slab of R-phase can also be understood as a series of (100) SFs in the T-phase
[8]. The slab indicated in Fig. 2 (a), accordingly, can be understood as a series of
four SFs. In the center of Fig. 2 (a), two distinct linear defects are seen, separated
by a distance of about 17.8 nm on a (100) plane. Fig. 2 (b) and (c) show magnified
views of the left and right defect core, respectively, with superposed polygons
marking their outlines. Fig. 3 displays a detailed tiling analysis of the region
containing the MDs. In Fig. 3 (a), a hexagon tiling is superposed to the HAADF-
STEM image, which clearly identifies the defects as MDs [9,10]. Additional
green polygons represent the MD cores and red bow-tie-shaped tiles represent
phason defects [15].

Phasons are linear defects specific to CMAs and quasicrystals, representing
local tiling-sequence deviations that do not include a strain field [9, 15, 16]. In

the T-phase, phason defects have [010] line direction and can be regarded as a



tiling element leading to an alteration of the stacking sequence [8, 9], which will

be described in detail below.

Fig. 2. (a) HAADF-STEM image showing two MDs on a (001) plane in plastically deformed
T-Al-Mn-Pd. The distance between the two MD cores along the [001] direction is about 17.8
nm. The matrix structure is the T-phase represented by alternating rows of white and yellow
hexagons. Slabs of the R-phase, represented by parallel rows of hexagons, are present in the
lower region. (b) and (c): Magnified images of the MD left and right cores in (a),
respectively, with green polygons as their tiling representations.

The tiling representation in Fig. 3 (a) reveals that the left MD is associated
with four SFs, highlighted by parallel red dashed lines along [001] direction and
labeled as No. 1-4. We will refer to an MD of this type as MD4 in the following.
The right MD is associated with six SFs, four of which extend to the left (No. 1-
4) and two to the right (No. 5 and 6), referred to as MD6 in the following. SFs
No. 1-4 are formed by neighboring white, and SFs No. 5-6 SFs by neighboring
yellow hexagon rows, respectively. The MD4 and MD6 are connected by four
SFs No. 1-4, while SFs No. 5 and 6 extend away from the dislocations. One

additional SF, marked by a pink dashed line, is passing through the image below
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the MD4 and MD6. This SF is entirely independent of both MDs and can be
disregarded. The lower of the two bow-tie-shaped phasons at the left side of MD4
displaces this SF along the [100] direction. For clarity, an equivalent tiling is

depicted in Fig. 3 (b), in which the additional SF is not shown.
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Fig. 3. (a) Tiling representation of the area containing the two MDs in Fig. 2(a). The green
polygons and the red bow-tie-shaped tiles represent the MD cores and phason defects,
respectively. The red dashed lines highlight SFs in the T-phase structure. The left-hand MD is



identified as an MD4, and the right-hand one is an MD6. Their Burgers vector directions are
indicated by red arrows. (b) Equivalent tiling to (a) not including the additional SF passing
below the MD cores (pink dashed line in (a)). (¢) Schematic of the dissociation process of an
MD?2 into an MD4 and an MD6 separated by SFs. (d) Tiling of an MD2 corresponding to the
schematic drawing in (¢). A red arrow indicates its Burgers vector direction.

In order to determine the Burgers vectors of an MD, a closed circuit can be
constructed along the polygon edges of its core [10]. This circuit is then
transferred to an unstrained structure described by perfect hexagon tiles. The

resulting closure failure corresponds to the Burgers vector of the MD. Following
this procedure, the Burgers vector of the MD4 in Fig. 3 (a) is identified as 1_9)4 =
T% (001), where 7 is the number of the golden mean, corresponding to a Burgers
vector magnitude of 0.297 nm. The Burgers vector of the MD6 in Fig. 3 (a) yields
1_9)6 = T% (001) , with a magnitude of 0.184 nm. It has previously been

demonstrated that the Burgers vector of this type of MD has no component along
the [010] viewing direction [9]. The two Burgers vectors are oriented in the same

direction on the (100) plane, as indicated by the red arrows in Fig. 3 (a). The net
Burgers vector of the MD4 and the MD6 in Fig. 3 (a) thus yields 54 + 1_9)6 =
= (001) +=(001) = = (001), with a magnitude (0.297 + 0.184) nm = 0.481

nm. This net value corresponds to the Burgers vector of an MD associated with
two SFs (MD2). We can hence interpret the total configuration as a dissociation
of an MD2 into an MD4 and an MD6 on the (100) plane. This is perfectly
consistent with the observation that the net effect of the configuration is the
extension of two SFs away into the matrix.

Fig. 3 (c) diagrammatically summarizes this MD2 dissociation using the
scheme described in Supplementary Fig. S1. The MD cores are depicted as green
triangles with their Burgers vector directions indicated by red arrows. The two
types of SF associated with the MDs, consisting of neighboring white and yellow
hexagon rows, are depicted by white and yellow bars. Fig. 3 (d) displays the tiling



representation of the undissociated MD2, with its two SFs both extending into the
matrix on the right side of its core.

Fig. 4 (a) shows another specimen region containing an MD4 and an MD6
and the corresponding tiling representation. In contrast to the configuration of Fig.
3, here the MD4 and an MD6 are connected by two SFs, and the distance between
their cores is ~32.9 nm. Again, the Burgers vectors of the MD4 and MD6 have
the same direction (red arrows). The Burgers-circuit analysis reveals that their net
Burgers vector also is 0.481nm, indicating that the microstructure in Fig. 4 (a)
results from an MD2 dissociation diagrammatically displayed in Fig. 4 (a).
Clearly, the MD6 and MD4, connected by two SFs(yellow bars), have four and
two associated SFs (white bars) on their respective left and right side. The

corresponding tiling representation of the MD2 structure with two additional SFs

passing the MD at the top is depicted in Fig. 4 (c).
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Fig. 4. (a) HAADF-STEM image and corresponding tiling displaying an MD4 and an MD6
with a core distance of about 32.9 nm. Their Burgers vectors are indicated by red arrows. The
red dashed lines highlight SFs in the T-phase structure. (b) Schematic drawing summarizing

10



the process of an MD2 dissociation into an MD4 and an MDé6. (c) Tiling of an MD2 with two
additional SFs.

MD2 MD6 MD4
© T Twoz
1 ‘ _ : =
Vo L [001]
\ —p ,

Fig. 5. (a) HAADF-STEM image and corresponding tiling revealing a microstructural
situation containing an MD4 and an MD6 along [001] direction, the distance between their
cores (green polygons) is about 25.5 nm. Their Burgers vectors are indicated by red arrows.

The red dashed lines highlight SFs in the T-phase structure. (b) Schematic drawing
summarizing the process of an MD2 dissociation into an MD4 and an MD6. (b) The tiling of
the MD2 structure corresponds to the schematic drawing in (c).

Fig. 5 (a) shows another different configuration of an MD4 and an MD6
and its corresponding tiling representation. The net Burgers vector yields (0.297
+ 0.184)nm= 0.48 Inm, indicating that the configuration in Fig. 5 (a) again can be
understood as an MD2 dissociation.

As shown in Fig. 5 (a), on the right side of the MD4 core, one associated
SF is redirected by a phason defect. On the left and right sides of the MD6 core,

there are two and four associated SFs, respectively. The MD4 and the MD6 share
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three SFs in their intermediate region, and the distance between their cores is ~
22.5 nm. Note that there is one SF on the right side of MD6, passing above the
core of MD4, which is not associated with the MD4 core. The corresponding
MD?2 dissociation is schematically displayed in Fig. 5 (b). It can be seen that the
whole MD4 + MD6 structure is associated with two SFs (white bars) on the left
and two SFs (one yellow bar on top and a white bar below) on the right.
Accordingly, the equivalent configuration is an MD2 (Fig. 5 (c)) associated with
one SF on the left and right side, respectively (white and yellow bar) and one
additional SF passing the MD2 at the bottom (white bar). To sum up, the
microstructural configurations analyzed in Figs. 3-5 correspond to three different

dissociations of an MD?2 into an MD4 and MD6.

The elastic energy of an MD can be approximated as E = p - |I; |2, where p
is the shear modulus [26, 27]. Inserting the values for the respective Burgers

vectors, the total elastic strain energy of MD4 and MD®6 is calculated as E4 +
E6 = - |by|? + - |bg|? = 0.122p . This is almost half the value of an

undissociated MD2, for which E2 = p - |I;2|2 = 0.231p.

On the other hand, the MD2 dissociation requires creating additional SFs
between the MD4 and MD6 cores, which correspondingly introduces additional
fault-plane energy into the ideal T-phase. According to Frank's criterion [28],
MD?2 dissociation will take place if the total energy balance is favorable, i.e. if
the decrease in elastic energy upon dissociation is higher than the energy increase
caused by the additional SFs.

The MD2 dissociation into MD4 and MD6 leads to a reduction of local
elastic energy of E' = E2 — (E4 + E6) = 0.109p, which must be higher than the
value of energy increase caused by the two additional SFs that connect the two
MD cores. In order to obtain an estimate of the upper limit for the SF energy
(SFE), we make the (certainly questionable) assumption that the configurations

in Figs. 3 - 5 represent equilibrium situations. For the MD2 dissociation in Fig.
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3 (a), the MD4 and MD6 are connected by four SFs. The dissociation length L,
the distance between the MD4 and MD6 cores, amounts to 17.8 nm. Assuming a
u value of 30 GPa [26, 27], the upper limit value of the SFE can be estimated as
E'/(2+L) ~ 0.092]/m?. Analogously, for the case in Fig. 5 (a) with a
dissociation length of ~25.5 nm we obtain a value of E'/(2 * L) = 0.064 ]/m?.
We thus obtain an average of 0.078 J/m? as upper limit for the SFE of in T-Al-
Pd-Mn. Note that due to the probably violated assumption of equilibrium, these
values can at best be considered order-of-magnitude estimates. However, the
value is comparable and of the same order of magnitude as typical experimental
and theoretical SFE values reported in simple metals, for instance, copper (~ 0.04
J/m?) and aluminum (~ 0.2 J/m?), and alloys e.g. Ti-Al (0.082-0.31 J/m?) [29-31].
Note furthermore, that the MD?2 dissociation in Fig. 4 (a) cannot be evaluated in
this fashion, as the dissociation does not change the number of SFs between the
MDs.

It 1s known that plastic deformation in the T-phase is mediated by MDs
moving by pure glide on (1 0 0) planes [8, 9]. The MDs shown in Figs. 3-5 are
all associated with (100) SFs and their Burgers vectors are parallel to their
direction of motion, i.e., they move by pure glide. Accordingly, the MD2
dissociation reactions described above are pure glide dissociations on (100)
planes in the T-phase matrix. This process is basically comparable to the well-
known formation of extended dislocations e.g. in fcc metals, where perfect
dislocations dissociate into Shockley partials enclosing an SF [28]. Note,
however, that there also is a principal difference: while in fcc metals the
dissociation starts with a perfect dislocation, the present process involves a partial
dislocation dissociating into even smaller partials.

The compression direction of the deformation experiments was oriented
perpendicular to the [010] direction and inclined by 45° with respect to the [100]
and [001] directions. Hence, the maximum shear stress is resolved on (100)

planes and indeed favors glide of MDs having [001] Burgers vectors and their
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dissociation on this plane. By contrast, MD dissociation by pure climb was
previously observed in the T-Al-Mn—Fe system [9]: by climbing along the [100]
direction, an MD2 with two associated phason planes was found to dissociate into
an MD6 and an MD4 with six and four phason planes, respectively. Moreover,
the formation of MDs in orthorhombic e-phases of the system Al-Pd—Mn is
necessarily associated with a set of phason planes. In these materials, MDs move
by pure climb and dissociate with shared phason planes [32, 33].

In the present study, besides the pure glide dissociations, we also observed

an MD configuration involving mixed glide and climb (see Supplementary Fig.

S2).

4.2. Metadislocation dipoles in T-Al-Mn-Pd: Interactions of MD6s

Fig. 6 (a) shows a high-resolution HAADF-STEM image of a specimen
region containing two interacting MD6s on parallel (100) glide planes in the
deformed T-Al-Mn-Pd. Fig. 6 (b) shows the corresponding tiling. The two core
tiles of MD6s (green polygons) have opposite orientations and their Burgers
vectors have opposite directions, as indicated by red arrows. The two MD6s are
mutually connected via two shared chains of phason and while four SFs extend
into the matrix on their left and right. The distances between the two MD6 cores
along [100] and [001] directions are both ~5.2 nm, i.e. the two MD6s form an
MD dipole in a 45-degree configuration. However, MD6 dipole configurations

with smaller and greater angles are also possible, as shown in Figs. 6 (¢) and (d).
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Fig. 6. HAADF-STEM images and corresponding tilings revealing microstructural
configurations of interacting MD6s. The MD6 cores (green polygons) are connected by two
chains of phason defects. Their Burgers vectors are indicated by red arrows.

Xt VLPTRS o b 8 LS S e et il

Fig. 7. HAADF-STEM images and corresponding tilings revealing interacting MD6s with
long distances between the (100) glide planes: (a)~22nm, (b) ~37.3 nm. The MD6 cores
(green polygons) are connected by two chains of phason defects. Their Burgers vectors are
indicated by red arrows.
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In simple crystals, edge dislocations of opposite sign gliding on parallel
planes tend to form stable dislocation dipoles in a 45-degree configuration [18,
28], which is similar to the configuration in Fig. 6 (a). However, it should be
noted that dislocations in simple crystals interact purely via the stress field, while
the MD interactions shown here involve phason defects. Fig. 7 (a) and (b)
demonstrate that MD6s with a distance between the (100) glide planes as far as
20-40 nm can still interact by sharing long chains of phasons in the T-phase
matrix. Furthermore, we observed MD6 dipole configurations sharing two [001]
SFs, constituting a thin slab of R-phase terminated by two MD6 cores in the T-
phase matrix. Fig. 8 (a) shows such a configuration with a distance between the
two cores of about 16.1 nm. Due to the opposite Burger vectors of the MDs, it
should be unstable, but the fact that it nevertheless can be observed may be taken
as an indication that in such configurations the dislocation mobility is rather low.
Fig. 8 (b) exhibits an MD dipole configuration similar to Fig. 8 (a) but including

a [100] lattice offset by one lattice parameter.

Fig. 8. HAADF-STEM images and corresponding tilings revealing two microstructural
configurations of two interacting MD6s: (a) two MD6 cores (green polygons) are mutually
connected by two SFs along the [001] direction at a distance of about 16.1 nm. Their Burgers
vectors are indicated by red arrows and have opposite directions. (b) a configuration similar
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to (a) but has a [100] lattice offset between the two MD6 cores. The distance between the
cores is about 19.7 nm.

4.3. A new type of phason defect in T-Al- Mn-Pd: Anti-phason

Phason defects play a critical role in the deformation mechanism of T-Al-
Mn-Pd [8, 9]. They are required to accommodate MDs in the ideal T-phase
structure, move along with the MDs as escort defects upon plastic deformation,
and, as shown above, also mediate MD interactions.

Fig. 9 shows a new type of zigzag-shaped defect and the corresponding
tiling representation. This zigzag-shaped defect (red polygon) has an extension
of three hexagon tiles along the [100] direction and simultaneously displaces two
white SFs by one lattice constant along the [100] direction. The course of the SFs
is marked by red dashed lines. The novel defect thus takes on a similar function
as the known phason defects. As depicted in the inset Fig. 9 (c), using vectors of
a regular pentagon al to a5, a circuit created around the defect shows no closure
failure, evidencing that it does not possess a strain field, 1.e. it is not a dislocation.
We can thus conclude that the zigzag-shaped defect in Fig. 9 (a) is a novel defect
with all characteristic features of a phason defect in the T-phase.

Fig. 10 (a) shows a HAADF-STEM micrograph involving four zigzag-
shaped phasons in succession (indicated with red dotted polygons), which
together constitute a (101) planar defect. The tiling in Fig. 10 (b) clearly shows
the principal function of these defects in structural rearrangement: Adding one
zigzag-shaped defect increases the displacement of two SFs by one lattice
constant, and four defects lead to a total displacement of four lattice constants
along the [100] direction.

Fig. 10 (¢) shows another situation involving multiple zigzag-shaped
defects, which rearrange the local course of two SFs. Differently, except for three
zigzag-shaped phasons, a shorter defect is present in the upper right side of Fig.
10 (c). The shorter defect is structurally close to the zigzag-shaped phason but
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has a smaller extension along the [100] direction. Compared to the zigzag-shaped
phasons, this shorter defect displaces one white SF by only one lattice constant.
In the inset of Fig. 10 (d), a circuit created around the shorter defect confirms that
it is not associated with a strain field. Therefore, this shorter defect is also a type

of phason and structurally can be regarded as the basic unit of the novel phason

type.
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Fig. 9. (a) HAADF-STEM micrograph containing a novel type of zigzag-shaped defect in the

T-phase matrix. (b) Corresponding tiling representation showing the defect (red polygon) and

associated stacking faults. (¢) Analysis of the Burgers circuit of this defect in terms of vectors
of a regular pentagon, confirming that it does not introduce a strain field.
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SEOTE AT A S

Fig. 10. (a) HAADF-STEM micrograph showing continuous four phason defects (the same
type in Fig. 10), and (b) corresponding tiling representation. (c) HAADF-STEM micrograph
showing continuous three phason defects and another shorter defect, and (d) corresponding
tiling representation. The inset of (d) analyzes the Burgers circuit of the shorter defect in
terms of vectors of a regular pentagon, confirming that it is also a phason defect in the T-
phason.

We thus see that the action of the known phason defect, represented in a
tiling by a bow-tie-shaped tile, is counteracted by the novel type of phason.
Tilings altered by bow-tie-shaped phasons are locally re-established by zigzag-
shaped phasons (see Supplementary Fig. S3). In other words, the previously
known and the novel type of phason defect act complementarily in the lattice and
hence can mutually annihilate. Therefore, we will in the following refer to the
novel type of phason defect as “anti-phason”. As schematically depicted in Fig.
11 (a), a conventional phason (Ph+) can complete a phason dipole with an anti-

phason (Ph-).
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Fig. 11. (a) Schematic tiling representation of a phason dipole, constituted by a conventional
phason (+Ph) and an anti-phason (-Ph). (b-e) and (f-1) Tiling representations of various
structural situations based on conventional phasons and anti-phasons indicate their roles in
stacking-fault displacement in the T-phase matrix.
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Figs. 11 (b-e) display typical tilings involving conventional phasons in the
T-phase matrix, which have been discussed in [9]. Correspondingly, Figs. 11 (f-
1) display the analogous structural situations for the anti-phasons.

In Fig. 11 (f), one anti-phason redirects one SF as indicated by the red
dotted line. Figs. 11 (g) and 11 (h) represent structural situations involving one
and two anti-phasons, which lead to SF displacements by one and two lattice
constants along [100], respectively. The zigzag-shaped defect in Fig. 11 (i) is a
variant of the basic anti-phason and induces the displacement of two neighboring
SFs by one lattice constant. This situation corresponds to the experimentally
observed microstructure shown in Fig. 9 (a) and Fig. 10 (a). Meanwhile, the
microstructure in Fig. 10 (c) can be understood as a combined result of the
situations in Fig. 11 (g) and Fig. 11 (1).

It should be pointed out that the anti-phasons were experimentally not
observed previously, while the conventional bow-tie-shaped phasons are

abundantly present in deformed T-phase CMAs [8, 9]. This asymmetry in
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experimental observation frequency may be related structural and energetical
disparities between conventional phasons and anti-phasons. First, while the
conventional phason is represented by a simple bow-tie-shaped hexagon, the anti-
phason unit involves a decagon of a more complex shape. The anti-phason
involves a bigger volume and the structural rearrangement of more atoms and
may introduce more complex local interfaces. Based on a potentially higher
structural complexity, it seems reasonable to infer that the formation of anti-
phasons is structurally less favorable and thus energetically more costly
compared to the conventional phasons, which may explain the asymmetry in the
frequency of experimental observation between conventional phasons and anti-
phasons.

In this light, let us revisit some of the local configurations experimentally
observed: Fig. 5 shows the occurrence of two differently directed SFs at the right-
hand side of the MD4. These SFs could mutually annihilate each other, leading
to a energetically more favorable situation. However, this would require the
involvement of an anti-phason, which due to its higher energetic cost represents
an energy barrier for the annihilation process would be required (see Fig. 11 (a)

for comparison).
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Fig.12. (a) Schematic indicating four SFs are connected by four chains of anti-phason (4 Ph-).
For clarity, the inset displays a schematic drawing corresponding to the tiling of the phason
dipole in Fig. 11 (a). (b) Schematic indicating the configuration that two MD6s with opposite
Burgers vector directions are connected by two chains of phasons (2 Ph+), corresponding to

the observations in Figs. 6 and 7.

The formation of MD6 dipoles as shown in Figs. 6 and 7 can be understood
assuming that anti-phasons are energetically more costly, as well. Consider a
series of four SFs, e.g. created by movement a single MD4 moving through the
structure. Now if the MD4 climbs upwards by a few lattice constants for whatever
reason, the upper and lower parts of the SF segments have to be connected by
four chains of anti-phasons (dark red bars), as schematically shown in Fig. 12 (a).
The starting situation of four chains of anti-phasons (4 Ph-) in Fig. 12 (a) can be
replaced by two MD6s with opposite Burgers vector direction, connected by two
chains of conventional phasons (bright red bars, 2 Ph+), as shown in Fig. 12 (b).
If four chains of anti-phasons are indeed energetically more expensive than two
chains of phasons plus two MD6, this would lead to a configuration of lower total
energy and correspond to the observations in Figs. 6 and 7.

In this sense, the formation of the configuration observed in Figs. 6 and 7
might be explained by climb of a MD4, creating a MD6 dipole in its wake to
prevent the formation of a potentially energetically unfavorable chain of phason
elements. Similarly, the initial configuration can also be created by two MD4 with
opposite Burgers vectors, moving on planes separated by a few lattice constants

and annihilating by climb.

5. Conclusions

In the current work, we present atomic-scale observations of various MD
configurations in a plastically deformed T-Al-Mn—Pd complex metallic alloy

using HAADF-STEM imaging and provide a detailed structural analysis. It is
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demonstrated that MD2s can dissociate into an MD4 and an MD6 by pure glide
on (100) planes in the T-phase leading to the introduction of SFs between the
MD4 and MD6 cores and a decrease of total elastic energy. Assuming that the
observed configurations are in equilibrium, we estimate the corresponding SFE
as 0.078 J/m?2. The interactions of MD6s and related configurations are studied,
revealing that two MD6s with opposite signs gliding on parallel (100) planes can
form MD dipoles in variable configurations, connected mainly by shared chains
of phason defects. In addition, we find a new type of phason defect, the so-called
anti-phason. It is suggested that anti-phasons are energetically more costly than
conventional phasons and could be related to the formation of MD6 dipoles.
Structural variants of anti-phason and corresponding functions in the lattice are

systematically discussed.
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