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Brittle topologically close-packed precipitates form in many advanced alloys. Due to their complex
structures little is known about their plasticity. Here, we present a strategy to understand and tailor
the deformability of these complex phases by considering the Nb-Co p-phase as an archetypal
material. The plasticity of the Nb-Co u-phase is controlled by the Laves phase building block that
forms parts of its unit cell. We find that between the bulk C15-NbCo, Laves and Nb-Co p-phase, the
interplanar spacing and local stiffness of the Laves phase building block change, leading to a strong
reduction in hardness and stiffness, as well as a transition from synchroshear to crystallographic slip.
Furthermore, as the composition changes from NbgCo, to Nb;Cog, the Co atoms in the triple layer
are substituted such that the triple layer of the Laves phase building block becomes a slab of pure
Nb, resulting in inhomogeneous changes in elasticity and a transition from crystallographic slip to a
glide-and-shuffle mechanism. These findings open opportunities to purposefully tailor the plasticity
of these topologically close-packed phases in the bulk by manipulating the interplanar spacing and
local shear modulus of the fundamental crystal building blocks at the atomic scale.

Introduction

New materials with superior strength, ductility and high temperature capability are at the heart of
future developments to meet challenges in mobility, energy conversion and sustainability. In
knowledge-based development of structural materials, we commonly design and manipulate the
materials’ internal (micro)structures at several length scales to control the physical mechanisms
governing deformation. This strategy has been particularly successful in the invention of advanced
high-strength steels outperforming those used over previous decades within years by an order of
magnitude in strength and deformability M. While the origin of mechanical strength, toughness and
creep resistance is well studied in metals, very little is known about the properties of intermetallics,
despite their wide use as reinforcement phases and their sheer number and variability @ 1f we were
to understand the physical origin of their mechanical properties based on the underlying
deformation mechanisms as well as we do now in metals and metallic alloys, we could manipulate
their strength and toughness. Predicting and controlling the plasticity of intermetallics is of great
interest as we could tailor highly alloyed materials to form only those intermetallics that reinforce
but do not introduce damage by brittle cracking.
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A large fraction of complex intermetallics can be simplified as an intergrowth of a few simple
fundamental units .. Considering the simple fundamental building blocks of complex intermetallics,
rather than entire large unit cells, provides a pathway to unravel the plasticity of complex
intermetallics. Their deformation mechanisms depend sensitively on these simpler fundamental
building blocks. In particular, it is important to understand how they combine to form the complex
structures, how they allow deformation to occur as an ensemble, and how each is affected by
changes in chemical composition at the atomic scale of the crystal lattice. Furthermore, the

51 will allow a transfer of knowledge to a

recurrent nature of the few fundamental building blocks
large number of complex phases. Such knowledge would allow us to mine the existing, enormous
crystal databases for exceptional phases that could form the basis for future high performance

alloys.

The topologically close-packed (TCP) phases are commonly found in superalloys “ but their plasticity
is lesser-known due to their complex crystal structures. Laves phases are the most common
intermetallic compounds with a relatively simple TCP structure formed by stacking of quadruple
Laves phase layers which are composed of a kagomé layer and a triple layer ! The Laves phases
have been confirmed to plastically deform via a synchroshear mechanism 6 which consists of two
shears in different directions on adjacent atomic planes of the triple layer structural unit. Although
synchroshear is geometrically and energetically more favorable than the common crystallographic
slip in the Laves phase /) the motion of the associated synchro-Shockley partial dislocations needs
to overcome high energy barriers with the help of thermal activation 8 leading to the intrinsically
high strength and brittleness of the Laves phases. The p-phase is a common intermetallic precipitate
phase with a complex TCP structure in superalloys (42,91 hut our knowledge about its plasticity is still
limited. As the p-phase consists of NbCo, Laves phase layers (prototype MgCu,) interspersed by

5) "%, as illustrated in Figure 1, synchroshear is

monoatomic layers of Nb;Cos (protoype Zr,Al
therefore thought to also occur in the p-phase 1 However, the local atomic environment of the
Laves phase building block in the p-phase is different from that in the Laves phases, which may lead
to different interplanar spacing, different local stiffness of the interatomic bonds, and thus distinct
mechanical behavior. Moreover, the p-phase can have a wide composition range and it can be stable
at off-stoichiometric compositions where the atomic configurations of the Laves phase building
block is substantially modified by the constitutional defects 12 Therefore, we use the p-phase as a
model for three reasons: (1) to explore the influence of crystal structure and composition on the
mechanical behavior of the fundamental Laves phase building block, (2) to understand the plasticity
of the complex but common p-phase itself, and (3) to open up opportunities for controlling the
deformation mechanisms and tailoring the mechanical properties of complex TCP phases more

generally.

In the present work, we investigated the mechanical properties of the Nb-Co p-phase and the closely
related C15-NbCo, Laves phase by nanoindentation tests and found that a reduction in both
hardness and indentation modulus can be achieved by changing the structure and composition.
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Furthermore, we revealed how the structure and composition affect the mechanical properties and
deformation mechanisms of the Laves phase building block by means of aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) combined with
atomic-resolution energy dispersive X-ray spectroscopy (EDS) analysis and density functional theory
(DFT) calculations.

Results and discussion

Influence of composition on the atomic configurations.

In the p-phase, while the large atoms prefer to occupy the positions with high coordination numbers
(CN =14, 15 and 16), the small atoms tend to occupy the positions with a low coordination number
(CN=12) 19 The stoichiometric composition of the p-NbgCo; phase is about 46.2 at.% Nb. As the
composition deviates from the stoichiometric composition, constitutional defects, such as anti-site
atoms, are expected in the Nb-Co p-phase ™2 n order to study the atomic configurations of the Nb-
Co p-phase at off-stoichiometric compositions, the elemental maps of the Nbg 4,Cog ¢ (Figure 1 (a))
and Nb,Cog (Figure 1 (b)) alloys (Table S1) of the Nb-Co p-phase were measured by atomic-
resolution EDS analysis. As shown in Figures 1 (a) and (b), the positions with high coordination
numbers (CN = 14, 15 and 16) are exclusively occupied by large Nb atoms, and the positions in the
kagomé layers which have a low coordination number (CN = 12) are fully occupied by small Co
atoms. However, in the middle (CN = 12) of the triple layers, Nb was detected in both the Nbg ,Cog¢
and Nb,Cog alloys. While both Co and Nb occur in the middle (CN = 12) of the triple layers in the

Nbg 4Cos ¢ alloy (Figure 1 (a)), hardly any Co remains in the middle (CN = 12) of the triple layers in the
Nb,Cog alloy (Figure 1 (b)). This indicates that, in the Nb-rich Nb-Co p-phase, the excess Nb atoms
substitute the Co atoms specifically in the middle of the triple layers. Therefore, as the composition
is reversed from NbgCo; to Nb,Cog, the general structure of the Nb-Co p-phase (Figure 1 (c)) is
preserved but the Co atoms in the triple layers are replaced by Nb atoms, and thus the puckered
close-packed Nb-Co-Nb triple layer of the Laves phase building block become a slab of pure Nb
(Figure 1 (d)).

The interplanar spacing between the basal planes of the middle and the bottom of the triple layer d,,
and the interplanar spacing between the basal planes of the bottom of the triple layer and kagomé
layer dy.« (Figure 1 (c)), measured from HAADF-STEM images of the Nbg4Cos ¢ alloy are 0.32 + 0.02 A
and 1.70 £ 0.12 A, respectively. The respective values of d; and dy. of the Nb,Cog alloy are 0.43 + 0.02
A and 1.67 £ 0.08 A. These measurements were made using a novel mathematical analysis on STEM
images based on variational methods for motif extraction 131 We also investigated the interplanar
spacings of the Nb-Co p-phase and the closely related C15-NbCo, Laves phase by DFT calculations. As
the crystal structure changes from C15-NbCo, to u-NbgCo;, d; decreases dramatically from 0.481 Ato
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0.272 A (Table S2) whereas d., increases from 1.454 A to 1.700 A. As the composition of the Nb-Co
p-phase changes from NbgCo; to Nb,Cog, d; changes from 0.272 A to 0.363 A, while d. remains
nearly constant. These DFT calculations are consistent with the results measured from experimental
HAADF-STEM images.
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Figure 1. HAADF-STEM images and the corresponding atomic resolution EDS maps of the
(a) Nb 4Cos 6 and (b) Nb;Cog alloys showing the distributions of Co and Nb in the Nb-Co p-
phase. Schematics of the [1120] projection of the Nb-Co p-phase showing the (c) unit cell of
u-NbgCo7 and (d) the stacking of the NbCo, Laves phase and NbsCo; building blocks in p-
NbeCo7, u-Nbg 4Cos¢ and p-Nb;Cog. Py, Piy, Pr.cnig, and Peniacnis denote the basal plane
between the top and middle layers of the triple layer (the plane between middle and bottom
layer is equivalent), the basal plane between the bottom of the triple layer and the kagomé
layer, the basal plane between the kagomé layer and the CN14 layer, and the basal plane
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between the CN14 layer and the CN15 layer, respectively. ds, dek, di-cnia, and denia-onis are
the corresponding interplanar spacings.

Influence of composition on the mechanical response.

Nanoindentation tests were performed on the Nbg ,Cog 6, NbgoCog.1 and Nb;Cog alloys to study the
influence of composition on the hardness and indentation modulus of the Nb-Co p-phase. As shown
in the post-mortem scanning electron microscopy (SEM) images (Figure 2 (a-c)), the straight basal
slip traces around the indentations reveal that plastic deformation of the Nb-Co p-phase occursin an
anisotropic manner, predominantly by basal slip. In contrast to the hexagonal Laves phase, which
can deform plastically by both basal and non-basal slip at room temperature 4 the Nb-Co p-phase
only shows visible slip traces of nearly exclusively basal slip even in orientations where non-basal slip
is favorable (Figure S1 (a-d)). When the basal plane is aligned perpendicular to the loading direction,
the applied strain is accommodated by pile-up without clearly interpretable features of slip at the
surface and cracking at the corners.
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Figure 2. Representative SEM images of indentations of the (a) Nbe 4Cos6, (b) NbeoCog 1 and
(c) Nb;Cog alloys showing the surface slip traces after indentation tests. The orientations are
denoted by the angle between the loading axis and the c-axis of the Nb-Co p-phase. Unit cells
representing the orientations are inserted. (d) The composition dependence of hardness and
indentation modulus of the Nb-Co p-phase measured by nanoindentation tests as well as the
Young’s modulus determined by DFT (entire unit cell). (e¢) Calculated basal plane shear
moduli of the entire unit cell of C15-NbCo,, pu-NbgCo; and p-Nb;Cog and the NbsCos and
NbCo, building blocks of the two p-phases.

The hardness (Figure 2 (d)) of the Nb-Co p-phase is lower than that of the C15-NbCo, Laves phase. As
the Nb content increases, the nanoindentation hardness of the Nb-Co p-phase decreases from 12.6 +
0.6 GPa at 49.5 at.% Nb to 11.9 + 0.3 GPa at 52.8 at.% Nb, and to 10.9 + 0.3 GPa at 53.7 at.% Nb,
corresponding to estimates of the macroscopic hardness after Nix-Gao ™ of 10.2 + 1.0 GPa at 49.5
at.% Nb to 9.5+ 0.7 GPa at 52.8 at.% Nb, and to 8.5 + 0.8 GPa at 53.7 at.% Nb. The decrease in
hardness with increasing Nb content agrees with the composition dependence of critical resolved
shear stress for basal slip measured by micropillar compression, which indicates an even larger drop
to less than a third in critical resolved shear stress on the basal plane . The indentation modulus
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(Figure 2 (d)) shows a similar compositional trend as the hardness. The measured indentation
modulus (Figure 2 (d)) of the Nb-Co p-phase is lower than that of the C15-NbCo, Laves phase, and it
decreases from 253 + 4 GPa at 49.5 at.% Nb to 247 + 4 GPa at 52.8 at.% Nb, and to 236 + 4 GPa at
53.7 at.% Nb. Nanoindentation tests performed in selected grains with different orientations (Figure
S2 (a-i)) reveal that the influence of orientation on the hardness and indentation modulus of the Nb-
Co p-phase is negligible.

The elastic properties and elastic anisotropy of u-NbgCo; and pu-Nb,Cog were also investigated by DFT
calculations. The calculated Young’s modulus and shear modulus of u-Nb,Cog are lower than those
of u-NbgCo; (Table $3), which is consistent with the compositional trend of indentation modulus
measured from the nanoindentation tests. Similarly, the low elastic anisotropy found in indentation
is also predicted by DFT with an anisotropy index of the order of 0.2 (Table S3). The overall basal
plane shear modulus and the respective basal plane shear moduli of the Nb,Coz and NbCo, Laves
phase building blocks of the Nb-Co p-phase were calculated and compared with the <111> plane
shear modulus of the closely related bulk C15-NbCo, Laves phase in Figure 2 (e). The overall basal
plane shear modulus of the Nb-Co p-phase is significantly lower than the <111> plane shear
modulus of the bulk C15-NbCo, Laves phase, and it decreases from 82.6 to 72.4 GPa as the
composition changes from NbgCo; to Nb;Cos. Moreover, although the shear modulus is isotropic on
the basal plane of the Nb-Co p-phase, the basal plane shear moduli of the two building blocks are
different. As shown in Figure 2 (e), the basal plane shear modulus of the NbCo, Laves phase building
block is lower than that of the Nb,Cos building block, indicating that the Laves phase building block is
more compliant, and thus is more prone to shear straining than the Nb,Co; building block in the Nb-
Co p-phase. The basal plane shear modulus of the Laves phase building block is about 12 % and 16 %
lower than that of the Nb,Cos building block in p-NbgCo; and p-Nb,Cos, respectively. This suggests
that as the composition changes from NbgCo; to Nb,Cog, the elastic inhomogeneity between the two
building blocks becomes more pronounced.

Dislocation structures in Nbg 4Cog s and Nb;Cog alloys.

As shown in the post-mortem SEM image (Figure S1 (b)), the Nbg 4Cog s alloy shows a high density of
straight basal slip traces around the indentation when indented along 83° [0001] direction. In order
to study the dislocations structures, a TEM lamella of the 83° [0001] indentation of the Nbg ,Co¢ ¢
alloy was prepared. The bright-field TEM image taken with g=TlOl (Figure S3 (a)) shows that
there are numerous dislocations and several widely extended stacking faults parallel to the basal
plane underneath the indentation. When imaged with g:(IXB (Figure S3 (b)), the defects are out

of contrast, which confirms that their Burgers vectors are on the basal plane. As the wide stacking
faults start at the top surface and extend to the bottom of the lamella, they are assumed to be
grown-in defects. While the contrast of the widely extended stacking faults is well visible and their
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widths change when the sample is tilted, no contrast of stacking faults between the dislocations can
be observed. The dislocations are therefore either full dislocations without dissociation or the
dissociation distance is too narrow to be resolved in the bright-field TEM images.

In order to further resolve the structures of the dislocations, we performed aberration-corrected
HAADF-STEM imaging. A full dislocation in the Nbg 4Cog ¢ alloy is shown in Figure 3 (a). The closure
failure of the Burgers circuit reveals that the imaged core corresponds to a full dislocation with

b:,}) <2110> lying between the kagomé layer and the triple layer of the NbCo, Laves phase building
block. While most of the defects imaged in the plastic zone of the indentation were confirmed to be
full dislocations with b=31 Qll()), a few partial dislocations bounding stacking faults on the basal
plane were also observed. The partial dislocation core and the associated stacking fault in the
Nbe.4Cog ¢ alloy are shown in Figure 3 (b). The stacking fault is located in the triple layer of the NbCo,

Laves phase building block and the stacking sequence of the triple layer changes to the twinned
variant in the stacking fault. The closure failure of the Burgers circuit confirms that the partial

dislocation has a Burgers vector of b=]/3<0110>.
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Figure 3. Atomic configurations of the defects on the basal plane of the Nb-Co p-phase under
an indentation viewed along [1120] axis. HAADF-STEM images of (a) a full dislocation in

the Nbg4Cog alloy viewed end-on, (b) a partial dislocation bounding a stacking fault in the
Nbe.4Cog¢ alloy, and (c) a partial dislocation bounding a stacking fault in the Nb;Cos alloy.
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The Burgers vectors marked by red arrows are measured from the closure failures of the
green Burgers circuits. The stacking of the building blocks of the Nb-Co p-phase and the
stacking faults are outlined using yellow and blue tiles, respectively.

In the Nb,Cog alloy, a high density of straight basal slip traces was observed around the indentation
with a loading axis of 46° [0001] (Figure 2 (c)). In the bright-field TEM image from such an
indentation, numerous planar defects parallel to the basal plane and bounded by partial dislocations

were observed using a two-beam condition with gZ_H()l (Figure S3 (c)). The planar defects are

out of contrast for g:(IIB (Figure S3 (d)), which confirms that the Burgers vectors of the planar
defects in Nb;Cog alloy are also on the basal plane. The structure of a stacking fault bound by partial
dislocations in this sample was also imaged by HAADF-STEM (Figure 3 (c)) along the [1 120]
direction. At the dislocation core, the parallelograms containing triple layers change direction,

indicating that the stacking fault is located in the NbCo, Laves phase building block. The closure
failure of the Burgers circuit around the dislocation core reveals the partial dislocation Burgers

vector b=1[T1100].

Energetically favorable slip events

In order to reveal the energy paths of crystallographic slip in the Nb-Co p-phase, we calculated the
generalized stacking fault energy (GSFE) curves of the crystallographic slip on different basal planes
along the 1{1120) direction in p-NbeCo; (Figure 4 (a)) and p-Nb;Cos (Figure 4 (b)). The

72,7 involves the sliding of one half of a crystal relative to the other

crystallographic slip mechanism
half of the crystal on the basal plane along a crystallographic direction perpendicular to the stacking
direction. Among the four possible sets of basal planes Pcyia.cnis, Pr-cnia, Pik, and Py, we find that
crystallographic slip on P, exhibits the lowest energy barrier in both p-NbgCo; (Figure 4 (a)) and p-
Nb,Cog (Figure 4 (b)). The GSFE curves of crystallographic slip on P, along the %(II(I)) direction in
K-NbsCo; and pu-Nb,Cog are given in Figure 4 (c). The GSFE curve of crystallographic slip on Py along
the %(Il(X» direction in p-Nb,Cog shows a lower energy barrier and a more pronounced local

minimum than that in p-NbgCos. Crystallographic slip on Py therefore becomes easier and
dislocation dissociation is more likely to occur as the composition of the Nb-Co p-phase changes
from NbgCo; to Nb;Cog. Moreover, the Nb-Co p-phase has a lower energy barrier to basal slip on Py
than the C15-NbCo, Laves phase (Figure S4 (a)), presumably due to the larger interplanar spacing d
in the Nb-Co p-phase. Therefore, crystallographic slip on P, becomes increasingly more favorable as
the Nb-Co TCP phase changes from the Laves C15-NbCo, to p-NbgCo;, and to pu-Nb,Cog.
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In order to explore the minimum energy paths (MEPs) and the associated atomic mechanisms of the
basal slip mechanisms other than the classical crystallographic slip in the Nb-Co p-phase, DFT
nudged elastic band (NEB) calculations were performed for basal slip on P, and P, of the NbCo,
Laves phase building block. To ensure a constant strain state throughout the NEB calculations, the
initial configuration was elastically strained with a shear of a full Burgers vector, which is equivalent
to the plastic strain of the final configuration (Figure S5). The NEB calculations predict that
synchroshear is the energetically most favorable slip mechanism on P, in both p-NbgCo; and p-
Nb,Cog (Figure 4 (d)). The NEB calculations were also performed on P; of the C15-NbCo, Laves phase
for comparison. The computed MEP and the atomic mechanism of basal slip on the P, of the C15-
NbCo, Laves phase are also associated with the synchroshear mechanism (Figures S4 (b) and (c)),

72 and atomistic simulations 5. The energy barrier to

which agrees with previous ab-initio
synchroshear in the Nb-Co p-phase (Figure 4 (d)) is much higher than that in the C15-NbCo, Laves
phase (Figure S4 (b)) presumably due to the reduced interplanar spacing d;, and the energy barrier to
synchroshear in the Nb-Co p-phase increases dramatically from 1999.7 to 2677.8 mJ/m? as the

composition changes from NbgCo;to Nb,Cog.
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Figure 4. Assessment of the slip mechanisms in u-NbsCo; and u-Nb;Cos using DFT. GSFE
curves of the crystallographic slip along 3[1120] direction on different basal planes in (a) u-

NbsCo; and (b) u-Nb;Cos. Energy profiles of (c) the crystallographic slip along 1[1010]
direction on P,y calculated by GSFE and (d) synchroshear calculated using the NEB method.
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Snapshots of basal slip on Py via (e) the crystallographic slip mechanism in u-NbsCo; and
via (f) the glide and shuffle mechanism in u-Nb;Cogs. Large (colored in different shades of
red) and small (colored in green) atoms are Nb and Co atoms, respectively. Trajectories of
atoms are colored in a black-grey gradient according to the reaction coordinate.

The synchroshear mechanism is less sensitive to the applied shear strain owing to the thermally
activated nature of the kink-pair nucleation and propagation of synchro-Shockley dislocations B2l 1
contrast, the computed MEPs show that the energy barriers to basal slip on P, in p-NbgCo; (Figure
S6 (a)) and p-Nb,Cog (Figure S6 (b)) both vanish due to the large pre-strain. According to the NEB
calculations, the associated atomic mechanisms of basal slip on P in u-NbgCo; and p-Nb,Cog are
different. The intermediate states of the basal slip on P in u-NbgCo; (Figure 4 (e)) show that basal

slip on P, in u-NbgCo; occurs via a crystallographic slip mechanism along the %(llQO) direction.

The triple layer moves as a whole along the %(1 120) direction relative to the kagomé layer above.

The stacking sequence of the triple layer in p-NbgCo, therefore remains unchanged during the glide
process. However, the intermediate states of basal slip on Py in p-Nb,Cog (Figure 4 (f)) show that
basal slip on Py in u-Nb,Cog occurs via a glide and shuffle mechanism. An out-of-plane atomic
shuffling between the top and the middle of the triple layer occurs during the glide process on the P,

« plane along <_H(X)> direction. The Nb atoms on the top move to the middle of the triple layer, and

meanwhile the Nb atoms in the middle adjust their positions to the top of the triple layer. After the
glide and shuffle process, the triple layer changes to the twinned variant, and a stable stacking fault
with a low stacking fault energy of 7.6 mJ/m?is created. The configuration of the stacking fault is
consistent with those widely observed in the HAADF-STEM images of pu-Nb,Cog (Figure 3 (c)).
Although in u-Nb,Cog the configuration and the associated stacking fault energy of this type of
stacking fault are the same as the stacking fault created by synchroshear, the stacking faults in the
Nb;Cog alloy are more likely to be created by the glide and shuffle mechanism rather than the
synchroshear mechanism due to the high energy barrier to synchroshear. However, this type of
stacking fault created by the glide and shuffle mechanism is unlikely to occur in C15-NbCo, and p-
NbgCo; since it disrupts the stable Nb-Co-Nb configuration of the triple layer (Figure $7), and thus
the energy of this type of stacking fault is very high in C15-NbCo, (802.1 mJ/m?) and p-NbgCo; (471.7
mJ/m?) (Table S4). Although the Nbs ,Cos ¢ alloy mainly deforms by full dislocation slip on Py, given
that nearly 43.5 % of the Co atoms in the middle of the triple layers are replaced by Nb atoms at 49.5
at.% Nb, the energy of the stacking fault created by the glide and shuffle mechanism might be
reduced, and thus the full dislocations might be able to dissociate with the help of local fluctuations
in composition.
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Conclusion

In summary, we can now interpret the plasticity of Nb-Co u-phase by elucidating the influences of
crystal structure and composition on the mechanical behavior of the Laves phase building block. As
the crystal structure changes from the C15-NbCo, Laves phase to the Nb-Co p-phase, the interplanar
spacing d; decreases and the interplanar spacing d. increases. As a result of the changes in
interplanar spacings of the Laves phase building block, the energy barrier to synchroshear
dramatically increases, whereas the energy barrier to basal slip between the triple layer and kagomé
layer decreases. Thus, the basal slip mechanism tends to change from synchroshear in the C15-
NbCo, to basal slip between the triple layer and kagomé layer in the Nb-Co p-phase. The excess Nb
atoms in the Nb-rich Nb-Co p-phase are accommodated by the site specific substitutions of the Co
atoms in the triple layer of the NbCo, Laves phase building block. As the composition changes from
NbgCo; to Nb;Cog, the Nb-Co-Nb triple layer become a slab of pure Nb, resulting in a reduction in
stiffness, especially the basal plane shear modulus of the NbCo, Laves phase building block, and an
increased elastic inhomogeneity between the Nb,Co; and NbCo, Laves phase building blocks. The
changes in the atomic configurations of the NbCo, Laves phase building block also lead to a
reduction in energy barrier to basal slip on the Py plane and formation of stable stacking faults via
the glide and shuffle mechanism. Therefore, as the composition of the Nb-Co p-phase changes from
NbgCo; to Nb,Cog, basal slip on the P, plane becomes easier and a transition of basal slip
mechanism from the crystallographic slip to the glide and shuffle mechanism occurs.

The strong influence of the structure and chemical composition on the mechanical behavior of the
Laves phase building block sheds light on how to control the mechanical properties of the complex
p-phase. It therefore opens up opportunities to make the hard and brittle p-phase phases much
softer and deformable at even ambient temperature 07 highly alloyed systems, such as
superalloys, high temperature steels or high entropy alloys, which are prone to p-phase
precipitation, this understanding may be employed directly by selecting alloying elements that lead
to the formation of p-phases with a soft triple layer occupied by the same or similarly sized metallic
species only and a corresponding large spacing between triple and kagomé layer 18], Similarly, where
alloying elements cannot be selected on this basis, the often-available high resolution chemical
information on precipitates may now be used to estimate relative hardness of precipitates that
remain too small for quantitative mechanical testing. The structural and chemical data may then give
an indication of whether or not the present precipitates are likely to later introduce local damage in
the microstructure or not.

Furthermore, these insights also have implications for understanding of the plasticity of complex
intermetallic phases with a layered structure in general. The plasticity of the complex intermetallic
phases built from layers of recurring building blocks, such as ternary transition metal
nitrides/carbides (MAX phases) 19 can be governed by the mechanisms active in the fundamental
sub-units and may be tailored by tuning local bonding conditions and lattice spacing. To study the
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interplay of interplanar spacing, local shear modulus and plasticity in the recurrent fundamental
building blocks will also allow us to transfer our understanding of their deformation to a large
number of complex intermetallic phases that may be newly considered or discovered for the
development of new high performance materials.

Methods

Preparation of samples: Nbg ,Cog 5, Nbg oC0g 1 and Nb;Cog alloys of the Nb-Co p-phase were prepared
from pure Co (99.98 wt%) and Nb (99.9 wt%) by arc-melting in an argon atmosphere. To assure
homogeneity, all samples were turned over and re-melted 5 times. The alloys were heat-treated at
1150 °C for 500 h under high vacuum. The ingots were cut into small discs with a thickness of 2 mm
and a diameter of 8 mm, mechanically ground and polished using an OPU finish. The microstructures
of the alloys were observed by optical microscopy (OM) (Leica DMR, Leica AG) and scanning electron
microscopy (SEM) (Helios Nanolab 600i, Thermo Fisher). Electron backscatter diffraction (EBSD)
(Hikari, EDAX) measurements were performed to determine the crystallographic grain orientations.
The electron probe microanalysis (EPMA) (JXA-8530F, JEOL) was performed to determine the
chemical compositions and homogeneity of the alloys (Error! Reference source not found.S4) using
pure Co and Nb as standards. Three line scans in different areas far away from each other were
measured on each alloy. Each line scan contains 11 spot analyses. The Nbg 4sCog6, NbgoCos1 and
Nb;Cog alloys are homogeneous and their average compositions are 49.5 £ 0.2, 52.8 + 0.1, 53.7 £ 0.2

at.% Nb, respectively.

Nanoindentation tests: Nanoindentation tests were carried out at room temperature using a
Nanomechanics iNano indenter equipped with a continuous stiffness measurement (CSM) unit. The
samples were indented using a diamond Berkovich indenter tip up to a maximum load of 45 mN. The
strain rate was kept constant at 0.002 s and the maximum load was held for 10 s before unloading.
The CSM method allows continuous measurements of hardness and indentation modulus as a
function of indentation depth using the model and methods proposed by Oliver, Pharr, and Phani

29 To minimize the indentation size effect, the hardness and indentation modulus were obtained by
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averaging the values measured at an indentation depth greater than 350 nm. The macroscopic
hardness was estimated following the model proposed by Nix and Gao ™) and using the indentation
depth and hardness data above 200 nm. From this indentation depth, the Nix-Gao plot of hardness
squared versus the inverse indentation depth yields the expected, approximately linear relationship,
as observed for MgO as a similarly hard material 21 A minimum of 220 indentation tests were
performed in each alloy. The indents are at least 50 um from visible cracks and 20 um from
consecutive indents. After indentation tests, the indents were imaged by SEM and the indents in the
vicinity of cracks and pores are excluded from the analysis. The indents selected for slip traces
analysis were further examined by EBSD to facilitate a correlation of surface morphology and crystal

orientation.

TEM investigations: In order to verify the activated slip systems and reveal the detailed dislocation
mechanisms of the plasticity of the Nb-Co p-phase, transmission electron microscopy (TEM)
investigations on the dislocation structures of the Nbg4Cog and Nb;Cog alloys were performed after
indentation tests. Specimens for TEM analysis were prepared from selected indents of the Nbg 4Cog 6
and Nb,Cog alloys by FIB (Helios Nanolab 600i, Thermo Fisher). TEM observations were carried out
with a JEOL JEM F200 electron microscope operated at 200 kV and a probe-corrected scanning TEM
(Thermo Scientific Spectra Ultra S/TEM equipped with the Ultra X EDX solution) operated at 300 kV.
EDS spectrum imaging was obtained at 300 kV and noise reduction was performed using

multivariate statistical analysis (22

DFT calculations: DFT calculations were carried out using the Quantum ESPRESSO (23] package with
the projector augmented wave (PAW) ?* method and the Perdew-Burke-Ernzerhof (PBE) %°!
generalized gradient approximation (GGA) to the exchange correlation functional. The kinetic energy
cutoff was 60 Ry for wave functions and 360 Ry for charge densities and potentials. The convergence
threshold for electronic self-consistency was 10 a.u. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
[26]

relaxation scheme was used for structural relaxation, the convergence thresholds of energy and

force were 10 a.u and 2x10™ a.u, respectively. The conventional unit cells with an 8x8x1 k-point
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mesh (for u-NbgCo; and p-Nb,Cog) and 1x1x2 unit cells with a 5x5x3 k-point mesh (for C15-NbCo,)
were used to calculate the lattice parameters and elastic properties. The local shear moduli of crystal

building blocks were calculated following the method introduced in 19 For the generalized stacking

) [27]

fault energy (GSFE) and climbing image nudged elastic band (NEB calculations, the simulation

cells were 1x1x2 unit cells (for pu-NbgCo; and pu-Nb;Cog) and 1x1x13 unit cells (for C15-NbCo,) with a
6x6x1 or 8x8x1 k-point mesh. The periodic boundary conditions (PBC) and perpendicular relaxation
suggested in ™ were applied during the rigid body shift of the GSFE calculations (Figure S5 (a)). For
the NEB calculations, the initial and final images as well as the interpolated intermediate images

were pre-sheared to retain the PBC in the longitudinal direction (Figure S5 (b)). The Quickmin

d [29]

metho was used to minimize the energies across all images with a force tolerance of 0.05 eV/A.

The spring constant for nudging force was 0.1 a.u. 7 or 14 intermediate images were used, and all

images were equally spaced along the reaction coordinate (RC). The Open Visualization Tool (OVITO)

B9 was used to visualize the atomistic configurations and trajectories of atoms.
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Tailoring the plasticity of topologically close-packed phases via the crystals’ fundamental building
blocks

We present a strategy to understand and tailor the deformability of brittle topologically close-
packed precipitates in advanced alloys using the Nb-Co p-phase as a model material. The plasticity of
the Nb-Co p-phase is controlled by the Laves phase building block in its unit cell, leading to changes
in hardness and stiffness, as well as a shift in the slip mechanism. The results provide opportunities
for tailoring the plasticity of these phases by manipulating the interplanar spacing and local shear
modulus of the crystal building blocks in their unit cells.
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