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1. Introduction

Laves phases are intermetallics that are present in various alloys
and exert a significant influence on their mechanical characteris-
tics due to their high strength and superior creep resistance in
comparison to the matrix phases.[1–3] Despite their excellent
mechanical performance at elevated temperatures, Laves phase
alloys are commonly deemed unsuitable for structural applications

because of their well-known brittleness
at room temperature.[3–5] Synchro-shear,[6,7]

as the most energetically favorable mecha-
nism of plasticity on basal or {111} planes
in Laves phases, is widely studied, particu-
larly using atomic-scale modeling.[8–10]

Recently, the authors reported the mecha-
nisms of motion of synchro-Shockley dislo-
cations using atomistic simulations.[11,12]

However, the mechanisms underlying
plastic deformation on non-basal planes in
hexagonal (or non-{111} planes in cubic)
Laves phases are not well understood so far.

In the early 1970s, Paufler et al.[13,14]

reported the activation of grown-in
prismatic dislocations in the prototype
C14 MgZn2 under uniaxial compression
at temperatures around 400 °C. Recently,

Zehnder et al.[15] investigated the plastic deformation of single
crystal C14 CaMg2 at room temperature by nanoindentation
and microcompression. The prismatic slip was confirmed by slip
trace analysis and exhibits the lowest critical resolved shear stress
(CRSS) among basal and non-basal slip systems. Freund et al.[16]

further investigated the activation of these slip systems of the
CaMg2 phase in the temperature range from 50 to 250 °C, where
prismatic slip shows a decreasing CRSS with temperature.
Zhang et al.[17] characterized two prismatic stacking fault (SF)
structures with the same crystal lattice but different site occupan-
cies in a C14 Nb-based Laves phase using atomic-resolution
scanning transmission electron microscopy (STEM) after defor-
mation in different temperature regimes. They interpreted the
formation of high and room-temperature prismatic SFs based
on the morphology of prismatic planes and topologically
close-packing rules. The high-temperature SF formation was
attributed to the diffusion-assisted shuffle mechanism, while
the low-temperature SF formation was associated with the glide
mechanism. In addition, the prismatic SFs were not flat and
exhibited numerous steps, which was attributed to dislocation
motion through frequent switching between different prismatic
slip planes.

So far, the deformation mechanisms of prismatic plasticity in
C14 Laves phases, particularly the formation of prismatic SFs by
partial dislocation propagation, are still not well understood. In
this study, we investigated the temperature and composition
dependence of prismatic slip in C14 CaMg2 and MgZn2 Laves
phases by performing atomistic simulations using semi-
empirical potentials.[18,19] The minimum energy paths (MEPs)
of slip events on different prismatic interlayers were identified
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matic slip systems of C14 Laves phase crystals and possible metastable states
along the slip paths are assessed using atomistic simulations. Multiple prismatic
stacking fault states with the same projected positions of atoms but different site
occupancies and chemical distributions are identified at different inter-atomic
layers, temperatures and chemical compositions. The formation of energetically
favorable prismatic stacking faults involves short-range diffusion which implies
the thermally activated nature of prismatic slip. The outcomes of this work
advance the understanding of temperature and composition-dependent
non-basal slip in Laves phases.
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using the nudged elastic band (NEB) method.[20,21] The effects of
temperature and chemical composition on SF structures were
studied using molecular dynamics (MD) and hybrid MD/
Monte Carlo (MC)[22] simulations, respectively. The FIRE[23,24]

and Quickmin[25] algorithms were used for relaxation in molec-
ular statics (MS) simulations and NEB calculations, respectively.
For more details on the simulation methods, see section 4.

2. Results and Discussion

2.1. Prismatic Slip Systems and Stacking Fault States

The prismatic slip systems were systematically assessed by
calculating the generalized stacking fault energy (γ) surfaces of

three possible interlayers on prismatic f1100g plane in C14
CaMg2 (see Figure 1a,c,e) and MgZn2 (see Figure S1a,c,e,
Supporting Information). Meta-stable states close to the ½1120�
slip paths were identified as the prismatic SF states in all inter-
layers. After full relaxation, the SF of interlayer III (SF III) shows
the lowest stacking fault energy (SFE: 422mJm�2 in C14 CaMg2
and 265 mJm�2 in C14 MgZn2), presumably more stable than
the SF states of interlayer I and II (SF I and SF II), as summa-
rized in Table 1. The energy barriers of full and partial slip paths
were calculated using the NEBmethod as shown in Figure 1b,d,f.
Although the interplanar distance of interlayer III is almost two
times larger than interlayer I and II, the energy barriers of slip
events on the three interlayers are at similar levels. For interlayer
I and II, the energy barrier profiles are nearly identical. For the

(a) (b)

(c) (d)

(e) (f)

Figure 1. Prismatic slip systems of C14 CaMg2. Generalized stacking fault energy (γ) surfaces of interlayer a) I, c) II, and e) III. Minimum energy paths
computed for full (½1120� or ah i) and partial ( aþ ch i) slip events on interlayer b) I, d) II, and f ) III using NEB. The full and partial slip directions are marked
in blue and green dashed arrows on the γ surfaces, respectively. The C14 unit cell and prismatic slip planes (marked in black dashed lines) are shown in
the insets. Ca (large) and Mg (small) atoms are colored brown and green, respectively.
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full slip paths, the energy barriers on interlayer III are 11% and
3% higher than on interlayer I/II in C14 CaMg2 and MgZn2,
respectively. For the partial slip paths, the energy barriers on
interlayer III are 7% higher and 12% lower than on interlayer
I/II in C14 CaMg2 and MgZn2, respectively. Additionally, the
energy barrier for partial slip paths within the same interlayer
is slightly lower compared to that of full slip paths.

The identification of prismatic SF states is in agreement with
the experimental observation in a C14 Nb-based Laves phase
after low and high-temperature deformation by Zhang et al.[17]

Abundant extended prismatic SFs bounded by partial disloca-
tions with compact cores and Burgers vectors of 3

16 ½0001� þ
1
6 ½1120� were observed in atomic-resolution STEM.[17] Our study
determined the Burgers vectors of prismatic partial slip close to
3
16 ½0001� þ 1

6 ½1120�, which correlates well with the aforemen-
tioned experimental results. Furthermore, Zhang et al.[17]

reported that the prismatic SF is not flat and exhibits numerous
steps, which they attributed to the movement of dislocations fre-
quently switching between different prismatic slip planes. This
can be explained by the nearly equal energy barriers we calculated
for prismatic slip paths on interlayer I, II, and III, see Table 1.
Further research is needed to gain a more comprehensive under-
standing of the out-of-plane mechanisms of prismatic disloca-
tions switching between various interlayers and the associated
energy barriers.

Three prismatic SF states with different microstructures and
energies were found in this work (see Figure 2a–c). The struc-
tures of SF I and II (of interlayers I and II, respectively) demon-
strate rotational symmetry (a 180° rotation around the axis
aligned with the viewing direction) and therefore exhibit the
same SFE. The arrangement of atoms within the SF consisting
of a Laves building block (marked in blue dashed rhombic tile)
with the characteristic triple-layer and a Zr4Al3 building block
(marked in blue dashed rectangular tile) was found in SF I
and II. This fundamental building block also exists in the
μ-phase. Note that an empty site in the Zr4Al3 building block
was observed, see Figure 2a,b. A similar arrangement of atoms
exists in SF III, with different site occupancies and chemical dis-
tributions (see Figure 2c). In this case, an empty site exists in the
middle atomic column of the Laves building block. Interestingly,
these SF structures are not thermally stable at room or elevated

temperature. After equilibration at 300 K, a structural transition
induced by short-range diffusion was observed in SF I and II.
The empty site is partially occupied by small (Mg) atoms hopping
from a nearby site at the junction of four lattice tiles, and the
large (Ca) atoms in the middle atomic column of the Laves build-
ing block shift toward the site where the small atoms are left
behind, see Figure 2d,e. The structure of SF I and II at 300 K
is very similar to the experimentally observed prismatic SF struc-
tures after room temperature deformation in ref [17], see
Figure 2g,h. In addition to the identical lattice tiles, the atomic
distributions in SFs are similar in our atomic configurations and
high-resolution STEM images. The positions of three bright
atomic columns (highlighted using white dashed circles)
corresponding to the heavy elements (Nb in Nb-base Laves
phase) correlate well with the simulation results (Ca in C14
CaMg2). In addition, the shift of the middle atomic column
out of the Laves triple-layer was also reported in the experiment
as illustrated using the grey dashed line in Figure 2g,h.

SF III shows better thermal stability than SF I and II. It keeps
the same atomic structure at 300 K with a structural transition
observed after equilibration at 500 K only, see Figure 2c,f. The
empty site in the Laves building block is partially occupied by

Table 1. Summary of interplanar distances of prismatic interlayers, the
energy barriers of full (ΔEfull) and partial (ΔEpartial) slip paths on
prismatic planes and prismatic stacking fault energies (SFE) of C14
CaMg2 and MgZn2 and SFE of optimized prismatic stacking fault
structures.

Interlayer CaMg2 MgZn2

I II III I II III

Interplanar distance [Å] 0.902 0.871 1.712 0.760 0.731 1.433

ΔEfull [mJ m�2] 667 664 738 495 495 512

ΔEpartial [mJ m�2] 661 662 705 476 476 420

SFE [mJ m�2] 516 516 422 460 460 265

Optimized SFE [mJ m�2] 374 374 326 191 191 189

Figure 2. Prismatic stacking faults in C14 CaMg2. Stacking faults of inter-
layer a) I, b) II, and c) III after energy minimization (force tolerance:
10�8 eV Å�1). Stacking fault configurations were equilibrated for 200 ps
at finite temperatures in isothermal–isobaric (NPT) ensemble using
MD simulations: interlayer d) I and e) II at 300 K and f ) interlayer III
at 500 K. The black arrows indicate the atomic displacement relative to
the configurations at 0 K. The black dashed circles indicate the empty sites.
Ca (large) and Mg (small) atoms are colored brown and green, respec-
tively. Blue and magenta dashed tiles indicate the prismatic stacking fault
and perfect lattices, respectively. Prismatic stacking fault structures in C14
NbðCr;Ni;AlÞ2 Laves phase after g,h) room temperature impact deforma-
tion and i) high-temperature compression. The white dashed circles
indicate the sites with high intensity. (g–i) Adapted with permission.[17]

Copyright, American Physical Society.
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small (Mg) atoms hopping from a nearby site at the junction of
lattice tiles. Compared to the SF observed in experiments follow-
ing high-temperature deformation, diffusion-assisted SF III at
500 K exhibits a similar chemical distribution in the Laves build-
ing block but a distinct chemical distribution in the Zr4Al3 build-
ing block. In the experimental observation, the heavy (large)
atoms are positioned at the up and down sites within the
Zr4Al3 building block (Figure 2i), whereas in the MD simulation,
they are situated at the left and right sites (Figure 2f ). These
discrepancies between the 0 K SF structures obtained in the γ
surface calculations and the experimentally observed SF struc-
tures after finite temperature deformation imply that the forma-
tion of prismatic SF involves not only simple crystallographic slip
mechanisms but also diffusion, highlighting the thermally acti-
vated nature of prismatic slip. More detailed interpretations of

the temperature-dependent mechanisms of partial slip events
and their correlation with the experimental SF structures are
presented in the next subsection.

2.2. Mechanisms of Partial Slip Events

According to our calculations, the atomic displacement intro-
duced by thermalization at room temperature optimizes the
structure of glide-induced SF I and II by shifting one out of
two atoms in the Mg atomic column to the empty site (see
the displacement vectors as shown in the inset of Figure 3a).
After energy minimization, the Ca atoms located in the atomic
column in the Laves triple-layer shift toward the empty site left
behind by the Mg atoms. The SFE of SF I decreases by 28% to

(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

Figure 3. Mechanisms of partial slip events and formation of stacking fault I/II at interlayer I/II in C14 CaMg2. a) Minimum energy path computed for the
transition from glide-induced SF I to diffusion-assisted SF I using NEB. The insets show the stacking fault structures at reaction coordinates (RC) 0 and 1.
The black arrows indicate the atomic displacement relative to RC 0. The dashed circle indicates the empty site. b) Minimum energy path computed for the
partial slip event and optimized partial slip event using NEB. c–f ) Transition states of the partial slip event. g–j) Transition states of the optimized partial
slip event. Left: view along ½1100� direction; right: view along ½1120� direction. Ca (large) and Mg (small) atoms are colored brown and green, respectively.
Trajectories of atoms are colored in a black-grey gradient according to the reaction coordinate.
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374 mJm�2 in CaMg2, and by 58% to 191 mJm�2 in MgZn2
after the structural opimization. The NEB calculation was per-
formed to find the MEP between the initial and optimized SF
states (see Figure 3a). For the glide-induced SF I and II, a small
energy barrier of 15 mJm�2 could be overcome with thermally
assisted diffusion to reach a SF state with lower energy. In addi-
tion to a lower SFE, the diffusion-assisted formation of SF I and
II states (Figure 3b) is mediated by a different mechanism
(Figure 3c–j) with a lower energy barrier. Simple crystallographic
slip mediates the partial slip events between the pristine and
glide-induced SF I and II states, with all atoms moving in the
same direction as the partial Burgers vector (as illustrated in
Figure 3c–f ). For the partial slip event between the pristine
and optimized SF I and II states, a synchroshear-like mechanism
was identified, where certain Mg atoms move in a direction that
differs from the direction of the partial Burgers vector.

The structure of glide-induced SF III is optimized by swap-
ping the elemental type in the Zr4Al3 building block to be iden-
tical as reported in the experiment (see Figure S2c,d, Supporting
Information). The SFE of the optimized SF III after the swapping
decreases to 326 (by 23%) and 189 (by 29%) mJm�2 in CaMg2
and MgZn2, respectively. After atomic swapping within the SF
III structure, site occupancies adhere to the principles of topo-
logically close packing, namely larger atoms (denoted as A in
the AB2 formula) occupy larger sites (identified as Z15 and
Z16 according to the classification by Frank and Kasper[26,27])
and smaller atoms (B in AB2) occupy smaller sites (Z12 and
Z14). The formation of the more energetically favorable SF III
state necessitates a more substantial thermal fluctuation than
the optimized SF I and II state due to its involvement in not only
atomic diffusion but also atomic swapping. This rationalizes the
experimental evidence of optimized SF III that is mainly
observed after high temperature deformation.[17]

The formation of more energetically favorable prismatic SFs
requires the assistance of diffusion implies the strong thermally

activated nature of prismatic partial dislocations. Thermal
assistance was demonstrated to be indispensable in activating
synchro-Shockley dislocations, implying that the motion of this
zonal dislocation is prohibited at low temperatures.[11,12] A
temperature-dependent deformation behavior is also expected
for prismatic partial dislocations where the thermal fluctuation
can significantly lower not only the planar fault energies but also
the associated energy barriers of slip events.

2.3. Composition Dependence of Site Occupancy

The composition-dependent prismatic SF III structures in
C14 MgZn2 were investigated using hybrid MD/MC in the
variance-constrained semi-grand canonical (VC-SGC) ensemble
at 500 K. The SF I and II structures in C14 MgZn2 exhibit
instability at elevated temperatures, attributed to the very small
energy differences between the SF stats and the subsequent
energy maxima (see Figure S1b,d, Supporting Information).
The target concentrations were set within the range of 5% off-
stoichiometry, that is from 28.3% to 38.3% Mg. After reaching
equilibrium, the site occupancy intensity NA=N tot (where NA is
the number of A-type atoms andNtot represents the total number
of sites within a single atomic column in AB2 Laves phase) was
averaged over all unit cells within the prismatic SFs. The statis-
tics of the site occupancies in SF III at different chemical com-
positions are shown in Figure 4f and the Frank-Kasper naming
convention of the sites is illustrated in Figure 4e. Multiple SF III
states with different chemical compositions are depicted in the
chemical distribution schematic of Figure 4a–d. As compared to
the matrix, a significantly higher concentration of solute atoms
was identified at prismatic SFs after 16 000 MC steps (1.6 ns MD
time), see Figure S3, Supporting Information. The atomic swap-
ping mainly takes place in the Zr4Al3 building blocks, with the
Laves building blocks that remain unchanged except at 28.3%Mg

(a) (b)

(e)

(f)

(c) (d)

Figure 4. Prismatic stacking fault III in C14 MgZn2 at 500 K and off-stoichiometric compositions. a–d) Schematic of chemical distribution in the SF III
under different target Mg concentrations after 1.6 ns hybrid MD/MC simulations (1 MC step with 10% swap fraction every 0.1 ps MD time) in variance-
constrained semi-grand canonical (VC-SGC) ensemble (T= 500 K, κ= 1000, Δμ=�0.3 eV). Mg (large) and Zn (small) atoms are colored brown and
green, respectively. For the atomic sites with two colors, the fraction of the area represents the rough estimation of the percentage of the element in one
atomic column. f ) The schematic illustration of the atomic arrangement in prismatic stacking fault. The atomic site is named after the type of surrounding
atomic cluster (i.e., Z12 indicates the site is the center of an icosahedral cluster) and corresponding position (i.e., L: left; R: right; U: up; D: down) in the
tiles. e) The intensity of A-type atom (for AB2 Laves phase) in an atomic column of the stacking fault sites.
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composition. At 31.3% Mg composition (�2% off-stoichiometry),
Z14L and Z14R are nearly fully occupied by Zn (small)
atoms in contrast to the glide-induced SF III configuration
(Figure 2f ). In addition, half of the Z15U and Z15D sites are
occupied by Mg (large) atoms. With decreasing Mg content,
around 75% Z15U and Z15D sites are occupied by Zn atoms
at 28.3% Mg composition. On the Mg-rich side of the off-
stoichiometry, all sites in the Zr4Al3 building blocks are mostly
occupied by Mg atoms. At 38.3% Mg composition (þ5% off-
stoichiometry), nearly pure Mg Zr4Al3 building blocks were
obtained. The variation in local chemical distribution within
SF III at differing chemical compositions offers a potential
explanation for the observed variance in the intensity of atomic
columns at identical sites across various unit cells along the
prismatic SF in the room-temperature impact sample, as
reported by Zhang et al.[17] The presence of diverse prismatic
SF states in off-stoichiometry implies that the chemical compo-
sition has an impact on prismatic plasticity. To gain a more
profound comprehension of prismatic plasticity, additional
works are necessary, such as unraveling dislocation mechanisms
and the effects of solute atoms on dislocation motion.

3. Conclusion

In this study, we evaluated the prismatic slip systems and poten-
tial metastable states of C14 CaMg2 and MgZn2 using atomistic
simulations. Various prismatic stacking fault states with identical
projected positions of atoms but different chemical distributions
and site occupancies were identified at varying interlayers, tem-
peratures and chemical compositions. These enlighten atom-
ically resolved experimental observations previously reported
in the literature. The formation of prismatic stacking faults that
are energetically favorable involves short-range diffusion, indicat-
ing that prismatic slip is thermally activated. The findings of this
work enhance our comprehension of non-basal slip in Laves
phases, which is known to be dependent on temperature and
chemical composition.[16,28]

4. Simulation Methods

The atomistic simulations were performed using the molecular
dynamics (MD) software package LAMMPS.[29] The interatomic
interactions were modeled by the modified embedded atom
method (MEAM) potential by Kim et al.[18] for Ca-Mg and the
embedded atom method (EAM) potential by Brommer et al.[19]

for the Mg-Zn system. Both potentials reasonably describe the
mechanical properties of C14 CaMg2 and MgZn2 Laves phases
as compared to experiments and ab initio calculations (see
Table S1, Supporting Information).

To investigate the prismatic f1100g slip systems, the C14
CaMg2 and MgZn2 Laves structures were constructed using
Atomsk[30] following the crystallographic orientation: x ¼ ½1120�,
y ¼ ½1100� and z ¼ ½0001�. Generalized stacking fault energy
(GSFE) surfaces were calculated by incrementally shifting one-half
of the crystal along the slip directions across the slip plane. Periodic
boundary conditions (PBC) were applied in the x and z directions
parallel to the slip plane (contains 3� 2 unit cells). Non-periodic

boundary conditions were used along the y-½1100� direction
(20 unit cells in y-direction). The FIRE[23,24] algorithm with the
force tolerance of 10�8 eV Å�1 was used to relax atoms along the
y-½1100� direction after each displacement step. The energy barrier
ΔE was calculated according to Equation (1):

ΔE ¼ E � E0

A
(1)

where E0 is the energy of the initial configuration before rigid-body
displacement and A is the area of slip plane A= lxlz. The stacking
fault states were identified on the GSFE surfaces and then fully
relaxed. Convergence tests of the dimensions of the simulation
box on the prismatic SFE were performed and demonstrated that
3� 20� 2 unit cells are sufficient to accurately capture SFE and
ensure reliable simulation results, see Figure S4, Supporting
Information. In addition, climbing image nudged elastic band
(NEB)[20,21] calculations were performed to find saddle points
and minimum energy paths (MEPs) of slip events on the atomic
configurations with the same dimensions and boundary condi-
tions as above mentioned. The spring constants for parallel and
perpendicular nudging forces are both 1.0 eVÅ�2. Quickmin[25]

was used to minimize the energies across all replicas until the
force norm was below 0.01 eVÅ�1.

The prismatic stacking fault configurations (9� 40� 6 unit
cells with PBC in all directions) in C14 CaMg2 and MgZn2 were
equilibrated for 200 ps at 300 or 500 K using the Nosé–Hoover
thermostat together with the Nosé–Hoover barostat[31] to relax
possible stresses. The timestep is 1 fs. To investigate the chemi-
cal distribution at planar faults, hybrid MD/Monte Carlo (MC)
simulations in the variance-constrained semi-grand canonical
(VC-SGC)[22] ensemble (κ= 1000, Δμ=�0.3 eV) were per-
formed at T= 500 K on the C14 MgZn2 sample containing pris-
matic stacking faults for 1.6 ns (1 MC step with 10% swap
fraction every 0.1 ps MD time). The target concentrations of
Mg atoms vary from 28.3% to 38.3% (�5% off-stoichiometry).
The Δμ values were derived by optimizing the number of suc-
cessful atomic swaps to achieve the desired concentration after
20 iterations. At 500 K, within a �5% chemical concentration
range, the optimized Δμ values were determined to be within
the range of �0.26–0.33 eV. To ensure that the systems reach
equilibrium at the target concentration, chemical potential and
temperature, we used the evolution of potential energies
(Figure S5, Supporting Information), local and global concentra-
tions (Figure S6, Supporting Information), and successful swap
rates (Figure S7, Supporting Information) as indicators.

The atomic structures were quenched using the conjugate
gradient method to reduce thermal noise for visualization.
The Open Visualization Tool (OVITO)[32] was used to visualize
the atomic configurations and trajectories.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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