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Synchro-Shockley dislocations, as zonal dislocation, are the major carrier of plasticity in Laves
phases at high temperatures. The motion of synchro-Shockley dislocations is composed of localized
transition events, such as kink-pair nucleation and propagation, which possess small activation
volumes, presumably leading to sensitive temperature and strain rate dependence on the Peierls
stress. However, the thermally activated nature of synchro-Shockley dislocation motion is not fully
understood so far. In this study, the transition mechanisms of the motion of synchro-Shockley
dislocations at different shear and normal strain levels are studied. The transition processes of
dislocation motion can be divided into shear-sensitive and -insensitive events. The external shear
strain lowers the energy barriers of shear-sensitive events. Thermal assistance is indispensable in
activating shear-insensitive events, implying that the motion of synchro-Shockley dislocations is

prohibited at low temperatures.
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Laves phases, as the most common intermetallic
phases, exist in many alloys and have a great impact
on their mechanical properties due to their high strength
and good creep resistance compared to the matrix phases
[1-3]. Although Laves phase alloys often exhibit excellent
mechanical properties at high temperatures, their noto-
rious brittleness at room temperature limits their struc-
tural applications [3-5]. Understanding the underlying
deformation mechanisms of Laves phases is thus crucial
for tailoring the material properties of the composites.

Synchro-shear is the dominant mechanism for
dislocation-mediated plasticity on the basal or {111}
plane in Laves phases, which was confirmed by exper-
imental observations of synchro-shear-induced stacking
faults and synchro-Shockley dislocation cores in C14
HfCrs [6]. Moreover, as demonstrated by ab initio cal-
culations [7, 8] and atomistic simulations [9], synchro-
shear slip is the energetically favorable mechanism com-
pared to another competitive crystallographic slip be-
tween kagomé and triple layers for basal or {111} planes
in Laves phases.

As a typical zonal dislocation [10, 11], the synchro-
Shockley dislocation consists of two coupled Shockley
partial dislocations on the adjacent planes of a triple-
layer [12]. The motion of the synchro-Shockley disloca-
tion requires the cooperative motion of these two coupled
Shockley partial dislocations. Recently, the authors re-
ported the mechanisms of motion of synchro-Shockley
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dislocations in C14 CaMg, and C15 CaAly using atom-
istic simulations [13]. Two 30° synchro-Shockley dislo-
cations, partial I and II, with symmetric Burgers vectors
along dislocation lines but different core structures and
energies, were identified. The nudged-elastic band (NEB)
calculations illustrated that the motion of partial T and II
dislocations are composed of nucleation and propagation
of kink-pairs and short-range atomic shuffling processes,
respectively.

Laves phases tend to be ductile only at elevated
temperatures, where the thermal fluctuation is signifi-
cant for activating synchro-Shockley dislocation motion
[4, 14, 15]. In strain-rate jump compression tests on bulk
C15 NbCry at high temperatures, when the strain rate
changes, variations in the mobile dislocation density in
addition to the delayed responses of dislocation velocity
were reported [16]. These phenomena were attributed to
the self-pinning nature of synchro-Shockley dislocations,
namely synchro-Shockley dislocations can be temporar-
ily pinned if one of the two coupled Shockley components
is hindered due to unsuccessful thermal activation [16].

So far, the thermally activated nature of synchro-
Shockley dislocations is not fully understood. In this
study, the transition mechanisms of the rate-limiting
steps (RLS) of the motion of synchro-Shockley disloca-
tions at different shear and normal strain levels are stud-
ied using the NEB method [17, 18]. By definition, NEB
calculations are performed at 0 K, and transition state
theory [19] can be used to predict the behavior at ele-
vated temperatures. The stress-dependent activation en-
ergy and volume of dislocation motion were investigated
and correlated to thermal activation.

Atomistic simulations were performed using LAMMPS
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FIG. 1. Synchro-shear slip in C14 CaMg, at different applied stress states. (a) Shear stress-dependent minimum energy paths
for leading partial of synchro-shear slip under zero normal stress. (b) Shear stress-dependent activation energy of rate-limiting
step (RLS) of synchro-shear slip under zero and 0.05 uniaxial strain €;;. (c¢) Snapshots of the synchro-shear slip mechanisms at
reaction coordinate (RC):0 (7 = 0.45 GPa, ¢;; = 0) and RC:1 (7 = 0 GPa, ¢;; = 0). Only atoms in the triple-layer where the
synchro-shear slip takes place (highlighted) are shown in the view along [0001] (bottom). Large (red) and small (blue) spheres
are Ca and Mg atoms, respectively. Dark and light red atoms indicate Ca atoms in different atomic layers of the triple-layer.
Grey-scale lines indicate the trajectories of atoms colored according to the reaction coordinates. (d) Schematics of deformation
of Laves crystal introduced by synchro-shear slip. Left: initial configuration under pre-shear strain €}2° = b, /l., where b, is
the vector of partial slip and [, is the dimension of the setup in z. The applied shear stress 7 = G(0001>bp /1., where G(oom) is
the shear modulus of the basal (0001) plane. Right: final configuration after the synchro-shear slip and release of stored elastic
energy of pre-shear strain. The blue block indicates the Mg atomic layer in the triple-layer with the transverse displacement
of b, /2 after the synchro-shear slip, where b, is the vector of full slip. The transverse displacement vectors and corresponding
crystallographic orientations are indicated in the coordinate system. The semi-fixed boundary conditions where atoms are
frozen in shear and non-periodic directions are marked in grey.

[20]. The interatomic interactions were modeled by the
modified embedded atom method potential by Kim et
al. [21] for Mg-Ca. The synchro-Shockley partial dislo-
cations (partial I: 1/3[1010]; partial II: 1/3[0110]) in C14
CaMgs were constructed following the method detailed in
[13, 22, 23], and then relaxed using the conjugate gradi-
ent with box relaxation and the FIRE [24, 25] algorithm.
OVITO [26] was used for visualization and analysis. The
applied shear stress 7 value was derived from the shear

modulus on the basal plane given by the elastic constant

C,, of the interatomic potential (G(oom) = 25.6 GPa)

and the applied shear strain [13]. For more details of
methods, see Figure S1 and [9, 13].

The initial configuration of the NEB calculation on
the synchro-shear slip is pre-strained by a transverse dis-
placement corresponding to the partial slip vector b, as
illustrated in Figure 1(d). The pre-strain acts as a driv-
ing force for synchro-shear slip, and its contribution to
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FIG. 2. Kink-pair nucleation of partial I dislocation in C14 CaMg, at different applied shear and normal stress states. (a)
Shear stress-dependent minimum energy paths for kink-pair nucleation under zero normal stress. (b) Shear stress-dependent
activation energy of RLS (kink-pair nucleation) of motion of 30° synchro-Shockley partial I dislocation under zero and 0.05
uniaxial strain €.,. (c-e) Snapshots of the mechanisms of kink-pair nucleation at zero applied shear and normal stress. The
same visualization and color coding schemes as Figure 1(c) are used here. Only the trajectories of highlighted atoms are shown

here.

the stored elastic energy is fully released in the final con-
figuration after the slip event. To investigate the stress-
dependent synchro-shear slip, the strain-controlled NEB
calculations were performed by superimposing additional
shear strain in b, direction on both initial and final con-
figurations. A synchro-shear full slip involves a leading
component with the creation of a stacking fault and a
trailing component with the elimination of the stacking
fault. Here, we focus on the leading partial slip as the
trailing counterpart exhibits a mirror symmetric mini-
mum energy path (MEP) when the external stress is zero,
see Figure S2.

The activation energy of synchro-shear slip decreases
with increasing applied shear stress as shown in Figure
1(a). Similar mechanisms of synchro-shear slip are ob-
served at different stress levels, namely, the upper part
of the crystal (including the Ca atomic layer colored in
dark red) shifts by a displacement gradient from zero
to 42[1010] relative to the lower part of the crystal (in-

cluding the Ca atomic layer colored in light red) and
the Mg atomic layer synchronously displaces by % [1210]
(Figure 1(c)). Therefore, the synchro-shear slip can be
decomposed into a localized atomic shuffling event (in-
cluding only small atoms in the triple-layer, blue block
as indicated in Figure 1(d)) and a global shear straining
event (excluding small atoms in the triple-layer). The
applied shear stress 7 lowers the energy barrier of the
global shear deformation, but not the localized atomic
shuffling in the direction perpendicular to the transverse
displacement introduced by the shear deformation.

The energy barrier of the synchro-shear slip is com-
posed of the activation energies of shear-sensitive and
-insensitive events. The activation volume of the shear-
sensitive component of the RLS (2rrs) is calculated by
taking the first derivative of the activation energy (Frrs)
w.r.t. resolved shear stress (7),

OAFE
QRLS = —%(T) . (1)
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FIG. 3. Rate-limiting steps of motion of partial II dislocation in C14 CaMg at different applied shear and normal stress states.
(a) Shear stress-dependent minimum energy paths for the motion of partial II. (b) Shear stress-dependent activation energies
of RLS (shear straining event when 7 < 0.4 GPa and non-sequential shuffling event after shear straining stage when 7 > 0.4
GPa) of motion of 30° synchro-Shockley partial II dislocation under zero and 0.02 uniaxial strain €.,. (c-e) Snapshots of the
mechanisms of (d) shear straining and (e) non-sequential shuffling under 0.26 GPa applied shear stress and zero normal stress.
The same visualization and color coding schemes as Figure 1(c) are used here. Only the trajectories of highlighted atoms are

shown here.

Here we plot 2b% and 5b%, where b is the partial Burgers
vector with a magnitude of 3.54 A, as constants in Figure
1(b) to estimate Qrrs. The Qgrrs value of the shear-
sensitive event of the synchro-shear slip is close to 2b3.

The effect of normal strain on the activation energy of
synchro-shear slip at different applied shear stress states
is shown in Figure 1(b) and Figure S3. The decrease
of the energy barrier is more pronounced under the uni-
axial tensile strain perpendicular to the slip plane (0001)
(€22) than the other two tensile strain directions (€, and
€yy), since the atomic motion of the synchro-shear slip,
particularly for the large atoms in the triple-layer, in-
volves significant out-of-plane components (Figure 1(c)).
Eventually, the energy barrier of the RLS of the synchro-
shear slip corresponding to the localized atomic shuffling
event does not vanish up to an applied shear stress 7 =
3.52 GPa and uniaxial tensile strain €,, = 10% (Figure
S3). When 7 > 3.52 GPa, a slip between the triple-layer

and the adjacent kagomé layer other than the synchro-
shear slip was observed as the first event, see Figure S4.
This triple-kagomé slip was demonstrated as a compet-
ing mechanism to synchro-shear slip in the Laves crystal
building block of u phases in experiments and ab-initio
calculations [8, 27]. The triple-kagomé full slip disso-
ciates into two mirror symmetric partial slip events in
CaMgs, and a stacking fault state with a high fault en-
ergy 409 mJ/m? compared to the low fault energy of the
synchro-shear induced stacking fault (14 mJ/m? Figure
S5) was obtained, see Figure S6(a-b). In addition, the en-
ergy barrier of the triple and kagomé slip vanishes when
the applied shear stress T = 5.39 GPa (Figure S6(c-d)).

In Laves phases, two synchro-Shockley partial disloca-
tions (partial I and IT) exist on the basal (or {111}) triple-
layer. Our previous NEB calculations suggest that the
motion of 30° synchro-Shockley dislocations is a multi-
step reaction that resolves into multiple transition and in-



termediate states [13]. For partial I dislocation, we iden-
tified kink-pair nucleation and following kink propaga-
tion by vacancy-hopping and interstitial shuffling as the
mechanisms of motion. Among these activation events,
the kink-pair nucleation process exhibits the highest en-
ergy barrier, therefore is the RLS of the mechanism of
dislocation motion (Figure S7(a)).

The activation energy of kink-pair nucleation is 2.20
eV under zero applied shear and normal stress (Figure
2(a)). The kink-pair nucleation process involves the syn-
chronous motion of Ca and Mg atoms in the triple-layer
along 1/3[1010] and 1/3[1210], respectively, see Figure
2(c-e). We calculated the shear stress-dependent excess
energy of kink-pair nucleation by varying the applied
shear strain in the same direction as b, on the initial
and final NEB configurations (Figure 2(a-b) and S7(a)).
The motion of the Mg atom in the triple-layer is a short-
range atomic shuffling in the slip plane perpendicular to
the transverse displacement of applied shear stress and
does not contribute to the global strain of the lattice,
therefore it is insensitive to the applied shear stress. The
activation energy of kink-pair nucleation decreases with
the increase of applied shear stress. Note that we did not
observe any significant change in the kink pair distance as
the applied shear stress was increased (Figure S8). This
is due to the fact that the energetic contribution of the
formation of point defects is much higher than the elas-
tic interaction energy between kinks as well as the line
tension. In addition, the uniaxial tensile strain €, , signif-
icantly lowers the energy barrier (Figure 2(b) and S7(b)).
However, the energy barrier of kink-pair nucleation would
not vanish under the shear and uniaxial loading due to
the shear-insensitive component. When 7 > 1.02 GPa, a
plastic event between triple and kagomé layers was acti-
vated other than the motion of synchro-Shockley partial
dislocations. Two constants of activation volumes, 2b3
and 5b% according to Equation 1, were plotted in Figure
2(b) and the estimation of Qg is close to 2b3, a similar
value as obtained in the simulation setup for synchro-
shear slip.

For partial II, multiple transition events including non-
sequential atomic shuffling, shear straining and short-
range rearrangement were identified as the mechanisms of
motion [13]. Under zero applied shear stress, the shear
straining event has the highest activation energy com-
pared with the other two events (Figure 3(a)). In addi-
tion, the activation energy of the shear straining process
is proportional to the dislocation length (0.018 eV/A),
therefore, it is neither a localized nor a thermally acti-
vated event [13]. The stress-dependent NEB calculations
of partial IT were performed by applying shear strain par-
allel to the Burgers vector of partial IT along [0110]. With
increasing applied shear stress from 0 to 0.1 GPa, the se-
quence of transition events on the MEP rearranges (Fig-
ure 3(a)), therefore abrupt changes of activation energies
of transition events are observed (Figure 3(b)). When
7 > 0.1 GPa, shear straining becomes the first event,
followed by non-sequential atomic shuffling and short-

range rearrangement. The activation energy of the shear
straining event decreases rapidly with increasing applied
shear stress. When 7 > 0.4 GPa, the non-sequential
shuffling event becomes the RLS with the highest ac-
tivation energy on the MEPs, see Figure 3(b). In addi-
tion, the activation energy of the non-sequential shuffling
process remains almost constant (around 0.5 eV) with
increasing applied shear stress. Similar to the localized
atomic shuffling event of kink-pair nucleation of partial I,
the non-sequential shuffling accomplished by the motion
of the Mg atom in the triple-layer does not contribute
to the global shear deformation, therefore it is a shear-
insensitive event. The uniaxial tensile strain €., lowers
the energy barriers of both shear-sensitive and insensitive
events (Figure 3(b) and S7(c)).

For synchro-Shockley dislocations, shear-sensitive and
insensitive events co-exist on the MEPs of dislocation
motion. As the resolved shear stress can only assist to
overcome the energy barriers of shear-sensitive events,
the overall energy barriers would not vanish even at much
higher shear stress. The dislocation motion additionally
requires the successful activation of the shear-insensitive
events with the assistance of thermal fluctuation. For
partial I, the activation of shear-sensitive and insensi-
tive events takes place synchronously during the kink-
pair nucleation. If one of these is unsuccessful due to
insufficient external stress and/or temperature, then the
dislocation becomes temporarily immobile, which is re-
ferred to as the self-pinning nature of synchro-Shockley
dislocations in Laves phases [15, 16]. For partial II, the
thermal activation events could only dominate the tran-
sition process when the energy barrier of the athermal
process is significantly reduced by external shear stress.
In addition, unlike in partial I, the shear-sensitive and
insensitive events of partial II motion are activated sep-
arately, thus, the transition does not require consecutive
activation of events with different energy barriers.

In addition to the differences in energy barriers of ther-
mally activated steps, the transition processes of the mo-
tion of partial I and II show different stress responses
(Figure 2 and 3). A cross-over of partial I and II glide-
dominant regimes is thus expected as the temperature
and/or stress level changes. For a high enough applied
shear stress, partial II is expected to have a higher mo-
bility than partial I at intermediate temperature. It is so
because the non-sequential shuffling becomes the RLS of
partial II, which exhibits a lower activation energy than
the thermally activated steps of partial I. At low-stress
levels but high temperatures, partial I should be more
mobile than partial II. In fact, the thermal fluctuation
can assist the motion of partial I by overcoming the bar-
riers of thermally activated steps, but not the motion of
partial II, where the shear straining as an athermal pro-
cess brings the highest energy difference among all tran-
sition processes. At low temperatures when thermal fluc-
tuations are not sufficient in activating synchro-Shockley
dislocations, dislocation glide between triple and kagomé
layers is expected to be the dominant dislocation event



at high-stress levels.

The overall activation volume for the motion of
synchro-Shockley dislocations consists of a shear-
insensitive component, i.e., the volume for the short-
range shuffling of small atoms in the triple-layer, and
a shear-sensitive component obtained from the variation
of activation energy versus applied stress. For partial I
in this work, the activation volume of the shear-sensitive
thermally activated event on the MEP is close to 2b°.
The activation volume for the shear-insensitive event is
suspected to be similar. Therefore, an estimation of the
activation volume of kink-pair nucleation with a few b3
is reasonable and correlates well with the experimental
estimations on C14 CaMgs (Q < 156, based on the ex-
perimental data obtained from micropillar compression
tests [28, 29]) and other Laves phases [15, 16, 30, 31],
where synchro-Shockley dislocations were believed to be
the main carriers of plasticity.

Uniaxial applied tensile strain perpendicular to the slip
plane can lower the energy barriers of synchro-Shockley
dislocation motion, as the transition events involve out-
of-plane atomic motion, see Figure 2, 3 and S7. This is
known as non-Schmid effect, namely the dependence of
the Peierls barrier upon not only resolved shear stress
but also normal stress, which is common in BCC met-
als for example. Interestingly, non-Schmid behavior has
been recently reported in the micromechanical testing of
M, +1AX,, phases [32, 33] where the glide of zonal dis-
locations on the basal plane is believed to govern the

plastic deformation [34]. It is most probable that the
non-Schmid behavior observed in MAX phases originates
from alternative glide mechanisms similar or identical to
those reported in this work.

In summary, we show that thermal assistance is indis-
pensable in the activation of the motion of one of the cou-
pled synchro-Shockley partial dislocations. This finding
provides an insight into the atomic origin of the brittle
behavior in Laves phases upon deformation at ambient
temperature due to lack of basal or {111} plasticity.
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Supplementary Material:
Thermally activated nature of synchro-Shockley dislocations in Laves phases

(a)

Peierls barrier

g

RC:0 RC:1
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x-[1120]
[1010]

y-[1100]

Figure S 1. Schematic illustration of the simulation setup. (a) Simulation setup for the strain-controlled nudged elastic band
(NEB) calculation of minimum energy path (MEP) of synchro-shear slip. The dimensions of the setup in the periodic directions
z and y are 6 and 10 A, respectively. For the non-periodic direction z, the dimension is 200 A. (b) Slab setup for the NEB
calculation of MEP of synchro-Shockley dislocation motion. The dimensions of the slab in non-periodic directions are around
300 A. Periodic boundary conditions are applied along the dislocation line direction (z) with a dimension of 61 A. The green line
indicates the dislocation line and the black arrow indicates the Burgers vector. Please note that the shown setup corresponds
to partial I, for partial II the stacking fault is on the right of the dislocation. In (a) and (b), semi-fixed outer layers where atoms
are frozen in non-periodic directions are marked in grey, and the thickness is more than 2 times the interatomic potential cutoff
(> 14 A) The red arrow indicates the transverse displacement and the blue dashed box indicates the sample with applied
shear strain. The crystallographic orientation (x-[1120], y-[1100], and z-[0001]) was selected to investigate 30° synchro-Shockley

dislocations, which have a dislocation line along x-[1120] and glide along y-[1100] or [1100] on the basal plane (0001).
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Figure S 2. Minimum energy path for synchro-shear full slip in C14 CaMgs at zero applied stress states
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Figure S 3. Minimum energy paths for leading partial of synchro-shear slip at different shear and normal stress states. (a) Shear
stress-dependent minimum energy paths for leading partial of synchro-shear slip under uniaxial tensile strain €;;=0.05. (b)
Shear stress-dependent minimum energy paths for leading partial of synchro-shear slip under uniaxial tensile strain e,,=0.05.
(c) Shear stress-dependent minimum energy paths for leading partial of synchro-shear slip under uniaxial tensile strain ¢,.=0.05.
(d) Normal strain-dependent minimum energy paths for leading partial of synchro-shear slip under shear strain €,,=0.12.
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Figure S 4. Slip events in C14 CaMgs when 7 > 3.52 GPa. (a) Shear stress-dependent minimum energy paths for the slip events.
(b-d) Snapshots of the slip events at 7 = 4.04 GPa. Only atoms in the triple-layer and the adjacent kagomé layer (highlighted)
are shown in the view along [0001] (bottom). Large (red) and small (blue) spheres are Ca and Mg atoms, respectively. Dark
and light atoms indicate atoms in different atomic layers. Grey-scale lines indicate the trajectories of atoms colored according
to the reaction coordinates. The transverse displacement vectors (in red) and corresponding crystallographic orientations are

indicated in the coordinate system.
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Figure S 5. Strain-dependent (normal or shear strain) stacking fault energy of the simulated C14 CaMgs. The stacking fault
energy decreases with increasing tensile and shear strain. The stacking fault energies in Laves phases are expected to depend
on temperature and applied stress. However, when comparing the energy contribution of the stacking fault extension with the
energy required for kink-pair nucleation, this effect is negligible. E.g., in the kink pair nucleation process at 0% applied strain,
the energy required for the extension of stacking fault is only 1.5% (0.034 eV, considering the width of the kink-pair is 7.3 A,
see Figure S8(b)) of the overall energy barrier (2.20 eV), which is very small.
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Figure S 6. Triple-kagomé full slip in C14 CaMgs. (a) Minimum energy path for triple-kagomé full slip in C14 CaMgs at zero
applied stress states. (b) Snapshots of the triple-kagomé full slip mechanisms. Only atoms in the triple-layer and the adjacent
kagomé layer (highlighted) are shown in the view along [0001] (bottom). Large (red) and small (blue) spheres are Ca and Mg
atoms, respectively. Dark and light atoms indicate atoms in different atomic layers. Grey-scale lines indicate the trajectories
of atoms colored according to the reaction coordinates. The transverse displacement vectors (in red) and corresponding
crystallographic orientations are indicated in the coordinate system. (c) Shear stress-dependent minimum energy paths for the
triple-kagomé full slip. (d) Shear stress-dependent activation energy of rate-limiting step (RLS) of the triple-kagomé full slip.
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Figure S 7. Minimum energy paths for (a) motion of partial I dislocation at different applied shear stress states and zero uniaxial
tensile strain, (b) kink-pair nucleation of partial I dislocation at different applied shear stress states and uniaxial tensile strain
€--=0.05 and (c) motion of partial II dislocation at different applied shear stress states and uniaxial tensile strain €..=0.02 in
C14 CaMgs.
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Figure S 8. Kink-pair nucleation of partial I dislocation in C14 CaMg, at different applied shear stress states (e..=0). (a)
Snapshots at the energy barrier of the kink-pair nucleation process as illustrated in Figure 2(a). (b) Snapshots at the first
local minima after the energy barrier of the kink-pair nucleation process as illustrated in Figure S7(a). The kink-pair distance
is defined as the distance from the center of the vacancy to the interstial Ca atom. Only atoms in the triple-layer where the
synchro-shear slip takes place are shown in the view along [0001]. Large (red) and small (blue) spheres are Ca and Mg atoms,
respectively. Dark and light red atoms indicate Ca atoms in different atomic layers of the triple-layer. Grey-scale lines indicate
the trajectories of atoms colored according to the reaction coordinates.
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