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 A B S T R A C T

In the realm of materials design, understanding and manipulating the behaviour of dislocations — key drivers 
of plastic deformation — is a cornerstone. However, while dislocations are well-explored in simple crystalline 
materials, their structure and mechanisms of motion remain largely enigmatic for complex crystals, such as 
topologically closed-packed phases. This vast class of materials contains many intermetallics ranging from 
high-temperature structural materials to functional crystals that can act as superconductors, magnets, magneto-
caloric or hydrogen storage materials. In all of these applications, structural integrity and therefore controlled 
plasticity is essential. This study bridges our current knowledge gap in plasticity of complex crystals by delving 
into the most prevalent among them, the Laves phase. Utilizing transmission electron microscopy, we unveil 
previously unreported defect structures in the cubic CaAl2 Laves phase. Complementing these observations, 
atomistic simulations elucidate the underpinning mechanisms, revealing novel deformation behaviours. We 
spotlight the role of full dislocations traversing multiple {1 1 n} slip planes, a departure from the conventional 
confinement to {1 1 1} planes. This multi-plane dislocation activity, including frequent cross-slipping, emerges 
as a pivotal factor in accommodating plastic deformation. Our findings not only challenge an existing paradigm 
in intermetallic plasticity but also propose a tangible pathway to understand the ductility of brittle complex 
alloys as a stride forward in phase selection and materials engineering.
1. Introduction

Understanding the fundamental principles of plastic deformation of 
crystals has been and is instrumental in enabling and driving alloy de-
sign, as showcased in the explosion of metallic engineering alloys since 
the first decades of the last century [1]. Current high-performance al-
loys for structural applications are carefully tailored at multiple length 
scales from the alloying elements that may distort the metal’s lattice 
at the atomic scale over the local structure at lattice defects imparting 
strength or deformability, to the interplay of different grains and phases 
ranging from the nanoscale to the size of metallic sheets. In all but a 
few exceptions, a single metallic element sits at the heart of a given 
alloy, e.g. iron in steel, nickel in superalloys or aluminium, titanium or 
magnesium in the lightweight alloys. In contrast to these alloys centred 
around the simple cubic and hexagonal unit cells of the parent metal, 
alloying of comparable amounts of different metallic elements results 
in the formation of more complex crystalline packings in all but the 
rare cases where the elements are fully miscible. A vast class of crystals 
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emerges — intermetallics — containing  40,000 [2] reported crystals 
to date and counting [3]. Even where their formation can be initially 
suppressed, such as in bulk metallic glasses or high entropy alloys, these 
phases remain as the thermodynamically stable constituents of most 
highly alloyed materials. Why then, are they most often considered as 
phases to be avoided or phases to be constrained to small precipitate 
sizes in structural alloys? The reason is that most of these crystals are, 
as a result of their crystal packing, very brittle. However, there are 
remarkable exceptions with crystals exhibiting plastic deformation at 
room temperature sufficient for machining or sustaining mechanical 
impact [4,5]. Given their sheer number and variability, there are bound 
to be more and exciting intermetallic materials to be found, e.g. for 
high-temperature structural materials or to enable functions such as 
superconductivity, magnetism or hydrogen storage in combination with 
structural integrity and formability. To go in search of these new 
materials within our existing and expanding material databases or to 
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purposefully engineer the properties of others, we require the same ba-
sic tools as for their simpler metallic cousins: a detailed understanding 
of how and when dislocations, the key enablers of plastic deformation, 
move.

Intermetallics have been recognized as an important and attrac-
tive class of crystals for a long time and their structures are well 
described [6]. Topologically close-packed (TCP) structures tend to form 
when metal atoms of different sizes combine and their ordered and 
dense atomic packing yields unique properties, such as high melting 
points, high hardness, elevated corrosion resistance and in many cases 
also attractive functional properties. However, the high hardness most 
often comes at the prize of brittleness below the brittle to ductile transi-
tion temperature (BDTT), which for these often high-melting crystals is 
often several hundred Kelvin above ambient conditions. For this reason, 
previous scientific studies have mostly focused on high-temperature 
deformation [7–13], or were confined to grown-in and not necessarily 
mobile defects [14]. Consequently, the dislocation mechanisms are 
only very poorly understood, particularly in the view of the complex 
mechanisms of motion encountered in these phases compared with 
metals. Zonal glide across two parallel planes has been reported in 
different complex crystals [15–17], while the term ‘metadislocations’ 
has been coined for the large cores found in quasi-crystals and their 
approximants [18–20]. A prominent example of a mechanism unique to 
complex crystals is synchroshear, a synchronized movement of partial 
dislocations moving in different parallel planes creating a change in 
stacking [15]. Originally suggested for sapphire [15], this mechanism 
was also postulated for the characteristic triple layer of the TCP Laves 
phases [21,22] and the first high-resolution micrographs of dislocation 
cores consistent with this mechanism in a hexagonal Laves phase 
published in 2005 [14], albeit using crystals that were not subjected 
to plastic deformation. Since then, evidence of synchroshear has been 
found in other TCP crystals, such as the other Laves phases polytypes, 
𝜇-phases or the CaCu5 structure type and computational studies com-
plement the growing body of experimental evidence [23–28]. However, 
this complex, non-planar mechanism requires thermal activation to 
take place [26,29] and naturally competes with other mechanisms. It 
also defies the common expectation of slip taking place on the most 
close-packed as well as widely spaced set of planes in a crystal [30]. 
Indeed, it has been shown that the active mechanism of motion in 
a complex crystal, e.g. crystallographic full or partial dislocation slip 
or motion of synchro-partials, may be directly manipulated based on 
small changes in the composition of the alloy, particularly where the 
crystalline sub-lattice order is affected. This was accompanied by a 
massive change in yield stress, enabling significant plastic deformation 
in those layers with Laves phase packing in larger but closely related 𝜇
-phase structure [4,5]. In hexagonal Laves and the similarly structured 
𝜇 -phases, dislocations have also been found to move on non-basal 
planes [31–36], that is outside of the triple layer. Conversely, for 
the cubic Laves phases, plasticity had been reported to take place 
exclusively on the {1 1 1} planes, which contain the characteristic triple 
layer equivalent to the basal plane in the hexagonal polytypes. It is 
only very recently that the first experimental evidence suggested that 
deformation may take place outside of the {1 1 1} plane in cubic Laves 
phases, in contrast to what is observed in the much simpler face-centred 
cubic metals [37].

To unravel the active mechanisms of motion in this large and 
technologically important class of TCP Laves phases and their crys-
tallographic relatives, we address here a fundamental question: which 
dislocation mechanisms are active in the cubic Laves phases and how 
can they be understood and related to previous insights restricted to 
high-temperature behaviour?

2. Methods

2.1. Sample preparation

Binary CaAl2 Laves phases, which belong to the space group 227 
([𝐹𝑑3̄𝑚] and Pearson Symbol cF24), were prepared like described 
2 
in [38]. Further ternary C15 Ca(Al,Mg)2 Laves phases were embedded 
in a copper paste to reveal a stable sample surface. Laves phase samples 
were prepared metallographically, by using four grinding steps using 
SiC paper with a grit site of 1200 to 4000, whereas for the ternary 
additional grinding steps using diamond grinding plates (POLARIS M) 
with grain sizes of 6 μm and 3 μm, followed by mechanical polishing 
with diamond paste starting with 6 μm and ending with 0.25 μm using 
for all steps isopropanol with 5% polyethylene glycol 400 (PEG) as 
lubricant. Final polishing and washing steps were followed with a grain 
size of 0.04 μm (using STRUERS OPA) and cleaning with dish washing 
liquid. Both samples were analysed using scanning electron microscopy 
(SEM) (CLARA, Tescan, Brno, Czech Republic), energy dispersive X-
ray spectroscopy (EDX) (Helios Nanolab 600i, FEI, Eindhoven, NL) 
and additional electron backscatter diffraction (EBSD) (Helios Nanolab 
600i, FEI, Eindhoven, NL) to analyse the resulting microstructure and 
the resulting plastic zone, the local chemical composition and the grain 
orientations.

2.2. Nanoindentation experiments

To investigate the mechanical properties and resulting plasticity, 
nanomechanical tests were performed using an iNano nanoindenter 
(Nanomechanics Inc., TN, USA) with a diamond Berkovich tip (supplied 
by Synton-MDP AG, Switzerland). The Oliver and Pharr method was 
used to calibrate the setup on a fused silica sample by determining 
the diamond area function (DAF) and frame stiffness of the indenter 
tip [39,40] The indents were performed with the same parameters, 
using a constant strain rate of 0.2 s-1 until a depth of 500 nm was 
reached. The analysis included the evaluation of the indentation mod-
ulus, hardness, and activated slip systems by aligning surface traces 
from the SE images with grain orientation from the EBSD analysis, as 
described in the review by Gibson et al. [41].

2.3. TEM characterization

Individual slip bands beneath the surface were analysed in a Jeol 
JEM F200 TEM at 200 kV. This microscope is equipped with a double-
tilt holder, in which x-tilting of ±36◦ and y-tilting of ±31◦ are allowed. 
Scanning transmission electron microscopy (STEM) was also performed 
with the same application. Additionally, higher resolution STEM anal-
ysis of the binary and ternary CaAl2 Laves phases was performed 
on an aberration corrected FEI Tian 60-200 ChemiSTEM at 200 kV 
acceleration voltage. Site specific TEM lamella were taken out by ion 
milling in FIB. The lamellae were tilted to different zone axes and 
several two-beam conditions in order to identify edge-on orientation of 
the possible slip planes and confirm the corresponding habit planes of 
the dislocation slip [42]. DPs of the zone axes and two-beam condition 
(bright/dark-field) images of the investigated defects were acquired.

2.4. Atomistic simulations

Atomistic simulations were performed using the open-source molec-
ular dynamics code LAMMPS [43]. The interatomic interactions were 
modelled employing the machine-learning moment tensor potential 
(MTP) by Poul et al. [37,44] for the Al-Ca system. The machine-
learning MTP potential provides better predictions in lattice parameter, 
elastic constants and {1 1 1} stacking fault energy compared to the semi-
empirical modified embedded atom method (MEAM) potential [45] 
when compared with ab-initio and experimental results [37].

The C15 CaAl2 crystal structures were constructed using Atomsk [46]
A screw full dislocation with a Burgers vector of 𝑎2 [1 1 0] was introduced 
on different glide planes following the method detailed in [25]. Peri-
odic boundary conditions (PBCs) were applied in the directions along 
the glide plane, while semi-fixed boundary conditions were applied 
in the normal direction to the glide plane. The simulation setups are 
illustrated in Fig.  1(a). The atomistic configurations were relaxed ug 
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Fig. 1. (a) Schematic illustration of the simulation setup for dislocation motion. Climbing image NEB calculations were performed on the initial (RC:0) and final 
(RC:1) configurations to find MEPs for dislocation motion. PBCs were applied in the 𝑥 ([1̄10]-oriented) and 𝑦 directions. Atoms in the outermost layers (marked 
in grey) with a thickness of 15 Å(2 times the potential cut-off) were fixed in the 𝑧-direction. The dimensions of the setup in the 𝑦 and z directions are 200 Å, 
and in the 𝑥 direction, it is 11.3 Å. The dislocation line and Burgers vector of screw 𝑎

2
[1̄10] dislocations are along the 𝑥-direction, and the glide distance is one 

unit length along the 𝑦-direction. (b) Core structure and energy of the screw 𝑎
2
[1̄10] dislocation in the simulated CaAl2 Laves phase. Only atoms belonging to 

the dislocation core, as identified by LaCA, are highlighted (Ca and Al atoms are coloured in yellow and blue, respectively) here. (c) Nye-tensor and differential 
displacement maps of the screw 𝑎

2
[1̄10] dislocation in the Ca sublattice. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.)
the conjugated gradient algorithm with box relaxation and the FIRE 
algorithm [47,48], with a force threshold of 10−8 eV/Å. The dislocation 
core energy was calculated by measuring the total dislocation energy 
as a function of radius 𝑅 and then extrapolating the far-field elastic 
energy back to the chosen cut-off radius 𝑏, as shown in Fig.  1(b).

Climbing image nudged elastic band (NEB) calculations [49,50] 
were performed on the initial (before dislocation glide) and final (after 
dislocation glide) configurations to determine the minimum energy 
paths (MEPs) for these dislocation motion events (see Fig.  1(a)). The 
spring constants for parallel and perpendicular nudging forces are both 
1.0 eV/Å2. The QUICKMIN algorithm [51] was applied as the damped 
dynamics minimizer for energy minimization with a force threshold of 
10−2 eV/Å. The number of intermediate replicas ranged from 96 to 312, 
depending on the glide distance and corresponding dissociation events. 
Laves phase crystal analysis (LaCA) [52] was used to identify dislo-
cation cores in C15 Laves phases and dislocation analysis (DXA) [53] 
implemented in OVITO [54] was used to extract dislocation lines.

3. Results

3.1. Slip beyond {1 1 1} planes

Nanoindentation was used to introduce plastic deformation in dif-
ferent orientations of a poly-crystalline CaAl2 C15 Laves phase, giving 
rise to significant deformation on different crystallographic planes as 
seen on the surface around an indentation impression for CaAl2 (Fig. 
2(a)) and CaAl2 + Mg (Fig.  3(a)). Several active slip planes were found. 
The straight ones can directly be assigned to specific planes, like shown 
for the CaAl2 in (Fig.  2(a)), while some of them are wavy and cannot 
be directly assigned to a specific slip plane (Fig.  2(a)). Additionally, 
three cracks formed along the three corners of the indent for the 
stoichiometric sample (Fig.  2(a)). Transmission electron microscopy 
(TEM) on electron transparent lamellae lifted out of the material as 
a cross-section of such indentations allowed us to further investigate 
the nature of the underlying crystallographic planes accommodating 
plasticity. At the sub-micron scale of a diffraction-guided analysis using 
conventional TEM for the CaAl2 + Mg sample (Fig.  3(b)–(d)), we 
reveal clear changes in orientation in the slip planes travelling into 
the material. Additionally, (Fig.  3(b)–(d)) shows that, compared to 
the planes observed below, the transition between planes can occur 
in small, alternating segments embedded between the larger straight 
segments. Examples of slip taking place on {1 1 1}, {1 1 2} and {1 1 5}
planes are shown here, with {1 1 3}, {1 1 4}, {1 1 6} and {1 1 11} planes 
3 
also found elsewhere [37]. Similarly, some of the cracks emerging from 
or forming along these slip planes also progress in a zigzag pattern, 
consistent with their preferential formation along slip planes that have 
accumulated a high density of defects [31]. Dislocation analyses using 
different two-beam conditions show that in all cases dislocations mov-
ing on these planes share the same Burgers vector, which is of ⟨1 1 0⟩
type. HR-TEM imaging, given in (Fig.  2(b)) for the CaAl2 sample, at 
the atomic scale using an aberration-corrected scanning transmission 
electron microscope, reveals that even at the smallest scales, similar 
changes in slip planes are observed. These are consistent with cross-
slip taking place via ⟨1 1 0⟩ screw dislocations whose Burgers vector 
is contained in all of the experimentally encountered {1 1 𝑛} planes. 
As such, the crystal appears to deform on many more planes than 
previously reported or anticipated. Furthermore, (Fig.  2(c)) shows a 
conventional TEM image of the C15 ternary sample, which illustrates 
the progression of the slip planes along a zigzag path. This is also 
shown in more detail in Fig.  3((b)–(d)) including an indexation of the 
individual plane segments imaged on edge. The area marked with a 
white rectangle in (Fig.  2(c)) is the area recorded in (Fig.  2(d)) using 
STEM in dark field mode. In the STEM image, the lower feature in 
particular is contained in an initial plane, followed by a cross-slip to the 
next plane. This process then repeats (from left to right in the image, 
corresponding to increasing distance to the centre of the plastic zone) 
via a plane that is parallel to the initial one and continues parallel 
to the initial cross-slip plane. Whether crack formation occurs before, 
during or after this process has completed cannot be derived from these 
post-mortem images.

3.2. Atomistic simulations of dislocation motion

To unravel the underlying mechanisms of slip, particularly the 
new observation of frequent cross-slip in the C15 CaAl2 Laves phase 
attributed to screw dislocation motion, we used atomistic simulations. 
To this end, we performed NEB calculations using a newly developed 
machine-learning MTP to determine the MEPs of screw dislocation 
motion on the different {1 1 𝑛} planes as well as the low-index {1 0 0}
and {1 1 0} planes. For both, the known and new slip planes, we identi-
fied an identical core of the screw 𝑎2 [1 1 0] dislocation (Fig.  1(b-c)). As 
shown in Fig.  1(c), the Nye tensor distribution reveals a small but non-
negligible edge component at the screw dislocation core region, which 
is attributed to core spreading along the (0 0 1) plane, as confirmed 
by the corresponding differential displacement map. While the core 
structure remains unchanged, notable differences emerge during the 
motion of these dislocations. The transition processes and associated 
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Fig. 2. Deformation structure around an indent imaged by electron microscopy. (a) Secondary electron micrograph of slip traces on the sample surface and 
(b) HRTEM image recorded in the [1 1 0] zone axis for the binary C15 CaAl2 Laves phase. (c) Conventional and (d) STEM dark field images of the ternary C15 
Ca(Al,Mg)2 Laves phase at the [1 1 0] zone axis. The area imaged in (d) is indicated by a white rectangle in (c).
energy barriers of all individual activation events of dislocation move-
ments in this study are summarized in Table  1. For dislocations gliding 
on (1 1 0), (1 1 1), and (1 1 3) planes with glide distances smaller than 
10 Å, no intermediate states featuring restored dislocation cores and 
zero relative energy (𝛥𝐸 = 0 eV) were found along the MEPs (see 
Fig.  4). Although atomic movement during glide includes out-of-plane 
components, as illustrated in Supplementary Movies S1–S4, the overall 
dislocation motion remains confined to the horizontal glide plane and 
is thus considered in-plane. For the screw (0 0 1)[1 1 0] dislocation, an 
intermediate configuration with a dislocation core equivalent to the 
initial state (at RC = 0) and energy 𝛥𝐸 = 0 eV was identified at the 
RC of 0.5 (see Fig.  5(a) and Movie S5). However, this intermediate 
core remains confined to the same (0 0 1) glide plane. Among these in-
plane slip processes, the screw dislocation on the (1 1 1) triple-kagome 
plane exhibits the shortest glide distance of 4.91 Åand the lowest 
energy barrier of 0.107 eV/Å, which is significantly lower than that 
of the competing (1 1 1) triple plane, where the mechanism of motion is 
dominated by synchro-Shockley partial dislocations, as demonstrated in 
our previous studies [24,25]. The (1 1 3)[1 1 0] dislocation exhibits both 
the longest glide distance of 9.39 Åand the highest energy barrier of 
0.266 eV/Åamong the in-plane slip processes.

In contrast, for dislocations gliding on (1 1 2), (1 1 4), (1 1 5) and (1 1 6)
planes with glide distances larger than 10 Å, the motion breaks up 
into movement between different glide planes, accompanied by cross-
slip processes along the transition paths (see Fig.  5(b-e) and Movies 
S6-S9). For instance, the screw dislocation gliding on the (1 1 2) plane 
undergoes decomposition into two sub-events: one corresponds to the 
dislocation gliding on the (1 1 3) plane, and another one involves the 
dislocation gliding on the (1 1 1) plane. These events are separated by 
an energy minimum (𝛥𝐸 = 0), corresponding to the dislocation state 
equivalent to the initial configuration (RC = 0), and accompanied by 
a cross-slip process. Similarly, the motion of the screw (1 1 5)[1 1 0]
4 
dislocation decomposes into gliding along (0 0 1) and (2 2 7) planes 
with cross-slip occurring between them. The (2 2 7)[1 1 0] slip exhibits 
a similar energy profile to the (1 1 3)[1 1 0] slip but with a higher 
energy barrier. Furthermore, the (2 2 7) plane is geometrically close 
to the (1 1 3) plane, suggesting that the (2 2 7) slip can be considered 
a variation of the (1 1 3) slip, involving a structural transition at the 
dislocation core. For dislocation movement on the (1 1 4) plane, in 
addition to the transitions between (0 0 1) and (2 2 7) planes as seen 
in the (1 1 5)[1 1 0] dislocation motion, an additional intermediate local 
minimum and a cross-slip process from (1 1 3) to (0 0 1) planes are iden-
tified. Slip processes on the (1 1 4) and (1 1 5) planes exhibit comparable 
energy barriers (0.314 and 0.315 eV/Å, respectively), as the (2 2 7) slip 
represents the rate-limiting step in both cases. The screw (1 1 6)[1 1 0]
dislocation exhibits the longest glide distance (34.90 Å) among all 
simulated dislocations. Its motion consists of multiple intermediate 
minima and cross-slip events, as well as extension and constriction of 
the dislocation core (Fig.  5(e)). Across all simulated screw dislocations, 
no dissociation into partials bounded by stacking faults was observed 
along the MEPs.

4. Discussion

Plasticity in Laves phases is clearly much more complex than in-
dicated in previous investigations. Recent advances in experimental 
and computational methods have allowed us to draw a more complete 
picture of how plasticity takes place in these most common inter-
metallic phases [6] and build the foundation that not only connects 
the different Laves phase polytypes but also enables us to infer and 
predict deformation mechanisms and mechanical properties of other 
intermetallic phases that contain the Laves phase as an important 
building block [5,6].
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Fig. 3. (a) A SE image showing the slip trace morphology after nanoindentation of the C15 Ca(Al,Mg)2 Laves phase. (b) TEM bright field image taken under 
𝑔 = 02̄2̄ in a 𝑔 = 11̄1 zone axis represents the underlying dislocation structure of the in (a) shown indent. The (2 1 1) plane traces are shown with the orange line 
and the (1 1 1) with the blue one. TEM bright field images taken under (c) the same conditions used in (b) and (d) 𝑔 = 02̄2̄ two-beam conditions at, highlighting 
the zigzag structure from (c) in (d) shown with the green dashed rectangle. The (2 1 1) and (1 1 1) plane traces are shown next to the crack. The crack is observed 
to have a zigzag feature. Different colour lines mark the orientations of the slip planes. The green rectangle shows a segment where the crack is quite wavy. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 1
Summary of glide distance, transition process, and associated energy barriers of the screw 𝑎

2
[1̄10] dislocation 

motion on different glide planes.
 Glide plane Glide distance (Å) Transition process Energy barrier (eV/Å) 
 (110) 8.01 (110) 0.116  
 (111̄) triple-kagome 4.91 (111̄) 0.107  
 (111̄) triple 4.91 (111̄) 0.160  
 (112̄) 13.87 (113̄) + (111̄) 0.284, 0.075  
 (113̄) 9.39 (113̄) 0.266  
 (114̄) 24.02 (113̄) + (001) + (227̄) 0.267, 0.115, 0.314  
 (115̄) 14.71 (001) + (227̄) 0.115, 0.315  
 
(116̄) 34.90 (001) + core extension + core constriction 0.114, 0.144, 0.144,  

 + (227̄) + (001) + (116̄) 0.367, 0.115, 0.159  
 (001) 5.66 (001) + (001) 0.076, 0.115  
4.1. Atomistic mechanisms of cross-slip in laves phases

One of the central findings of this study is the frequent occurrence 
of cross-slip between multiple {1 1 𝑛} planes. This behaviour challenges 
the conventional view that plasticity in Laves phases is confined to a 
narrow set of crystallographic planes, particularly {1 1 1}. Instead, our 
results show that perfect screw dislocations can glide and cross-slip 
between a variety of planes, enabled by their undissociated core struc-
tures. Atomistic simulations confirm that the screw dislocation cores 
remain compact across all studied slip systems, and no dissociation into 
partials or formation of stable stacking faults occurs along any of the 
calculated MEPs. These results are consistent with prior work showing 
an absence of metastable stacking faults along these slip paths in C15 
CaAl  [37].
2

5 
Although experimental observations revealed dislocation motion 
along various {1 1 𝑛} planes over distances ranging from tens to hun-
dreds of nanometres (see Figs.  2 and 3), the atomistic simulations 
suggest that these macroscopically observed slip traces are governed 
by a smaller set of fundamental slip events. Specifically, dislocation 
glide occurs through elementary motion on the {1 1 1}, {1 1 3}, {0 0 1}, 
and {2 2 7} planes. These foundational slip processes exhibit energy 
barriers comparable to those of individual slip events or as intermediate 
sub-events within cross-slip transitions (see Table  1). The calculated 
energy barriers associated with these transitions range from 0.1 to 
0.4 eV/Å, in agreement with values reported for other structurally 
complex crystals. For instance, out-of-plane glide-to-climb transitions 
in perovskite SrTiO3 exhibit barriers between 0.08 and 0.6 eV/Å, 
depending on the charge state of the dislocation core [55]. It is worth 
noting that the dislocations modelled in this study are straight, which 
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Fig. 4. Atomistic configurations and energy profiles along MEPs for the motion of the screw 𝑎
2
[1 1 0] dislocation on (a) (1 1 0), (b) (1 1 1) triple layer, (c) (1 1 1)

triple-kagome layer, and (d) (1 1 3) planes in the C15 CaAl2 Laves phase were calculated using the NEB method. Only atoms belonging to the dislocation core 
are shown here. The orange and magenta symbols indicate the position of the dislocation line in the initial (reaction coordinate RC:0) and final (RC:1) atomistic 
configurations, while the cyan symbols represent the position of the dislocation line at the intermediate minima. Dashed lines indicate the glide planes between 
each local minimum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
results from the limited simulation cell length along the dislocation 
line direction. This constraint is due to the high computational cost 
of the moment tensor interatomic potential, which is three orders of 
magnitude more expensive than classical semi-empirical potentials, like 
embedded atom method potentials. As a result, the simulations do not 
capture local dislocation line curvature, such as bowing-out or kink-pair 
nucleation, which can lower the energy barrier of rate-limiting steps. 
The reported values here may therefore represent upper bounds for the 
true activation barriers of these slip events.

Furthermore, the screw dislocation in C15 CaAl2 shows a tendency 
to spread along the (0 0 1) plane, suggesting that out-of-plane atomic 
displacements play a significant role in dislocation motion, see Movies 
S1-9 in the Supplementary Information. Such out-of-plane effects are 
6 
often associated with non-Schmid behaviour and have previously been 
reported in synchro-Shockley dislocation motion in Laves phases via 
atomistic simulations [26]. Similar phenomena have also been observed 
experimentally in layered crystalline materials such as MAX phases [56,
57]. Nevertheless, to fully understand the role of normal stress com-
ponents in cross-slip behaviour in Laves phases, further experimental 
validation, such as through micropillar compression testing, and more 
extensive atomistic modelling will be essential.

4.2. Temperature-dependent plasticity in laves phases

Nanomechanical testing allowed us to induce plasticity at low tem-
peratures far below the BDTT. In combination with imaging and analy-
sis of numerous indentation imprints at the micron scale and dedicated 



M. Freund et al.

Fig. 5. Atomistic configurations and energy profiles along MEPs for the motion of the screw 𝑎
2
[1 1 0] dislocation on (a) (0 0 1), (b) (1 1 2), (c) (1 1 4), (d) (1 1 5), 

and (e) (1 1 6) planes in the C15 CaAl2 Laves phase were calculated using the NEB method. Only atoms belonging to the dislocation core are shown here. The 
orange and magenta symbols indicate the position of the dislocation line in the initial (reaction coordinate RC:0) and final (RC:1) atomistic configurations, while 
the cyan symbols represent the position of the dislocation line at the intermediate minima. Dashed lines indicate the glide planes between each local minimum. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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defect analysis by TEM, we could reveal that slip planes beyond those 
previously reported in the literature [13] are active and, in fact, ac-
commodate the majority of plastic deformation. Unravelling that and 
how dislocations cross-slip between a subset of the macroscopically 
observed planes by high-resolution microscopy and atomistic modelling 
gives us the basis to interpret plastic deformation of the Laves phase 
more generally. For example, the observed cross-slip of [1 1 0] dislo-
cations on {1 1 𝑛} planes gives rise to the orientation dependence of 
deformation evidenced by the changing surface features in indenta-
tion [29]. Similarly, uncovering the mechanisms governing dislocation 
motion is essential to connect observations of mechanical properties 
and active mechanisms across a range of temperatures and strain rates.

Previous work revealed the thermally activated nature of the syn-
chroshear mechanism [14,15,25,26] and provided a basis on which 
to understand the occurrence of conventional dislocation motion in 
parallel {1 1 1} interlayers of the C15 Laves phase or (0 0 0 1) interlayers 
in the hexagonal polytypes. It is now apparent that the slip of ⟨1 1 0⟩
dislocations is what facilitates the manifold of slip planes by allowing 
cross-slip onto the many available {1 1 𝑛} planes via a combination of 
fundamental slip events on {1 1 1}, {1 1 3}, {0 0 1}, and {2 2 7} planes. 
This understanding provides a clear path to connect deformation at 
different temperatures: at low temperatures, glide occurs on planes 
offering least resistance and the compact dislocation cores of ⟨1 1 0⟩
dislocations facilitate cross-slip and thereby dislocation motion under 
maximum resolved shear stress across variable stress fields (as induced 
in indentation in this work). Previous observations at elevated temper-
ature [13] on the other hand, are consistent with thermal activation 
favouring slip by synchroshear, confining deformation to only {1 1 1}
planes. As synchroshear operates by the formation and motion of 
partials on {1 1 1} planes, this dominance of {1 1 1} slip at elevated tem-
peratures may be related to thermally activated dislocation dissociation 
blocking further cross-slip [58], here onto the {1 1 𝑛} planes on which 
only the partials cannot glide or cross-slip, thereby depriving the {1 1 𝑛}
planes of mobile dislocations.

Nanoindentation at different temperatures has revealed a near-
constant hardness below the brittle to ductile transition [59], but 
recent work expanding into the regime of dropping critical stresses [60] 
indicated possible hardening with temperature before the hardness 
drop associated with the brittle to ductile transition. Whether this 
is a reproducible and more general feature of deformation of Laves 
phases owing to the thermally activated dissociation and cross-slip 
processes, remains to be explored. Transmission electron microscopy 
investigations of an indentation print deformed at elevated tempera-
tures [29,59,60] enable to confirm this hypothesis or shed light on 
additional transient mechanisms controlling flow in Laves phases, by 
finding beside perfect dislocations, which were previously observed at 
ambient temperature, additionally partial dislocations for high tem-
perature (450 ◦C). Similarly, experiments and modelling will build on 
the newly identified fundamental mechanisms of dislocation motion 
to study the effect of composition on dislocation motion, where the 
interplay of hardening and softening mechanisms introduced by an 
excess of either small or large atoms and the resulting formation of 
anti-site defects and/or vacancies, remains poorly understood.

4.3. Insights into intermetallic design

The ability to understand, predict and tailor plasticity in Laves 
phases and those crystals with larger unit cells where plasticity takes 
place predominantly in Laves phase building blocks, will enable mate-
rials and process design for a range of applications. For example, the 
frequent Laves phase precipitates in steels, superalloys or high entropy 
alloys may be harnessed intentionally in the design process. Controlling 
Laves polytype or related phases containing Laves phase as a building 
block in precipitates may enable shifts in mechanical contrast to the 
matrix phase [5] and mechanisms of hardening or damage formation 
by blocking or enabling co-deformation via slip system and coherent 
8 
interface selection [61,62]. In use as functional materials, in particular 
for hydrogen storage, understanding and purposeful manipulation can 
be employed at several stages of the processing and use of Laves phase 
based materials. For example, pronounced brittleness eases powder 
production, conversely, the introduction of crystal defects and perhaps 
also selection of the most prevalent defect type, can improve (de)hy-
drogenation kinetics [63,64]. For both, the ability to manipulate which 
dislocations form and under which stresses they move is essential and 
may be achieved by means of altering composition as well as choosing 
adequate processing conditions with respect to deformation rate and 
temperature, be it during milling, mechanical alloying or severe plastic 
deformation.

5. Conclusion

In conclusion, we revealed how deformation in a Laves phase occurs 
in the low-temperature regime and provide a powerful starting point 
for a purposeful materials and process design with Laves phases. Im-
portantly, plasticity in this exceedingly common and technologically 
relevant intermetallic phase is much more versatile than previously 
expected. Active dislocation mechanisms depend sensitively on thermal 
activation, increasing our scope as material scientists and engineers to 
control and use their behaviour and move beyond the simple view of 
the Laves phase as a purely brittle material to begin to purposefully 
consider its carriers of plastic deformation.
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