
Acta Materialia 237 (2022) 118191 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Interface-related deformation phenomena in metallic glass/high 

entropy nanolaminates 

Q. Xu 

a , D. Ş opu 
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a b s t r a c t 

The deformation behavior of metallic glass (MG)-high entropy alloy (HEA) nanolaminate is explored 

through molecular dynamics simulations using nanolaminate models of FeCoCrNiAl 1 . 7 MG and FeCoCr- 

NiAl 0 . 5 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 

candidates for a variety of structural and functional applications. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

High-entropy alloys (HEAs) have attracted enormous attention 

ver the past decades due to their excellent properties as func- 

ional and structural materials in many fields [1–3] . Because of 

heir unique multi-principal element compositions and single crys- 

alline solid solution phase, HEAs possess remarkable properties 

uch as high strength/hardness, high ductility, outstanding wear 

esistance and exceptional high-temperature strength [4,5] . There- 

ore, they are used in critical applications, such as aerospace mate- 

ials, damage resistance materials, tool materials, coating materials, 

nd brazed filler materials [6,7] . Especially, acting as reinforcement 

n composites, the HEAs with special properties have unique ad- 

antages on enhancing the performance of composites [8] . The Al- 

oCrFeNiTi HEA with single-crystalline microstructure was used to 

ffectively im prove the mechanical properties of Al-Si alloy [9] . The 
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lastic modulus, tensile strength and elongation of Cu-based com- 

osites were enhanced due to the addition of AlCoNiCrFe HEA [10] . 

imilarly, also the strength and the elongation of an Al-Cu-Ti alloy 

ere improved simultaneously through the addition of AlCrCoFeNi 

EA [11] . 

Similarly, metallic glasses (MGs) possess superior physical, 

hemical and mechanical properties such as high strength and 

ardness [12] . In addition, both, HEAs and MGs, are two mate- 

ial classes based on substantial mixing of multi-principal ele- 

ents. However, the plastic deformation of MGs is highly local- 

zed in narrow shear bands (SBs) that promote premature fracture 

13–16] . So far, to avoid early failure of MGs, MGs matrix com- 

osites with crystalline secondary phases have been synthesized 

17–22] . Hereby soft crystalline inclusions act as initiation sites 

or SBs and effectively distribute the applied strain. Additionally, a 

umber of experimental and computational studies have suggested 

hat multilayered glass-crystalline nanolaminates show outstand- 

ng mechanical properties and homogeneous plastic strain [23–

0] . The design concept of glass-crystalline nanolaminates, which 

ystematically controls the volume fraction and the thickness of 
nc. This is an open access article under the CC BY license 
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Fig. 1. Atomic configurations of (a) HEA, (b) MG and (c) MG-HEA laminate model. 
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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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heir component layers, provides a suitable strategy towards the 

trength-ductility synergy [31–34] . The co-deformation of glass and 

rystalline phases and the complex interaction between disloca- 

ions and SBs through the glass-crystalline interface play a signif- 

cant role for reaching enhanced mechanical performance [19,35–

8] . One therefore wonders if replacing soft crystalline phases with 

xceptionally strong HEAs may result in novel glass-crystalline 

anolaminates that may overcome the strength-ductility trade-off. 

In order to provide an atomistic understanding of the co- 

eformation mechanisms in such laminate structures, we model 

niaxial tension deformation of FeCoCrNiAl 1 . 7 MG-FeCoCrNiAl 0 . 5 
EA nanolaminate using molecular dynamics (MD) simulations in 

his work. First, the microstructure of the glass-crystalline interface 

n the MG-HEA laminate is analyzed. Second, the deformation be- 

avior of the nanolaminate is compared to the free-standing HEA 

late while dislocation motion and density are monitored. We also 

ifferentiate between the deformation behavior of a free-standing 

G and the MG plate in the nanolaminate to reveal the confine- 

ent effects of the crystalline structure in SB dynamics. Finally, the 

ompeting deformation mechanisms in the MG-HEA laminates are 

nvestigated with special attention devoted to the glass-crystal in- 

erface and the mechanistic coupling of dislocations and SBs. 

. Simulation approach 

.1. HEA, MG and laminate models 

In order to understand the co-deformation mechanism in MG- 

EA nanolaminates, the uniaxial tensile simulations were per- 

ormed using the large-scale molecular dynamics simulation pack- 

ge LAMMPS [39] . As shown in Fig. 1 , atomic models were created

o study the deformation mechanism in HEA, MG and the lami- 

ate structure. The atomic interactions were described by the Fe- 

o-Cr-Ni-Al embedded atom method (EAM) potential developed by 

arkas et al. [40] . The phase structure of FeCoCrNiAlx changes from 

CC to BCC and even to an amorphous phase with increasing Al 

ontent [41,42] . Hence, we obtained high entropy metallic glasses 

y increasing the content of Al in the FeCrCoNiAl alloy. The alloy 

omposition of the HEA is FeCoCrNiAl 0 . 5 while the one of the MG 

s FeCoCrNiAl 1 . 7 . The MG is stable and retains the glassy structure 

uring annealing at elevated temperatures close to T g ( ≈ 850 K). 

or all simulations, a constant integration time step of 1 fs was 

sed. First, the HEA sample was constructed with a simulation box 

 × 30 × 60 nm 

3 containing 809,200 atoms and using periodic 

oundary conditions (PBC). The atoms in the FeCoCrNiAl HEA 
0 . 5 

2 
re distributed randomly in a FCC crystal structure with a lattice 

onstant equal to 0.35 nm . The crystallographic orientation of the 

nitial configuration of the HEA is x (1 0 0), y (0 1 0), and z (0 0 1),

espectively. The HEA sample was prepared following two stages: 

1) The system was heated at a rate of 1 K/ps from 50 K to 20 0 0 K,

nd relaxed at 20 0 0 K for 1 ns. (2) The melt was fast quenched at a

ooling rate of 1 K/ps from 20 0 0 K to 50 K and relaxed at 50 K for

nother 1 ns. The isobaric-isothermal (NPT) ensemble was adopted 

o simulate the heating and quenching processes. 

The FeCoCrNiAl 1 . 7 MG sample containing 790,272 atoms ran- 

omly distributed in the simulation box of same size as the box 

sed for the HEA plate was produced with PBC in all three direc- 

ions by quenching from the melt. The MG preparation followed 4 

teps: (1) The structure was relaxed at 20 0 0 K for 1 ns to ensure

hemical homogeneity. (2) The melt was fast quenched to 800 K, 

hich is 50 K below T g ( T g ≈ 850 K) using a cooling rate of 1 K/ps.

3) The sample was annealed at 800 K for an extended simulation 

ime of 20 ns to better relax the glassy structure. (4) Afterwards, 

he glass was quenched to 50 K at a cooling rate of 1 K/ps and

hen relaxed at 50 K for 1 ns. During quenching the system was 

elaxed in the x -direction (normal to the interface of the MG-HEA 

aminate) while holding the y - and z-directions fixed to keep the 

ame dimensions as the HEA plate [43,44] . Although the glassy and 

rystalline plates have the same size in y - and z-directions there 

re some small residual stresses in these two directions of the MG 

late due to the effect of constrained thermal contraction (the sys- 

em is not allowed to contract on the y - and z-directions). How- 

ver, the stress components are below 0.1 GPa. 

At last, the MG-HEA laminate was constructed by overlapping 

he model of FeCoCrNiAl 1 . 7 MG plate on top of the FeCoCrNiAl 0 . 5 
EA plate along the x -direction. The size of the MG-HEA laminate 

s about 10 × 30 × 60 nm 

3 and contains 1,599,472 atoms. 

.2. Uniaxial tensile deformation 

To study the mutual deformation mechanisms, the HEA, high 

ntropy MG and MG-HEA laminate samples were deformed at a 

onstant engineering strain rate of 4 × 10 7 /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.) 
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Fig. 4. The tensile stress-strain curves of HEA, MG and MG-HEA laminate, respec- 

tively. 
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 -direction. PBC were applied in all three directions. The temper- 

ture of the systems is controlled at 50 K within an NPT ensem- 

le, so that thermal effects can be eliminated. Prior to deformation, 

he samples were relaxed at zero pressure for 1 ns and 50 K to 

each an equilibrium state. The visualization software (OVITO) was 

sed to perform the post-processing via Common Neighbor Analy- 

is (CNA), Dislocation Analysis (DXA) and atomic strain to analyze 

he atomic-scale deformation mechanisms [45–48] . 
p

ig. 5. (a) Fraction of atoms with different lattice structure to the total number of atoms

ifferent strain levels of (b1) 10.4 % , (b2) 11.2 % , (b3) 13.6 % , (b4) 16 % . 

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

aminate 

For the case of laminate structures the interface microstruc- 

ure and behaviour play a key role in controlling their plasticity. 

ence, we also analyze the structure of our model MG-HEA lami- 

ate using the DXA and CNA (see Fig. 2 ). Even before loading, the 

icrostructure at the interface exhibits already large fluctuations. 

hort Shockley partial dislocations and stair-rod dislocations exist 

t the glass-crystalline interface (see Fig. 2 (a)). The nucleation of 

hese short dislocations at the glass-crystalline interface correlates 

o the partial crystallization of the glass plate. The weak bonding at 

he interface and, the correspondingly lower activation energy for 

rystallization, together with the residual stresses drive atomic re- 

rrangements which leads to crystallization and formation of nano- 

rystallites distributed along the interface [49] . To better visualize 

he defects at the interface, all atoms in the system are deleted 

eaving only those glassy atoms that crystallize ( Fig. 2 (b)). Most of 

he atoms crystalize in a FCC structure, but also HCP atoms can be 

bserved. Thus, the defects at the glass-crystalline interface formed 

efore loading, originating from the crystallization of the glassy 

hase. 
 during uniaxial tension of the free-standing HEA. (b) Microstructure of the HEA at 



Q. Xu, D. Ş opu, X. Yuan et al. Acta Materialia 237 (2022) 118191 

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. 

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. 
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The crystallization is an important question that we address 

ext. Fig. 3 displays the microstructure and the stress distribution 

n the MG plate at the interface before and after relaxation. Before 

elaxation the microstructure is fully amorphous (see Fig. 3 (a)). 

oreover, the stress distribution in the glassy plate at the inter- 

ace is highly inhomogeneous and shows a higher magnitude as 

ompared to the inner part of the glassy plate ( Fig. 3 (b)). However,

fter relaxation the stress magnitude decreases while crystalliza- 

ion in the MG plate occurs at the areas of highest stresses (see 

ig. 3 (c) and (d)). This indicates that high stresses drive atomic 

earrangements, which leads to crystallization and formation of 

ano-crystallites distributed along the interface [49–52] . The crys- 

allization and the related local volume reduction induce local 

tress relaxation (areas marked with dashed circles in Fig. 3 (d)). 

hus, the initial residual stress at the glass-crystalline interface 

eads to local atomic rearrangements and crystallization together 

ith dislocation nucleation even before tensile deformation. 

. Macroscopic deformation mechanisms 

Fig. 4 shows the uniaxial tensile stress-strain curves of HEA, MG 

nd MG-HEA nanolaminate. For the HEA, the stress increases lin- 
4 
arly with increasing the applied strain in the elastic stage ( ε < 

0 . 4 % ) . The Young’s modulus ( E) is the slope of the straight-line

egime of the stress-strain curve. Here, the Young’s modulus of the 

eCoCrNiAl 0 . 5 HEA is about 97.8 GPa. The theoretical strength ( σth ) 

f a material is often approximated as: 

th � 

E 

10 

= 9 . 78 GPa . (1) 

This value is closer to the highest stress value of 9.95 GPa at 

he yield point when the stress undergoes a sudden drop ( Fig. 4 ).

ince our system is a perfect single crystal, free of defects, the the- 

retical strength can be attained [53] . For the FeCoCrNiAl 1 . 7 high 

ntropy MG, the ultimate strength is 4 GPa and the Young’s mod- 

lus is lower than for the HEA ( ≈ 85 GPa). The stable flow stress 

s around 2.7 GPa. For the MG-HEA laminate, yielding occurs at 

 lower strain level ( ε = 7 . 2 % ) than for the HEA, suggesting that

he glassy plate may control the yielding. Besides, the ultimate 

trength of the laminate is slightly higher than that of the MG but 

uch lower as compared to the value of the HEA. Furthermore, 

he strain level at which the stress drops and the magnitude of 

he stress reduction are lower than for the HEA plate. Hence, the 

echanical performance of the MG-HEA laminate cannot be pre- 

icted by a simple rule-of-mixtures but special attention should 

e devoted to confinement effects and interface-related deforma- 

ion phenomena. 

. Confinement effects in MG-HEA laminates 

.1. Deformation mechanism of the HEA 

Next, we differentiate between the deformation behaviors of 

he free standing MG and HEA systems and their laminate struc- 

ure and reveal the confinement effects. The deformation mecha- 

ism of HEAs under uniaxial tensile loading is dominated by dis- 

ocation interactions and movement, which is related to the nu- 

leation and emission of dislocations. In order to study in com- 

arison the microstructure evolution of the free-standing and the 

onfined HEA, the fraction of atoms with different lattice structure 

s a function of the strain and atomic structures during tensile are 

hown in Fig. 5 . According to the local crystalline classification vi- 

ualized by CNA, different atomic structures can be distinguished. 

reen, blue and red colors represent the FCC, BCC and HCP atoms, 

espectively, while gray color stands for disordered atoms that are 

ot 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. 
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ayered atoms with HCP and FCC structures exhibit different ar- 

angements: a single HCP atomic layer represents a twin bound- 

ry (TB), two adjacent HCP atomic layers denote an intrinsic stack- 

ng fault (ISF) and two HCP layers with an FCC atomic layer be- 

ween correspond to an extrinsic stacking fault (ESF) [54] . The frac- 

ion of atoms with different atomic coordination during deforma- 

ion is shown in Fig. 5 (a). At yielding, the fraction of atoms with

CP coordination increases due to the formation of intrinsic stack- 

ng faults. In the elastic deformation stage there is no defects (see 

ig. 5 (b1)). With increasing applied strain, the fraction of atoms 

ith HCP and other lattice structures have a sudden increase in the 

ree-standing HEA at a yield strain of 10.4 % ( Fig. 5 (a)). As shown in

ig. 5 (b2), an arrangement of ISF and TB forms when the strain in-

reases to 11.2 % . This indicates that the formation of SFs and twin-

ng is the inherently controlling the yielding of the HEA, that is in 

ood agreement with previous research [55,56] . Also, during yield- 

ng, the increase in the disordered atomic configuration indicates 
5

hat 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 

ven stronger variations with increasing tensile strain (see Fig. 6 ). 

n order to analyze the structure evolution in the crystalline plate, 

ll atoms of the MG in the laminate were deleted. The laminate 

tart yielding earlier and hence, the phase transformation from 

CC to HCP structure occurs at a lower strain level of 5.8% (see 

ig. 6 (a)). Moreover, the fraction of FCC phase that transforms to 

CP is nearly a quarter of that found in case of the free-standing 

EA plate, while less slip events are activated in the HEA plate 

n the laminate. Besides, only stacking faults (ISFs and ESFs) form 

pon deformation, as shown in Fig. 6 (d2)–(d4). Due to the con- 

nement effects in the laminate structure the deformation behav- 

or of the crystalline plate changes from twining to ISF formation 

57,58] . The activation of deformation twinning requires a relatively 

igh stress or a high strain rate [59,60] . Nevertheless, the partial 
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Fig. 9. Shear strain distribution in (a) the free-standing MG plate (b) the HEA plates of the MG-HEA laminate (c) the MG plates of the MG-HEA laminate during uniaxial 

tension at different strains. The atomic strain in the MG plate in the laminate shows a similar distribution as found in the crystalline plate. The red dashed circles display 

the locations of SBs in the HEA and MG plates in the laminate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 

Fig. 10. Dislocation evolution at the interface of the MG-HEA laminate at different 

strain levels of (a) 0, (b) 5.8 % , (c) 6.4 % . The red circles highlight two representative 

stacking faults that are magnified in the two adjacent squared boxes. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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rystallization at the interface and the corresponding nucleation of 

hort Shockley partial dislocations and stair-rod dislocations takes 

lace even before loading. Due to the pre-existent defects the plas- 

ic deformation in the laminate occurs at a lower stress or strain 

s compared to the free-standing HEA ( Fig. 4 ). Furthermore, the 

ecrease of activated crystallographic glide in the HEA plate in the 

aminate (see Fig. 6 (b)) results from the corresponding cooperative 

nd competing deformation in HEA and MG. Here, the plastic de- 

ormation is mediated by both, dislocations and SB formation and 

ropagation, respectively. 

The dislocation evolution during the deformation process is fur- 

her investigated using DXA. The comparison between the disloca- 

ion density in the free-standing HEA plate and the HEA plate in 

he laminate is shown in Fig. 7 . For the free-standing HEA, there 

re nearly no dislocations before reaching the yield strain of 10.4 % , 
6 
hile the number of dislocations increases rapidly up to a strain 

evel 11.2 % followed by a gradual increase until a strain level of 

0 % . Hence, the free-standing HEA behave like dislocation free ma- 

erial where a high yield strength is required for dislocation nu- 

leation [53,61,62] . This is consistent with previous experimental 

ork on compression tests of single crystalline nanopillars that 

howed catastrophic plastic collapse indicating that severe plastic 

eformation occurred in the pillars [62] . Similarly, here the sud- 

en stress drop in the stress-strain curve of the free-standing HEA 

t the yield point correlates to the rapid increase in the dislocation 

ensity. For the HEA plate in the laminate, the dislocation density 

ncreases slower than for the free-standing HEA. Due to the inhib- 

ted slip of stacking faults in the HEA plate in the laminate, the 

mission of the dislocation at the yield point is much smaller than 

hat found in the free-standing HEA. However, the increasing ten- 

ency of the dislocation density with strain in the plastic deforma- 

ion stage is similar in both HEA plates, indicating that the brittle 

G does not affect the ductility of the laminate. 

In order to further analyze the dislocation evolution during the 

eformation process, the comparison of the dislocation structures 

n the free-standing HEA and the HEA plate in the laminate are 

nvestigated (see Fig. 8 ). Under tensile loading, just before yielding 

f the free-standing HEA (with a yield point of ≈ 10 . 8% ) there are

nly a few and short dislocation lines but there are no slip events. 

fter, yielding occurs through simultaneous nucleation of multiple 

artial dislocations that glide through the HEA, which results in 

he formation of deformation twins, as shown in Fig. 8 (b) at the 

train of 11.2 % . 

The larger number of dislocations acts as barrier to impede dis- 

ocation motion, resulting in further strain hardening of the free- 

tanding HEA after a strain level of 11.2 % (see Fig. 4 ). Besides, a

ignificant amount of stacking faults occur through the HEA. It 

s well-known that the interactions among dislocations and TBs 

lay an important role in determining the mechanical properties 

f single-phase FCC HEAs [63,64] . Multi-dislocation nodes and dis- 

ocation loops are found in the free-standing HEA (inset panels in 

ig. 8 (d)). The evolution of dislocations is mainly attributed to re- 

axation of a very large stress (approaching the theoretical value) 

t the yield point. The higher dislocation density and more dislo- 

ation loops act as barrier to further dislocation mobility. 

For the HEA plate in the laminate, the short Shockley par- 

ial dislocations concentrate upon low strain (strain level of 5.8 % , 

ig. 8 (e)). With further increasing strain, because of the initial low 
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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 % . (a1 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. 
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umber of dislocations and shorter slip distances, there is a weak 

nteraction between dislocations while their propagation is con- 

ned by the MG plate, resulting in shorter and incomplete dislo- 

ations even at high strains. This indicates that the co-deformation 

f glass and crystalline phases inhibits the dislocations nucleation 

nd propagation in the HEA plate, which leads to the decreased 

trength and enhanced plasticity for the MG-HEA laminate. 

The crystallographic orientation plays an important role in the 

icrostructure and mechanical properties for single crystals. For 

omparison, a new laminate model was constructed with a single 

rystal FCC HEA plate with a different crystallographic orientation 

f x (1 1 0), y ( −1 1 0), and z (0 0 1) and deformed following the

ame procedure. Although there are same small differences in the 

tress-strain curves of the two laminates, overall there are no sig- 

ificant differences in their interfacial properties and the related 

eformation behaviors (for more information please consider the 

upplementary Materials, Sec. S1). 

.2. Deformation mechanism of the MG 

In order to highlight the differences between the deformation 

echanisms of the free-standing MG plate and the MG layer in 

aminate, the atomic shear strain is depicted in Fig. 9 . The plas- 

ic deformation in the free-standing MG is confined to one single 

B that is usual for monolithic MGs (see Fig. 9 (a)) [65,66] . This SB

ediates the plastic deformation across the sample. However, the 

eformation behavior of the MG plate changes completely when 

t is confined between HEA plates (see Fig. 9 (c)). Atomic shear 

train diagrams of the glassy and crystalline plates at the differ- 

nt strain levels are depicted in Fig. 9 (b) and (c). At a strain of

.8%, there is no phase transformation in the crystalline plate. At 

he same time, STZs activate homogeneously in the glassy plate, 

ostly at the glass-crystalline interface with weakly bonded atoms 

nd lower activation barriers [21] . With increasing strain, the phase 

ransformation from FCC to HCP structure results in the formation 

f more stacking faults in the crystalline plate. Additionally, ap- 

arent STZs occur at the glass-crystalline interface along the posi- 

ion of the stacking faults, as shown in the red dashed circles (see 

ig. 9 (b2) and (c2)). More details on the relation between disloca- 

ions dynamics and STZs nucleation at the interface are provided in 

he Supplementary Materials, Sec. S2. This indicates that the defor- 

ation in the crystalline plate biases the STZ activation to regions 

ear the glass-crystalline interface at lower strains. Concurrently, 

eakly bonded atoms at the interface reduce also the activation 

arrier for dislocation nucleation and propagation as manifested 

y a lower stress/strain at the onset of yielding of the MG-HEA 

aminate. The continuous nucleation and propagation of disloca- 

ions across the crystalline plate generates network-like STZs along 

he stacking faults and the formation of embryonic SBs [67] (see 

ig. 9 (b3) and (c3)). These dislocations are blocked by the glassy 

late while the stress at the dislocation tip triggers in turn the 

ctivation of new STZs at the glass-crystalline interface. Neverthe- 

ess, the SB nuclei cannot mature into extended defects, resulting 

n homogeneous deformation of the glassy plate. A pattern of mul- 

iple SBs intersecting each other can be seen in Fig. 9 (c). Moreover, 

his competing deformation mechanism is the reason for the ob- 

erved reduction of the dislocation density in the crystalline plate. 

n short, STZ activation and the formation of SBs in the MG plate 

re controlled by the formation of SFs and defects in the HEA plate. 

. Interface-related deformation phenomena 

Finally, we analyze the relationship between the dislocation 

ucleation and evolution and the microstructure at the glass- 

rystalline interface during deformation in Fig. 10 . Short Shock- 

ey partial dislocations and stair-rod dislocations exist at the inter- 
7 
ace even before loading due to the partial crystallization and the 

ormation of nano-crystallites ( Fig. 10 (a)). During deformation, the 

islocation density increases with further crystallization of the MG 

late via stress-induced viscous flow [4 9,6 8] . However, the Shock- 

ey partial dislocation and stair-rod dislocations do not evolve until 

n applied strain of 6.4 % (see Fig. 10 (b)). Beyond a strain of 6.4 % ,

he dislocations propagate across the crystalline plate, as shown in 

ig. 10 (c). In addition, stacking faults are generated at this strain 

evel. Once the defects start to propagate, the crystallization pro- 

ess at the interface stops and no other partial dislocations nucle- 

te. 

Deformation-induced crystallization of amorphous phases has 

een reported previously [31,69–71] . Besides, an increasing defect 

ensity is observed at the glass-crystalline interface (see Fig. 11 ), 

hich is attributed to local composition fluctuations and mi- 

rostructural changes from FCC to HCP ( Fig. 11 (a1, a2), (b1, b2) 

nd (c1, c2)). HCP nucleation in the glassy plate induces the nu- 

leation of short Shockley partial dislocations and stair-rod disloca- 

ions. The Shockley partial dislocations form around the nanocrys- 
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als ( Fig. 11 (a1, b1, c1)) while stair-rod dislocations nucleate be- 

ween two crystalline layers ( Fig. 11 (a2, b2, c2)). Interface crystal- 

ization accelerates with further increasing applied strain up to a 

evel of 6.4 % , and the density of both types of dislocations in the

EA plate increases. This indicates that the earlier yielding of the 

G-HEA laminate inherently originates from the local atomic rear- 

angements and microstructural changes induced by the inhomo- 

eneous stress redistribution at the interface. 

. Conclusions 

In this work, MD simulations were employed to reveal the com- 

eting deformation mechanisms of MG-HEA nanolaminates. The 

ain 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. 

2) 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. 

3) 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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22] D. Ş opu, X. Yuan, F. Moitzi, M. Stoica, J. Eckert, Structure-property relationships 

in shape memory metallic glass composites, Materials 12 (9) (2019) 1419 . 

23] W. Guo, E. Jägle, J. Yao, V. Maier, S. Korte-Kerzel, J.M. Schneider, D. Raabe, 
Intrinsic and extrinsic size effects in the deformation of amorphous 

CuZr/nanocrystalline Cu nanolaminates, Acta Mater. 80 (2014) 94–106 . 
24] D.C. Hofmann, J.Y. Suh, A. Wiest, G. Duan, M.L. Lind, M.D. Demetriou, 

W.L. Johnson, Designing metallic glass matrix composites with high toughness 
and tensile ductility, Nature 451 (7182) (2008) 1085–1089 . 

25] Y. Wang, J. Li, A.V. Hamza, T.W. Barbee, Ductile crystalline-amorphous 

nanolaminates, Proc. Natl. Acad. Sci. 104 (27) (2007) 11155–11160 . 
26] S. Yamamoto, Y.J. Wang, A. Ishii, S. Ogata, Atomistic design of high strength 

crystalline-amorphous nanocomposites, Mater. Trans. 54 (9) (2013) 1592–1596 . 
27] J.R. Greer, J.T.M. De Hosson, Plasticity in small-sized metallic systems: intrinsic 

versus extrinsic size effect, Prog. Mater. Sci. 56 (6) (2011) 654–724 . 
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32] W.P. Wu, D. Ş opu, J. Eckert, Molecular dynamics study of the nanoindentation 

behavior of Cu 64 Zr 36 /Cu amorphous/crystalline nanolaminate composites, Ma- 
terials 14 (11) (2021) 2756 . 

33] S. Feng, L. Li, K. Chan, L. Qi, L. Zhao, L. Wang, R. Liu, Control of shear band
dynamics in Cu 50 Zr 50 metallic glass by introducing amorphous-crystalline in- 

terfaces, J. Alloys Compd. 770 (2019) 896–905 . 

34] J. Jordan, K.I. Jacob, R. Tannenbaum, M.A. Sharaf, I. Jasiuk, Experimental trends 
in polymer nanocomposites—Areview, Mater. Sci. Eng. A 393 (1–2) (2005) 

1–11 . 
35] J. Zhang, G. Liu, S. Lei, J. Niu, J. Sun, Transition from homogeneous-like 

to shear-band deformation in nanolayered crystalline Cu/amorphous Cu-Zr 
micropillars: intrinsic vs. extrinsic size effect, Acta Mater. 60 (20) (2012) 

7183–7196 . 

36] J. Zhang, G. Liu, J. Sun, Self-toughening crystalline Cu/amorphous Cu-Zr 
nanolaminates: deformation-induced devitrification, Acta Mater. 66 (2014) 

22–31 . 
37] W. Guo, E.A. Jägle, P.P. Choi, J. Yao, A. Kostka, J.M. Schneider, D. Raabe, Shear-in-

duced mixing governs codeformation of crystalline-amorphous nanolaminates, 
Phys. Rev. Lett. 113 (3) (2014) 035501 . 

38] B. Cheng, J.R. Trelewicz, Design of crystalline-amorphous nanolaminates using 

deformation mechanism maps, Acta Mater. 153 (2018) 314–326 . 
39] S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J. 

Comput. Phys. 117 (1) (1995) 1–19 . 
40] D. Farkas, A. Caro, Model interatomic potentials for Fe-Ni-Cr-Co-Al high-en- 

tropy alloys, J. Mater. Res. 35 (22) (2020) 3031–3040 . 
[41] J. Cieslak, J. Tobola, K. Berent, M. Marciszko, Phase composition of Al x FeNiCrCo 

high entropy alloys prepared by sintering and arc-melting methods, J. Alloys 

Compd. 740 (2018) 264–272 . 
42] A . Sharma, S.A . Deshmukh, P.K. Liaw, G. Balasubramanian, Crystallization ki- 

netics in Al x CrCoFeNi ( 0 ≤ x ≤ 40 ) high-entropy alloys, Scr. Mater. 141 (2017)
54–57 . 

43] S. Mishra, K.V. Reddy, S. Pal, Impact of crystalline–amorphous interface on 
shock response of metallic glass Al 90 Sm 10 /crystalline al nanolaminates, Appl. 

Phys. A 127 (10) (2021) 1–13 . 

44] K.V. Reddy, C. Deng, S. Pal, Dynamic characterization of shock response in crys- 
talline-metallic glass nanolaminates, Acta Mater. 164 (2019) 347–361 . 

45] A. Stukowski, Visualization and analysis of atomistic simulation data with OVI- 
TO-the open visualization tool, Model. Simul. Mat. Sci. Eng. 18 (1) (2009) 

015012 . 
46] A. Stukowski, Structure identification methods for atomistic simulations of 

crystalline materials, Model. Simul. Mat. Sci. Eng. 20 (4) (2012) 045021 . 

[47] B. Devincre, L.P. Kubin, Mesoscopic simulations of dislocations and plasticity, 
Mater. Sci. Eng. A 234 (1997) 8–14 . 

48] D. Faken, H. Jónsson, Systematic analysis of local atomic structure combined 
with 3D computer graphics, Comput. Mater. Sci. 2 (2) (1994) 279–286 . 

49] Y. Wang, D. Kiener, X. Liang, J. Bian, K. Wu, J. Zhang, G. Liu, J. Sun, Con-
stituent constraining effects on the microstructural evolution, ductility, and 

fracture mode of crystalline/amorphous nanolaminates, J. Alloys Compd. 768 
(2018) 88–96 . 

50] Y. Mao, J. Li, Y.C. Lo, X. Qian, E. Ma, Stress-driven crystallization via shear-dif- 

fusion transformations in a metallic glass at very low temperatures, Phys. Rev. 
B 91 (21) (2015) 214103 . 

[51] Z. Yan, K. Song, Y. Hu, F. Dai, Z. Chu, J. Eckert, Localized crystallization in shear
bands of a metallic glass, Sci. Rep. 6 (1) (2016) 1–7 . 

52] H. Bi, A. Inoue, F. Han, Y. Han, F. Kong, S. Zhu, E. Shalaan, F.A. Marzouki,
A. Greer, Novel deformation-induced polymorphic crystallization and soften- 

ing of Al-based amorphous alloys, Acta Mater. 147 (2018) 90–99 . 

53] P.S. Phani, K.E. Johanns, G. Duscher, A. Gali, E.P. George, G.M. Pharr, Scan- 
ning transmission electron microscope observations of defects in as-grown and 

pre-strained mo alloy fibers, Acta Mater. 59 (5) (2011) 2172–2179 . 
9

54] J. Li, Q. Fang, B. Liu, Y. Liu, Y. Liu, Mechanical behaviors of AlCrFeCuNi high-
entropy alloys under uniaxial tension via molecular dynamics simulation, RSC 

Adv. 6 (80) (2016) 76409–76419 . 
55] A. Ulvestad, M. Welland, W. Cha, Y. Liu, J. Kim, R. Harder, E. Maxey, J. Clark,

M. Highland, H. You, P. Zapol, S.O. Hruszkewycz, G.B. Stephenson, Three-di- 
mensional imaging of dislocation dynamics during the hydriding phase trans- 

formation, Nat. Mater. 16 (5) (2017) 565–571 . 
56] Q. Fang, Y. Chen, J. Li, C. Jiang, B. Liu, Y. Liu, P.K. Liaw, Probing the phase trans-

formation and dislocation evolution in dual-phase high-entropy alloys, Int. J. 

Plast. 114 (2019) 161–173 . 
57] L. Daróczi, T.Y. Elrasasi, T. Arjmandabasi, L.Z. Tóth, B. Veres, D.L. Beke, Change 

of acoustic emission characteristics during temperature induced transition 
from twinning to dislocation slip under compression in polycrystalline Sn, Ma- 

terials 15 (1) (2022) 224 . 
58] S.J. Turneaure, P. Renganathan, J. Winey, Y. Gupta, Twinning and dislocation 

evolution during shock compression and release of single crystals: real-time 

X-ray diffraction, Phys. Rev. Lett. 120 (26) (2018) 265503 . 
59] J. Gao, Y. Huang, D. Guan, A.J. Knowles, L. Ma, D. Dye, W.M. Rainforth, Defor-

mation mechanisms in a metastable beta titanium twinning induced plasticity 
alloy with high yield strength and high strain hardening rate, Acta Mater. 152 

(2018) 301–314 . 
60] Y. Zhu, J. Narayan, J. Hirth, S. Mahajan, X. Wu, X. Liao, Formation of single and

multiple deformation twins in nanocrystalline fcc metals, Acta Mater. 57 (13) 

(2009) 3763–3770 . 
61] C. Chisholm, H. Bei, M. Lowry, J. Oh, S.S. Asif, O. Warren, Z. Shan, E.P. George,

A.M. Minor, Dislocation starvation and exhaustion hardening in Mo alloy 
nanofibers, Acta Mater. 60 (5) (2012) 2258–2264 . 

62] H. Bei, S. Shim, G.M. Pharr, E.P. George, Effects of pre-strain on the compres- 
sive stress–strain response of mo-alloy single-crystal micropillars, Acta Mate. 

56 (17) (2008) 4762–4770 . 

63] M.J. Jang, S.H. Joo, C.W. Tsai, J.W. Yeh, H.S. Kim, Compressive deformation 
behavior of CrMnFeCoNi high-entropy alloy, Met. Mater. Int. 22 (6) (2016) 

982–986 . 
64] X. Xu, P. Liu, Z. Tang, A. Hirata, S. Song, T. Nieh, P. Liaw, C. Liu, M. Chen,

Transmission electron microscopy characterization of dislocation structure in 
a face-centered cubic high-entropy alloy Al 0 . 1 CoCrFeNi, Acta Mater. 144 (2018) 

107–115 . 

65] C. Hays, C. Kim, W.L. Johnson, Microstructure controlled shear band pattern 
formation and enhanced plasticity of bulk metallic glasses containing in situ 

formed ductile phase dendrite dispersions, Phys. Rev. Lett. 84 (13) (20 0 0) 2901 .
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