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The deformation behavior of metallic glass (MG)-high entropy alloy (HEA) nanolaminate is explored
through molecular dynamics simulations using nanolaminate models of FeCoCrNiAl;; MG and FeCoCr-
NiAlps HEA. Quantitative analysis of the atomic strain and dislocation dynamics among competing and
cooperative deformation mechanisms is accomplished through the implementation of uniaxial tensile de-
formation. The combination of glassy and crystalline nanolayers biases the plastic deformation to regions
near the glass-crystalline interface at lower strains, which lowers the activation barrier for the onset of
dislocation nucleation and propagation. With increasing applied strain, dislocations are absorbed into the
amorphous plate via slip transfer across the glass-crystalline interface, in turn triggering the activation of
homogeneously distributed shear transformation zones (STZs) in amorphous plate. The competitive de-
formation mechanism suppresses the formation of localized shear bands and increases the resistance to
dislocation motion, thereby promoting enhanced ductility in MG-HEA nanolaminates. Additionally, due to
the high strength of the HEA, the laminate structures exhibit a much higher strength than conventional
MG-crystalline laminates. The combination of high strength HEAs and MGs and the complex deformation
behavior may overcome the typical strength-ductility trade-off and make MG-HEA laminates promising
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candidates for a variety of structural and functional applications.
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1. Introduction

High-entropy alloys (HEAs) have attracted enormous attention
over the past decades due to their excellent properties as func-
tional and structural materials in many fields [1-3]. Because of
their unique multi-principal element compositions and single crys-
talline solid solution phase, HEAs possess remarkable properties
such as high strength/hardness, high ductility, outstanding wear
resistance and exceptional high-temperature strength [4,5]. There-
fore, they are used in critical applications, such as aerospace mate-
rials, damage resistance materials, tool materials, coating materials,
and brazed filler materials [6,7]. Especially, acting as reinforcement
in composites, the HEAs with special properties have unique ad-
vantages on enhancing the performance of composites [8]. The Al-
CoCrFeNiTi HEA with single-crystalline microstructure was used to
effectively improve the mechanical properties of Al-Si alloy [9]. The
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elastic modulus, tensile strength and elongation of Cu-based com-
posites were enhanced due to the addition of AlCoNiCrFe HEA [10].
Similarly, also the strength and the elongation of an Al-Cu-Ti alloy
were improved simultaneously through the addition of AlCrCoFeNi
HEA [11].

Similarly, metallic glasses (MGs) possess superior physical,
chemical and mechanical properties such as high strength and
hardness [12]. In addition, both, HEAs and MGs, are two mate-
rial classes based on substantial mixing of multi-principal ele-
ments. However, the plastic deformation of MGs is highly local-
ized in narrow shear bands (SBs) that promote premature fracture
[13-16]. So far, to avoid early failure of MGs, MGs matrix com-
posites with crystalline secondary phases have been synthesized
[17-22]. Hereby soft crystalline inclusions act as initiation sites
for SBs and effectively distribute the applied strain. Additionally, a
number of experimental and computational studies have suggested
that multilayered glass-crystalline nanolaminates show outstand-
ing mechanical properties and homogeneous plastic strain [23-
30]. The design concept of glass-crystalline nanolaminates, which
systematically controls the volume fraction and the thickness of
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Fig. 1. Atomic configurations of (a) HEA, (b) MG and (c) MG-HEA laminate model.
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their component layers, provides a suitable strategy towards the
strength-ductility synergy [31-34]. The co-deformation of glass and
crystalline phases and the complex interaction between disloca-
tions and SBs through the glass-crystalline interface play a signif-
icant role for reaching enhanced mechanical performance [19,35-
38]. One therefore wonders if replacing soft crystalline phases with
exceptionally strong HEAs may result in novel glass-crystalline
nanolaminates that may overcome the strength-ductility trade-off.
In order to provide an atomistic understanding of the co-
deformation mechanisms in such laminate structures, we model
uniaxial tension deformation of FeCoCrNiAl;; MG-FeCoCrNiAlg s
HEA nanolaminate using molecular dynamics (MD) simulations in
this work. First, the microstructure of the glass-crystalline interface
in the MG-HEA laminate is analyzed. Second, the deformation be-
havior of the nanolaminate is compared to the free-standing HEA
plate while dislocation motion and density are monitored. We also
differentiate between the deformation behavior of a free-standing
MG and the MG plate in the nanolaminate to reveal the confine-
ment effects of the crystalline structure in SB dynamics. Finally, the
competing deformation mechanisms in the MG-HEA laminates are
investigated with special attention devoted to the glass-crystal in-
terface and the mechanistic coupling of dislocations and SBs.

2. Simulation approach
2.1. HEA, MG and laminate models

In order to understand the co-deformation mechanism in MG-
HEA nanolaminates, the uniaxial tensile simulations were per-
formed using the large-scale molecular dynamics simulation pack-
age LAMMPS [39]. As shown in Fig. 1, atomic models were created
to study the deformation mechanism in HEA, MG and the lami-
nate structure. The atomic interactions were described by the Fe-
Co-Cr-Ni-Al embedded atom method (EAM) potential developed by
Farkas et al. [40]. The phase structure of FeCoCrNiAlx changes from
FCC to BCC and even to an amorphous phase with increasing Al
content [41,42]. Hence, we obtained high entropy metallic glasses
by increasing the content of Al in the FeCrCoNiAl alloy. The alloy
composition of the HEA is FeCoCrNiAlg 5 while the one of the MG
is FeCoCrNiAl; 7. The MG is stable and retains the glassy structure
during annealing at elevated temperatures close to Ty (=~ 850 K).
For all simulations, a constant integration time step of 1 fs was
used. First, the HEA sample was constructed with a simulation box
5 x 30 x 60 nm3? containing 809,200 atoms and using periodic
boundary conditions (PBC). The atoms in the FeCoCrNiAlys HEA
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Fig. 2. The dislocation distribution (a), and the microstructure (b) of MG-HEA lam-
inate at the glass-crystalline interface (dashed line). The dashed circle highlights an
area of crystallization in the glass plate accompanied by dislocation nucleation. The
inset panel displays a different perspective of the same areas marked by the dashed
circle.
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are distributed randomly in a FCC crystal structure with a lattice
constant equal to 0.35 nm. The crystallographic orientation of the
initial configuration of the HEAis x (100),y (01 0),and z (0 0 1),
respectively. The HEA sample was prepared following two stages:
(1) The system was heated at a rate of 1 K/ps from 50 K to 2000 K,
and relaxed at 2000 K for 1 ns. (2) The melt was fast quenched at a
cooling rate of 1 K/ps from 2000 K to 50 K and relaxed at 50 K for
another 1 ns. The isobaric-isothermal (NPT) ensemble was adopted
to simulate the heating and quenching processes.

The FeCoCrNiAl; ; MG sample containing 790,272 atoms ran-
domly distributed in the simulation box of same size as the box
used for the HEA plate was produced with PBC in all three direc-
tions by quenching from the melt. The MG preparation followed 4
steps: (1) The structure was relaxed at 2000 K for 1 ns to ensure
chemical homogeneity. (2) The melt was fast quenched to 800 K,
which is 50 K below Ty (T; ~ 850 K) using a cooling rate of 1 K/ps.
(3) The sample was annealed at 800 K for an extended simulation
time of 20 ns to better relax the glassy structure. (4) Afterwards,
the glass was quenched to 50 K at a cooling rate of 1 K/ps and
then relaxed at 50 K for 1 ns. During quenching the system was
relaxed in the x-direction (normal to the interface of the MG-HEA
laminate) while holding the y- and z-directions fixed to keep the
same dimensions as the HEA plate [43,44]. Although the glassy and
crystalline plates have the same size in y- and z-directions there
are some small residual stresses in these two directions of the MG
plate due to the effect of constrained thermal contraction (the sys-
tem is not allowed to contract on the y- and z-directions). How-
ever, the stress components are below 0.1 GPa.

At last, the MG-HEA laminate was constructed by overlapping
the model of FeCoCrNiAl; ; MG plate on top of the FeCoCrNiAlg s
HEA plate along the x-direction. The size of the MG-HEA laminate
is about 10 x 30 x 60 nm3 and contains 1,599,472 atoms.

2.2. Uniaxial tensile deformation
To study the mutual deformation mechanisms, the HEA, high

entropy MG and MG-HEA laminate samples were deformed at a
constant engineering strain rate of 4 x 107/s at 50 K along the
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Fig. 3. The microstructure of the MG plate and the stress distribution at the inter-
face of the MG-HEA laminate before relaxation (a), (b) and after relaxation (c), (d).
The dashed circles highlight the areas of highest stresses that drive crystallization of
the glass. Crystallization induces local stress relaxation. The green areas represent
FCC atoms while atoms of the glassy phase are colored in gray. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

z-direction. PBC were applied in all three directions. The temper-
ature of the systems is controlled at 50 K within an NPT ensem-
ble, so that thermal effects can be eliminated. Prior to deformation,
the samples were relaxed at zero pressure for 1 ns and 50 K to
reach an equilibrium state. The visualization software (OVITO) was
used to perform the post-processing via Common Neighbor Analy-
sis (CNA), Dislocation Analysis (DXA) and atomic strain to analyze
the atomic-scale deformation mechanisms [45-48].
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Fig. 4. The tensile stress-strain curves of HEA, MG and MG-HEA laminate, respec-
tively.

3. Microstructure of the glass-crystalline interface in MG-HEA
laminate

For the case of laminate structures the interface microstruc-
ture and behaviour play a key role in controlling their plasticity.
Hence, we also analyze the structure of our model MG-HEA lami-
nate using the DXA and CNA (see Fig. 2). Even before loading, the
microstructure at the interface exhibits already large fluctuations.
Short Shockley partial dislocations and stair-rod dislocations exist
at the glass-crystalline interface (see Fig. 2(a)). The nucleation of
these short dislocations at the glass-crystalline interface correlates
to the partial crystallization of the glass plate. The weak bonding at
the interface and, the correspondingly lower activation energy for
crystallization, together with the residual stresses drive atomic re-
arrangements which leads to crystallization and formation of nano-
crystallites distributed along the interface [49]. To better visualize
the defects at the interface, all atoms in the system are deleted
leaving only those glassy atoms that crystallize (Fig. 2(b)). Most of
the atoms crystalize in a FCC structure, but also HCP atoms can be
observed. Thus, the defects at the glass-crystalline interface formed
before loading, originating from the crystallization of the glassy
phase.
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Fig. 5. (a) Fraction of atoms with different lattice structure to the total number of atoms during uniaxial tension of the free-standing HEA. (b) Microstructure of the HEA at

different strain levels of (b1) 10.4%, (b2) 11.2%, (b3) 13.6%, (b4) 16%.
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Fig. 6. (a) Fraction of atoms with different lattice structure to the total number of atoms during uniaxial tension of the crystalline plate in the laminate. (b) Microstructure
of the crystalline plate in the laminate at different strains of (b1) 5.8%, (b2) 7.2%, (b3) 8.8% and (b4) 13.6%. The atoms of the amorphous phase were removed to better

visualize the deformation behavior in the HEA plate.
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Fig. 7. Dislocation density, defined as the ratio of the total dislocation line length
and the crystal cell volume, of the free-standing HEA plate and the HEA plate in the
MG-HEA laminate.

The crystallization is an important question that we address
next. Fig. 3 displays the microstructure and the stress distribution
in the MG plate at the interface before and after relaxation. Before
relaxation the microstructure is fully amorphous (see Fig. 3(a)).
Moreover, the stress distribution in the glassy plate at the inter-
face is highly inhomogeneous and shows a higher magnitude as
compared to the inner part of the glassy plate (Fig. 3(b)). However,
after relaxation the stress magnitude decreases while crystalliza-
tion in the MG plate occurs at the areas of highest stresses (see
Fig. 3(c) and (d)). This indicates that high stresses drive atomic
rearrangements, which leads to crystallization and formation of
nano-crystallites distributed along the interface [49-52]|. The crys-
tallization and the related local volume reduction induce local
stress relaxation (areas marked with dashed circles in Fig. 3(d)).
Thus, the initial residual stress at the glass-crystalline interface
leads to local atomic rearrangements and crystallization together
with dislocation nucleation even before tensile deformation.

4. Macroscopic deformation mechanisms

Fig. 4 shows the uniaxial tensile stress-strain curves of HEA, MG
and MG-HEA nanolaminate. For the HEA, the stress increases lin-

early with increasing the applied strain in the elastic stage (¢ <
10.4 %). The Young's modulus (E) is the slope of the straight-line
regime of the stress-strain curve. Here, the Young’s modulus of the
FeCoCrNiAlp 5 HEA is about 97.8 GPa. The theoretical strength (o)
of a material is often approximated as:

(1)

This value is closer to the highest stress value of 9.95 GPa at
the yield point when the stress undergoes a sudden drop (Fig. 4).
Since our system is a perfect single crystal, free of defects, the the-
oretical strength can be attained [53]. For the FeCoCrNiAl; ; high
entropy MG, the ultimate strength is 4 GPa and the Young’s mod-
ulus is lower than for the HEA (~ 85 GPa). The stable flow stress
is around 2.7 GPa. For the MG-HEA laminate, yielding occurs at
a lower strain level (¢ = 7.2 %) than for the HEA, suggesting that
the glassy plate may control the yielding. Besides, the ultimate
strength of the laminate is slightly higher than that of the MG but
much lower as compared to the value of the HEA. Furthermore,
the strain level at which the stress drops and the magnitude of
the stress reduction are lower than for the HEA plate. Hence, the
mechanical performance of the MG-HEA laminate cannot be pre-
dicted by a simple rule-of-mixtures but special attention should
be devoted to confinement effects and interface-related deforma-
tion phenomena.

E
o = 15 = 9.78 GPa.

5. Confinement effects in MG-HEA laminates
5.1. Deformation mechanism of the HEA

Next, we differentiate between the deformation behaviors of
the free standing MG and HEA systems and their laminate struc-
ture and reveal the confinement effects. The deformation mecha-
nism of HEAs under uniaxial tensile loading is dominated by dis-
location interactions and movement, which is related to the nu-
cleation and emission of dislocations. In order to study in com-
parison the microstructure evolution of the free-standing and the
confined HEA, the fraction of atoms with different lattice structure
as a function of the strain and atomic structures during tensile are
shown in Fig. 5. According to the local crystalline classification vi-
sualized by CNA, different atomic structures can be distinguished.
Green, blue and red colors represent the FCC, BCC and HCP atoms,
respectively, while gray color stands for disordered atoms that are
not identified as any kind of fundamental atomic structures. The
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Fig. 8. Dislocation evolution in the HEA under different strains of (a) 10.4%, (b) 11.2%, (c) 13.6%, (d) 16%. Dislocation evolution of the crystalline plate in the laminate under
different strains of (e) 5.8%, (f) 7.2%, (g) 8.8%, (h) 13.6%. The magnifications of a dislocation node and dislocation loops, and the Burgers vectors of different dislocation lines

in (d) are also displayed.

layered atoms with HCP and FCC structures exhibit different ar-
rangements: a single HCP atomic layer represents a twin bound-
ary (TB), two adjacent HCP atomic layers denote an intrinsic stack-
ing fault (ISF) and two HCP layers with an FCC atomic layer be-
tween correspond to an extrinsic stacking fault (ESF) [54]. The frac-
tion of atoms with different atomic coordination during deforma-
tion is shown in Fig. 5(a). At yielding, the fraction of atoms with
HCP coordination increases due to the formation of intrinsic stack-
ing faults. In the elastic deformation stage there is no defects (see
Fig. 5(b1)). With increasing applied strain, the fraction of atoms
with HCP and other lattice structures have a sudden increase in the
free-standing HEA at a yield strain of 10.4% (Fig. 5(a)). As shown in
Fig. 5(b2), an arrangement of ISF and TB forms when the strain in-
creases to 11.2%. This indicates that the formation of SFs and twin-
ing is the inherently controlling the yielding of the HEA, that is in
good agreement with previous research [55,56]. Also, during yield-
ing, the increase in the disordered atomic configuration indicates

that severe plastic deformation occurs in the free-standing HEA
(see Fig. 5(a), (b3) and (b4)).

In case of the laminate, the structure of the HEA plate shows
even stronger variations with increasing tensile strain (see Fig. 6).
In order to analyze the structure evolution in the crystalline plate,
all atoms of the MG in the laminate were deleted. The laminate
start yielding earlier and hence, the phase transformation from
FCC to HCP structure occurs at a lower strain level of 5.8% (see
Fig. 6(a)). Moreover, the fraction of FCC phase that transforms to
HCP is nearly a quarter of that found in case of the free-standing
HEA plate, while less slip events are activated in the HEA plate
in the laminate. Besides, only stacking faults (ISFs and ESFs) form
upon deformation, as shown in Fig. 6(d2)-(d4). Due to the con-
finement effects in the laminate structure the deformation behav-
ior of the crystalline plate changes from twining to ISF formation
[57,58]. The activation of deformation twinning requires a relatively
high stress or a high strain rate [59,60]. Nevertheless, the partial
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crystallization at the interface and the corresponding nucleation of
Short Shockley partial dislocations and stair-rod dislocations takes
place even before loading. Due to the pre-existent defects the plas-
tic deformation in the laminate occurs at a lower stress or strain
as compared to the free-standing HEA (Fig. 4). Furthermore, the
decrease of activated crystallographic glide in the HEA plate in the
laminate (see Fig. 6(b)) results from the corresponding cooperative
and competing deformation in HEA and MG. Here, the plastic de-
formation is mediated by both, dislocations and SB formation and
propagation, respectively.

The dislocation evolution during the deformation process is fur-
ther investigated using DXA. The comparison between the disloca-
tion density in the free-standing HEA plate and the HEA plate in
the laminate is shown in Fig. 7. For the free-standing HEA, there
are nearly no dislocations before reaching the yield strain of 10.4%,

while the number of dislocations increases rapidly up to a strain
level 11.2% followed by a gradual increase until a strain level of
30%. Hence, the free-standing HEA behave like dislocation free ma-
terial where a high yield strength is required for dislocation nu-
cleation [53,61,62]. This is consistent with previous experimental
work on compression tests of single crystalline nanopillars that
showed catastrophic plastic collapse indicating that severe plastic
deformation occurred in the pillars [62]. Similarly, here the sud-
den stress drop in the stress-strain curve of the free-standing HEA
at the yield point correlates to the rapid increase in the dislocation
density. For the HEA plate in the laminate, the dislocation density
increases slower than for the free-standing HEA. Due to the inhib-
ited slip of stacking faults in the HEA plate in the laminate, the
emission of the dislocation at the yield point is much smaller than
that found in the free-standing HEA. However, the increasing ten-
dency of the dislocation density with strain in the plastic deforma-
tion stage is similar in both HEA plates, indicating that the brittle
MG does not affect the ductility of the laminate.

In order to further analyze the dislocation evolution during the
deformation process, the comparison of the dislocation structures
in the free-standing HEA and the HEA plate in the laminate are
investigated (see Fig. 8). Under tensile loading, just before yielding
of the free-standing HEA (with a yield point of ~ 10.8%) there are
only a few and short dislocation lines but there are no slip events.
After, yielding occurs through simultaneous nucleation of multiple
partial dislocations that glide through the HEA, which results in
the formation of deformation twins, as shown in Fig. 8(b) at the
strain of 11.2%.

The larger number of dislocations acts as barrier to impede dis-
location motion, resulting in further strain hardening of the free-
standing HEA after a strain level of 11.2% (see Fig. 4). Besides, a
significant amount of stacking faults occur through the HEA. It
is well-known that the interactions among dislocations and TBs
play an important role in determining the mechanical properties
of single-phase FCC HEAs [63,64]. Multi-dislocation nodes and dis-
location loops are found in the free-standing HEA (inset panels in
Fig. 8(d)). The evolution of dislocations is mainly attributed to re-
laxation of a very large stress (approaching the theoretical value)
at the yield point. The higher dislocation density and more dislo-
cation loops act as barrier to further dislocation mobility.

For the HEA plate in the laminate, the short Shockley par-
tial dislocations concentrate upon low strain (strain level of 5.8%,
Fig. 8(e)). With further increasing strain, because of the initial low
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number of dislocations and shorter slip distances, there is a weak
interaction between dislocations while their propagation is con-
fined by the MG plate, resulting in shorter and incomplete dislo-
cations even at high strains. This indicates that the co-deformation
of glass and crystalline phases inhibits the dislocations nucleation
and propagation in the HEA plate, which leads to the decreased
strength and enhanced plasticity for the MG-HEA laminate.

The crystallographic orientation plays an important role in the
microstructure and mechanical properties for single crystals. For
comparison, a new laminate model was constructed with a single
crystal FCC HEA plate with a different crystallographic orientation
of x(110),y(-110),and z (00 1) and deformed following the
same procedure. Although there are same small differences in the
stress-strain curves of the two laminates, overall there are no sig-
nificant differences in their interfacial properties and the related
deformation behaviors (for more information please consider the
Supplementary Materials, Sec. S1).

5.2. Deformation mechanism of the MG

In order to highlight the differences between the deformation
mechanisms of the free-standing MG plate and the MG layer in
laminate, the atomic shear strain is depicted in Fig. 9. The plas-
tic deformation in the free-standing MG is confined to one single
SB that is usual for monolithic MGs (see Fig. 9(a)) [65,66]. This SB
mediates the plastic deformation across the sample. However, the
deformation behavior of the MG plate changes completely when
it is confined between HEA plates (see Fig. 9(c)). Atomic shear
strain diagrams of the glassy and crystalline plates at the differ-
ent strain levels are depicted in Fig. 9(b) and (c). At a strain of
5.8%, there is no phase transformation in the crystalline plate. At
the same time, STZs activate homogeneously in the glassy plate,
mostly at the glass-crystalline interface with weakly bonded atoms
and lower activation barriers [21]. With increasing strain, the phase
transformation from FCC to HCP structure results in the formation
of more stacking faults in the crystalline plate. Additionally, ap-
parent STZs occur at the glass-crystalline interface along the posi-
tion of the stacking faults, as shown in the red dashed circles (see
Fig. 9(b2) and (c2)). More details on the relation between disloca-
tions dynamics and STZs nucleation at the interface are provided in
the Supplementary Materials, Sec. S2. This indicates that the defor-
mation in the crystalline plate biases the STZ activation to regions
near the glass-crystalline interface at lower strains. Concurrently,
weakly bonded atoms at the interface reduce also the activation
barrier for dislocation nucleation and propagation as manifested
by a lower stress/strain at the onset of yielding of the MG-HEA
laminate. The continuous nucleation and propagation of disloca-
tions across the crystalline plate generates network-like STZs along
the stacking faults and the formation of embryonic SBs [67](see
Fig. 9(b3) and (c3)). These dislocations are blocked by the glassy
plate while the stress at the dislocation tip triggers in turn the
activation of new STZs at the glass-crystalline interface. Neverthe-
less, the SB nuclei cannot mature into extended defects, resulting
in homogeneous deformation of the glassy plate. A pattern of mul-
tiple SBs intersecting each other can be seen in Fig. 9(c). Moreover,
this competing deformation mechanism is the reason for the ob-
served reduction of the dislocation density in the crystalline plate.
In short, STZ activation and the formation of SBs in the MG plate
are controlled by the formation of SFs and defects in the HEA plate.

6. Interface-related deformation phenomena

Finally, we analyze the relationship between the dislocation
nucleation and evolution and the microstructure at the glass-
crystalline interface during deformation in Fig. 10. Short Shock-
ley partial dislocations and stair-rod dislocations exist at the inter-
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Fig. 11. The microstructure and dislocation distribution at the interface of MG-HEA
laminate at different strain levels of (a) 0, (b) 5.8%, (c) 6.4%. (a1l and a2), (b1 and
b2) and (c1 and c2) are the corresponding magnifications of the dashed squares
in (a), (b) and (c). The atoms of the HEA plate and the glassy phase atoms of the
MG plate are deleted for a better visualization of dislocations and nanocrystallites
nucleation.

face even before loading due to the partial crystallization and the
formation of nano-crystallites (Fig. 10(a)). During deformation, the
dislocation density increases with further crystallization of the MG
plate via stress-induced viscous flow [49,68]. However, the Shock-
ley partial dislocation and stair-rod dislocations do not evolve until
an applied strain of 6.4% (see Fig. 10(b)). Beyond a strain of 6.4 %,
the dislocations propagate across the crystalline plate, as shown in
Fig. 10(c). In addition, stacking faults are generated at this strain
level. Once the defects start to propagate, the crystallization pro-
cess at the interface stops and no other partial dislocations nucle-
ate.

Deformation-induced crystallization of amorphous phases has
been reported previously [31,69-71]. Besides, an increasing defect
density is observed at the glass-crystalline interface (see Fig. 11),
which is attributed to local composition fluctuations and mi-
crostructural changes from FCC to HCP (Fig. 11(al, a2), (b1, b2)
and (c1, c2)). HCP nucleation in the glassy plate induces the nu-
cleation of short Shockley partial dislocations and stair-rod disloca-
tions. The Shockley partial dislocations form around the nanocrys-
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tals (Fig. 11(al, b1, c1)) while stair-rod dislocations nucleate be-
tween two crystalline layers (Fig. 11(a2, b2, c2)). Interface crystal-
lization accelerates with further increasing applied strain up to a
level of 6.4%, and the density of both types of dislocations in the
HEA plate increases. This indicates that the earlier yielding of the
MG-HEA laminate inherently originates from the local atomic rear-
rangements and microstructural changes induced by the inhomo-
geneous stress redistribution at the interface.

7. Conclusions

In this work, MD simulations were employed to reveal the com-
peting deformation mechanisms of MG-HEA nanolaminates. The
main findings are summarized as follows:

(1) Glass-Crystalline interface: The relaxation of the residual
stresses at the interface leads to crystallization via stress-
induced viscous flow and formation of nanocrystallites in
the MG plate distributed along the interface. Microstructural
changes from FCC to HCP induce the nucleation of short Shock-
ley partial dislocations at the interface. Additionally, interface
crystallization accelerates under tensile loading and the density
of Shockley partial dislocations increases, but they do not de-
velop until the yield point.

Confinement effects on the HEA plate: The HEA plate in the
laminate exhibits no deformation twinning during tensile load-
ing. Short Shockley partial dislocations due to the stress misfit
and crystallization nucleate at the interface even before load-
ing. The dislocations cause an earlier yielding of the MG-HEA
laminate. Moreover, the nucleation and propagation of disloca-
tions are inhibited by the MG plate resulting in a significantly
lower dislocation density.

Confinement effects on the MG plate: The deformation mech-
anism in the HEA plate controls the strain localization in the
MG plate. Stacking faults and dislocations are absorbed into the
MG plate via slip transfer across the glass-crystalline interface.
Strain concentration at the location of slip triggers the activa-
tion of STZs in the glassy plate along the dislocation line. Con-
sequently, network-like SBs form along the SFs, hindering the
formation of a dominant SB. In conclusion, MG-HEA nanolami-
nates show exceptional strength and enhanced ductility outper-
forming monolithic MG. The design concept of MG-HEA lami-
nates offers the flexibility to systematically tune their strength
and ductility and, in the end, may allow to overcome the typi-
cal strength-ductility trade-off.
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