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a  b  s  t  r  a  c  t

Metallic  amorphous/crystalline  (A/C) nanolaminates  exhibit  excellent  ductility  while  retaining  their  high
strength.  However,  the underlying  physical  mechanisms  and  the  resultant  structural  changes  during
plastic  deformation  still  remain  unclear.  In the present  work,  the  structure-property  relationship  of
CuZr/Cu  A/C  nanolaminates  is  established  through  integrated  high-throughput  micro-compression  tests
and molecular  dynamics  simulations  together  with  high-resolution  transmission  electron  microcopy.
The serrated  flow  of nanolaminates  results  from  the  formation  of  hexagonal-close-packed  (HCP)-type
stacking  faults  and  twins  inside  the face-centered-cubic  (FCC)  Cu nano-grains,  the  body-centered-cubic
(BCC)-type  ordering  at their  grain  boundaries,  and  the crystallization  of  the  amorphous  CuZr  layers.
The serration  behavior  of  CuZr/Cu  A/C  nanolaminates  is determined  by several  factors,  including  the
formation  of  dense  dislocation  networks  from  the  multiplication  of  initial  dislocations  that  formed
after  yielding,  weak-spots-related  configurational-transitions  and  shear-transition-zone  activities,  and
deformation-induced  devitrification.  The present  work  provides  an  insight  into  the  heterogeneous  defor-
mation  mechanism  of  A/C nanolaminates  at the  atomic  scale,  and  mechanistic  base  for  the  microstructural
design  of self-toughening  metallic-glass  (MG)-based  composites  and  A/C nanolaminates.

©  2020  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.

1. Introduction

In recent few decades, metallic glasses (MGs) and nanolam-
inates have attracted considerable attention due to their high
strength and hardness [1–3]. Serration, a saw-tooth-like varia-
tion of the stress in the plastic regime of stress-strain curves,
is an important and ubiquitous deformation behavior in struc-
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tural and functional materials, including MGs, high-entropy alloys,
superalloys, ordered intermetallics, shape-memory alloys, carbon
steels, twin-induced plasticity (TWIP) steels, Al-Mg alloys, nano-
materials, and magnetic functional materials, etc [1–6]. This jerky
flow has been long associated with the underlying fundamental
deformation behavior of materials, such as dynamic strain aging or
the competition between diffusing solutes pinning dislocations and
the dislocations breaking free of this blockage. Therefore, a care-
ful study of serrations would provide a deeper understanding of
strengthening and toughening mechanisms and the accompanying
structural evolution during plastic deformation, from which new
strategies could be made for the design of more viable candidate
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materials for critical applications. For example, weak spots in MGs,
or clusters of atoms, which strongly participate in soft vibrational
modes, are typically loosely-packed “geometrically unfavored
motifs (GUM)” [2,3,7,8], restrain the shear-band nucleation and
propagation, thereby rejuvenating the amorphous structure into a
more deformable state, and thus adjusting the overall alloy compo-
sition to be enriched with greater structural heterogeneity [7]. The
nucleation of shear bands (SBs) prefers to occur at weak sites/spots
[9], which most likely serve as fertile sites for inelastic shear trans-
formations and result in the formation of both structural and
mechanical heterogeneities [7]. It is also known that nanocrystal-
lites could form in MGs  during nanoindentation, severe bending,
or high-energy ball milling, which is referred to as deformation-
induced devitrification (DID) [9,10]. Furthermore, in Cu-Zr MGs,
it has been shown that the excess free volume combined with
smaller shear-transformation-zones (STZs) could trigger strain-
softening behavior [11]. The transformation-mediated ductility in
CuZr-based bulk metallic glasses (BMGs) has been captured, in
which the nanocrystallines precipitate polymorphically and sub-
sequently undergo twinning, enhancing the ductility of BMGs [12].
The concept of the DID-mediated superior deformability via an
externally-supplied, dislocation-stimulated-STZs would support
a new and universally-applicable strategy to synthesize self-
toughening bulk MGs  and MG matrix composites [13].

MGs  usually undergo the inhomogeneous deformation through
shear banding, leading to their low ductility/toughness, which
is due to the lack of dislocation-mediated crystallographic slip
compared to those present in crystalline materials. As a result,
it has been a major challenge to a priori identify the effect of
structural defects that cause atomic rearrangements to occur
under externally-applied stresses [2,8,14–16]. Thus, to allevi-
ate the detrimental effects of shear banding and ensure a
more widespread and safe use of BMG  materials, there is a
renewed global interest in incorporating intrinsically-formed or
extrinsically-added crystalline or quasi-crystalline phases into the
BMG matrix to arrest and deflect the propagation path of shear
bands [2,8,14,15,17,18]. Recent studies have shown that the incor-
poration of crystalline phases into MGs  can effectively enhance
their ductility while retaining their high strength, as observed in
the amorphous/crystalline nanolaminates (A/C NLs) and MG-based
composites [11,12,18–21]. For instance, it is the B2 CuZr nanocrys-
tals, with a critical softening of the instantaneous shear modulus
in (Cu0.5Zr0.5)100-xAlx MGs, which are considered to be the origin
for subsequent twinning, retarding the nascent formation of shear
bands and cracks [12]. They can hinder the propagation of primary
shear bands and promote the formation and multiplication of shear
bands. The volume fraction, composition and morphological shape,
and distribution of such microstructural features are important and
key parameters for plastically shielding of an opening crack tip to
limit the continuation and extension of shear bands. In turn, this
trend will result in the enhanced plasticity, increased strengths
as well as a change of deformation and fracture mechanisms.
With extrinsically-added crystalline phases, for example, multi-
layers consisting of alternating MG  and nanocrystalline phases are
revealed to be manufactured in a relative easy fashion and could
be produced via various thin-film fabrication processes, such as
vapor deposition and sputter deposition. As for the nanolaminates,
the crystalline layers appear to enhance the mechanical perfor-
mance of the brittle MG layers. It is the unique motion of the active
dislocations in the nanocrystalline layers that mainly contributes
to the attainment of the improved behavior via an additive co-
deformation process. Thus, the development of nano-composites
is primarily aimed to improve the room-temperature toughness
and develop laminated composites with superplasticity. This anal-
ogy suggests that the A/C multilayers can be constructed in such
a way that the crystalline phase is rigidly attached to the amor-

phous phase. As such, it can absorb the kinetic energy carried by
the shear bands, which initiate in the amorphous phase. As they
impinge and are arrested at the interface, larger global plasticity in
the amorphous phase thus becomes possible.

As for A/C NLs, the layers containing nanocrystalline grains have
two functions: one is to produce the unique inelastic shear (slip
or twinning) transfer at the amorphous/nano-crystal (A/nC) inter-
face; and, the other is to suppress local-stress concentrations due
to the paucity of dislocation pileups and operating twinning sys-
tems [22]. Micropillar compression tests prove to be a suitable
method to study the deformation behavior of nanolaminate com-
posites. Previously, CuZr/Cu A/nC NLs micropillars have displayed
a large deformability of <20 % and, simultaneously, high strengths
of <1.5 GPa under uniaxial compression [20]. The advantage of
the nanolaminate structures is that their interfaces are station-
ary and can be easily located after the deformation, leading to
a convenient way  for quantitatively analyzing the deformation
mechanics and as-deformed microstructures [23]. However, the
underlying physical mechanisms for the structural evolution and
mechanically-heterogeneous behavior of MG composites and A/nC
NLs alike, such as the appearance of the serrated flow, still remain
unclear [13,24].

The goal of the present work is to uncover the mechanisms at the
atomic and electronic scales for the structural/configurational and
dynamic heterogeneities of a Cu50Zr50/Cu A/nC NLs during plas-
tic deformation. Integrated high-throughput micro-compression
measurements and a molecular-dynamic study were carried out
to determine the effects of local atomic arrangements, including
short-range ordering, weak spots in the amorphous CuZr, and grain
boundaries in the nanocrystalline Cu, on the configurational trans-
formation that dominates serrations. The type-C serration behavior
[1] of the CuZr/Cu A/nC NLs was  correlated with the shear-bands
patterns and the nanoscale structural heterogeneity, both of which
are dominated by changes in the local microstates/configurations.
It was found that the presence of a ductile nanocrystalline phase in
the nanolaminates could slow down the speed of shear-band prop-
agation and prevent catastrophic shear banding. The underlying
mechanism of the serrated flow of nanolaminates was considered
as the results of the hexagonal-close-packed (HCP)-type stacking
faults and twining inside the face-centered-cubic (FCC) Cu nano
grains, the body-centered-cubic (BCC)-type ordering at their grain
boundaries, and the short-to-middle range orders in the amor-
phous CuZr.

2. Experimental

2.1. Materials and structural characterizations

The amorphous CuZr/nc Cu nanolaminates were deposited on
Si(100) wafers by direct current magnetron sputtering. Targets of
pure Cu (99.99 at.%) and Zr (99.99 at.%), each with 5.08 cm in diam-
eter, were used to deposit alternating layers of the amorphous CuZr
layer and the pure nc Cu layers. The base pressure was  <10−7 mbar,
and the processing pressure was 3 × 10-3 mbar using the pure Ar
gas. The substrate rotated at a frequency of 10 min-1. The thick-
nesses of CuZr (amorphous) and Cu (nanocrystalline) is 100 nm
and 10 nm,  respectively. The total stacked thickness of the CuZr/Cu
nanolaminates is 1200 nm with an amorphous CuZr cap layer. The
structure of the as-deposited thin films was characterized by the
X-ray diffraction (XRD, Bruker D8 diffractometer) with a CuK� radi-
ation, field-emission scanning electron microscopy (SEM, FEI Helios
Nanolab 600i), and transmission electron microscopy (TEM, JEOL
JEM-2200FS).

2.2. Micro-compression measurements

To explore the strain-rate dependence and serrated flow behav-
ior of CuZr/Cu multilayers, pillars with initial diameters of 630 nm
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were fabricated, using a dual-beam focused ion beam (FIB) sys-
tem (FEI Helios Nanolab 600i) operated at a final beam current
of 86 pA and a constant accelerating voltage of 30 kV. The pil-
lars were inside a 25 �m diameter crater, leaving enough space for
the 10 �m-diameter diamond flat punch to avoid the simultane-
ous contact with the surrounding bulk and the pillar. The Hysitron
TI 950 instrumented indentation platform was equipped with a
flat diamond punch. Prior to the testing of the nanolaminates, the
instrument was well calibrated with the fused silica to acquire the
system compliance. The loads and displacements were simultane-
ously recorded at a frequency of 30 kHz. The high acquisition rate
of the instrument allowed us to quantify the propagation speed of
the shear band. After reaching the preset maximum displacement,
a 10 s holding segment followed. Unloading was done at the same
rate as the loading. The morphology of the pillars after deforma-
tion was further examined by SEM. To gain further insight into the
strain-rate sensitivity of the micropillars and identify the reason
for the increased viscosity of the shear bands, the site-specific TEM
lamellas containing the deformed pillars were prepared by an in-
situ lift-out method and FIB milling. A 200 kV JEOL JEM-2200FS TEM
was used for high-resolution TEM imaging.

2.3. Molecular dynamics (MD) simulations

The Cu50Zr50/Cu nanolaminates were prepared in three steps.
Firstly, a randomly-alloyed Cu50Zr50 sample consists of 32,000
atoms within the FCC lattice structure was created. The initial box
size was set according to the FCC-Cu’s experimental lattice param-
eter. It was firstly annealed at 2500 K for 100 ps under the constant
number of atoms, pressure and temperature (NPT) ensemble to
obtain a fully-relaxed liquid alloy, and then was quenched from
2500 K to 50 K at a constant cooling rate of 1 × 108 K/s to pro-
duce Cu50Zr50 MG samples. Secondly, the polycrystalline Cu sample
was created with the help of the ATOMSK code [25]. In a box with
200 Å × 200 Å × 200 Å, 8 FCC-Cu grains were generated randomly
with different crystallographic orientations using the Voronoi tes-
sellation method [25]. The overlapping atoms (with the nearest
neighbor distances within 1.5 Angstroms) near the grain bound-
aries were deleted. Then, this sample was equilibrated at 50 K for
100 ps under the NPT ensemble. Finally, the nanolaminates were
constructed by concatenating the polycrystalline Cu layers and MG
layers together. To eliminate the interface misfit, we replicated the
MG  sample with a proper size, and cut it to make both the numbers
of atoms and sizes of the Cu layers and the MG  layers match and be
comparable. Accordingly, as shown in the Fig. S4 in the Supplemen-
tary Information, the schematic diagram presents the procedure
constructing the supercell of Cu50Zr50/Cu A/C NLs based on the indi-
vidual amorphous Cu50Zr50 and polycrystalline Cu supercells. The
total number of atoms in the nanolaminate sample is about 2 mil-
lion. The Cu50Zr50/Cu NL was also equilibrated at 50 K for 100 ps
under the NPT ensemble.

Below, the compression simulation of the nanolaminate was
conducted at a constant engineering strain rate of 1 × 108 s−1. We
applied the loading along the z-axis; the x and y axes were allowed
to be adjusted on-the-fly during the simulation. The external pres-
sure was set to zero, and the temperature was controlled using the
Nóse-Hoover thermostat method [26,27] at 50 K.

All the molecular dynamics (MD) simulations were performed,
using the LAMMPS code [28], and the periodic boundary condi-
tions were applied to all three dimensions. The equation of motion
was solved, using a velocity-Verlet integrator with a time step of
1 fs. The embedded-atom-method (EAM) potential developed by
Mendelev et al. (CuZr-2#) [29] was used to describe the inter-
atomic interactions of the Cu50Zr50/Cu system. The visualizations
and analyses of the atomic data were carried out with the help of
the OVITO code and its Python API developed by Stukowski [30].

The Von-Mises atomic local shear strain [31] and adaptive Com-
mon  Neighbor Analysis (CNA) methods [30] were used to track the
microstructure evolution in the nanolaminates subjected to defor-
mation. The stress was  calculated by the zz component of the virial
stress.

3. Results and discussion

3.1. Microstructure and micro-compression of the CuZr/nc Cu A/C
nanolaminate

Amorphous Cu50Zr50/nanocrystalline (nc) Cu nanolaminates
were deposited on Si(100) wafers by direct current magnetron
sputtering. The thicknesses of the CuZr (amorphous) and nc Cu lay-
ers are 100 nm and 10 nm,  respectively. The total stacked thickness
of the CuZr/nc Cu nanolaminates is 1200 nm with an amor-
phous CuZr topmost layer. To study the local atomic arrangement
dominated-deformation, nano-pillars with an initial diameter of
630 nm were fabricated, using a dual-beam focused ion beam (FIB)
and tested with a Hysitron Ti 950 triboindenter with a flat punch.
The SEM images of these nanopillars before and after compres-
sion are shown in Fig. 1(a). Those surface markings/cracks hint
that shear-banding is caused by the local non-Newtonian flow. It is
noted that the formation and evolution of shear bands control the
yielding and plasticity of almost all MGs  at room temperature. In
most cases, the formation of dominant shear bands quickly leads
to failure [32]. These results show that the presence of a ductile
nanocrystalline phase in the nanolaminates can slow down the
speed of shear-band propagation and prevent catastrophic shear
banding. According to the STZ concept, a group of atoms in the STZ
can endure a much larger atomic displacement than that in the
surrounding matrix in a shear transformation, contributing to an
overall macroscopic strain.

The stress-strain curves of the samples tested with a strain rate
of 1×10−3 s-1 are shown in Fig. 1(b), indicating a maximum strength
of ∼ 1.4 GPa. These classical Type-C [1] serration steps in the stress-
strain curves, which are often observed at low strain rates and
known as one type of Portevin-Le-Chatelier (PLC) effect, exhibites a
strong strain-hardening effect in the 10-nm CuZr/Cu nanolaminates
with the significantly-enhanced strength, supporting the hypoth-
esis of “smaller is stronger” [13]. Similarly, it has been reported
that the maximum strength of Cu/Cu60Zr40 A/C NLs increases from
∼1.7 ± 0.05 GPa to ∼2.3 ± 0.1 GPa, as the thickness of the A/C NL
decreases from 100 to 20 nm [13].

Moreover, the thinner Cu60Zr40/Cu A/nC NLs with a ratio of
5/35 (a 5-nm-thick metallic glass and 35-nm-thick nanocrys-
talline in sequence) and equal layer thicknesses varying from 20
to 100 nm exhibit more pronounced softening behavior due to a
greater number of A/C interfaces acting as dislocation sinks [13,33].
This mechanical heterogeneity (i.e., serrations) is believed to be
connected to the intrinsic atomic packing described in several pre-
vailing models, including the free volume, STZ, liquid-like zone,
flow unit, and flexibility volume [3,7,34]. These models are usu-
ally based on the assumption of the existence of a structural defect
or inefficient local atomic packing in the MG,  which leads to the
formation of heterogeneously-dense and loose regions [3,34], the
same as the aforementioned soft spots.

Fig. 2 displays the low and high resolution TEM images of the
A/C nanolaminates with the alternating CuZr and Cu layers before
and after the micro-compression test. After micro-compression, the
ordered “clusters” (to be identified in detail) form in the amorphous
CuZr layers, both in the CuZr matrix and along the A/C interface,
presenting a local disorder-order transformation and contribut-
ing to the serration behavior. Moreover, compositional mapping
shows that there are many regions forming short-range ordered
fine structures, which are enriched by either Cu or Zr, resulting in
a large lattice distortion caused by the difference in relative atomic
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Fig. 1. High-throughput compression tests of CuZr/Cu nanopillars with a ∼600 nm diameter: (a) SEM images of nanopillars with different views; (b) stress-displacement
curves  of the tested samples at a strain rate of 1 × 10−3 s-1. The top and side views of the nanopillars before compression are presented in the first row of (a) while the side
views  of nanopillars after compression are listed in the other rows.

Fig. 2. Microstructures of the CuZr/Cu nanolaminates before and after micro-compression: (a, b) TEM images of the multilayers of the as-fabricated CuZr/Cu nanolaminates;
(c-e)  High-resolution TEM images and composition mapping of the sample after micro-compression. The CuZr/Cu NLs consist of 100-nm amorphous CuZr and 10-nm
nanocrystalline Cu layers. The ellipses in c highlight the ordering clusters in the amorphous CuZr layer.
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sizes. It is known that configurational transformations (local struc-
ture variations/relaxations) [34–36] represent transitions between
various configurational states, such as those corresponding to
atom interactions/rearrangements or transitions between differ-
ent electronic states/microstates, phase transformations between
aggregate states, or groups of processes with configurational transi-
tions. The densely-packed short-range ordered structures, together
with the loosely-packed weak spots of various geometrical con-
figurations, are universal structural characteristics of MGs [2,3].
Therefore, with the use and guidance of electron redistribution
functions, the contributions of these configurational transitions to
the elastic and plastic properties can be captured [3]. The intro-
duction of softness, which is a particle-based quantity, depending
only on the local structural environment and a weighted integral
over the local pair correlation function [37], provides a new way to
link the structure-property relationships via the atomic rearrange-
ments – the so-called configurational transitions. To understand
the underlying transformation mechanism, more detailed informa-
tion of the simulations on the deformation of CuZr/Cu A/C NLs are
discussed as follows.

3.2. Atomic and electronic features of CuZr/Cu A/nC NL

The atomic structures of the CuZr/Cu A/nC NL, consisting of
the Cu nano-polycrystals and amorphous CuZr, are constructed
by Poisson Voronoi tessellations and ab initio molecular-dynamic
calculations (AIMD), respectively. Three independent amorphous
CuZr structures making up the enlarged supercells with 200 atoms
were individually computed using AIMD at 1800 K, 1600 K and
1400 K (see Fig. S1 in Supporting Information). Firstly, the pair-
correlation functions of the amorphous CuZr are compared with the
available high-energy X-ray diffraction (XRD) and neutron diffrac-
tion (ND) measurements, showing a good agreement between the
experiments and predictions (see Fig. S2). Secondly, the bonding
structures of the single-crystal Cu and amorphous CuZr A/nC NLs
are characterized by the bonding charge density (��) [3,38–41],
which provides an electronic and atomic sight into the physical
nature of the weak spots in CuZr and confirms their spatial distinc-
tion. It is understood that the higher the density of ��  indicates
the stronger the chemical bond strength [3]. Due to differences in
atomic sizes and valence electrons between Zr and Cu, weak spots
enriched of Cu are presented as those loosely-bonded and voids
with few bonding charge densities, revealing the physical features
of weak spots in the amorphous CuZr (see Fig. S3). Because the CuZr
bond is much stronger than that of CuCu, this feature results in the
initial yielding of the soft Cu layers, followed by the deformation of
the CuZr layer in the A/C NLs.

3.3. Serration behavior of CuZr/Cu A/nC NLs

In order to reveal the physical nature of the serration behavior
of the CuZr/Cu A/nC NLs, the configuration-mediated stress fluctu-
ations in the stress-strain curves have been predicted by the MD
calculation, shown in Fig. 3. The fluctuations of the stress-strain
curves around 2.5 GPa indicate multiple configuration transi-
tions that amplify the shear-relaxation process, which have been
reported in both CuZr MGs  and CuZr/Cu A/C NLs [42–45]. The Von-
Mises shear-strain distribution is utilized to show and differentiate
the elastic and plastic deformations, of which, the latter is also
considered as an indicator for characterizing the STZs or large-
scale shear bands [7,42,44]. The responses of the nanocrystalline
Cu, amorphous CuZr, and the amorphous/crystalline interface (ACI)
to the plastic deformation are now discussed individually. More
information can be found in Figs. S5 and S6 and Movies S1 of the
Supporting Information. Within the nanocrystalline Cu, one and
two layers of atoms with large Von-Mises shear strains form trans-

Fig. 3. Configurational transformation dominated serrations of CuZr/Cu NLs under
strain rate of 1 × 108 s−1: (a) hydrostatic stress versus axial strain along the z direc-
tion  of the polycrystalline Cu, amorphous CuZr, and the CuZr/Cu NLs; (b) Von-Mises
shear-strain distributions for the CuZr/Cu NLs calculated by MD  simulations. The
three independent structures/supercells shown are different in their Cu polycrys-
talline structures since only one amorphous CuZr layer from ab initio MD calculations
are utilized here. The BGR gradient colors in (b) correspond to various levels of
Von-Mises shear strains.

granular twin boundaries and deformation faults, respectively. It
has been shown that an edge dislocation in the FCC Cu can dissoci-
ate into a leading and a trailing Shockley partial linked by a stacking
fault, with its Burgers vector reducing from a value of b = 2.56 Å for
the perfect case of {111}<110> to a value of b = 1.48 Å for the partial
{111}<112> [42]. Due to the plastic anisotropy that has been found
experimentally and theoretically in the nano-twined Cu, there are
three entirely different deformation behaviors that correspond to
the external loading directions with respect to twin boundaries
(TBs): (i) dislocation glide in between the twins; (ii) dislocation
transfer across TBs; and (iii) dislocation-mediated TB migration
[46,47]. Similarly, partial/fully developed screw dislocations have
been observed in the singlecrystal Cu layer of the Cu/Cu46Zr54 A/C
NLs, with the dislocations forming at the ACI [42]. Therefore, it
is expected that the nanocrystalline Cu would exhibit a strain-
hardening effect by the multiplications of nano-twins, stacking
faults, and dislocations, which occur in the early stage of deforma-
tion; see the stress-strain curves in Fig. 3(a) and the corresponding
structure evolution of the Cu layer in Fig. 3(b). Moreover, a strong
interaction between the dislocations/stacking faults and the ACI
has been observed, resulting in a large local Von-Mises shear strain
even at low global strains, highlighted by the ellipses in Fig. 3(b).
It has been reported that the nanocrystalline Cu has the intrinsic
plasticity and the role of the ACI is for the load transfer [48]. For
example, the 1/6 < 112> Shockley partial dislocation could nucle-
ate at the ACI, between the nanocrystalline Cu and the amorphous
Cu50Zr50 layers, which then can be transmitted across the Cu layer
along the {111} plane, followed by the formation of a stacking fault
[44]. Additionally, there are two  other significant roles for the ACI,
which leads to a work-softening effect, (i) attracting/annihilating
the dislocations, thereby sharply reducing their density; and (ii)
enhancing the local strain along the ACI and activating STZs in a
correlated fashion near the intersection line between the disloca-
tion slip plane and the ACIs without the need for significant atomic
rearrangements in the local amorphous matrix [33,42,49].

As for the amorphous CuZr layer, even within the elastic region,
it can be seen that a few weak spots endure a higher shear strain
than other parts of the amorphous CuZr. With increasing the strain,
groups of weak spots accumulate and form larger regions (or STZs)
facilitating further deformations and flows, and eventually reach
the threshold that triggers self-sustaining shear banding, the
result of which is the homogeneous flow dynamics that produces
a smooth stress-strain curve. It is the interactions between the
various flow units of weak spots, GUMs, or STZs, etc. that result
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Fig. 4. Snapshots of configurations corresponding to the stress-strain curve of the CuZr/Cu NLs under a strain rate of 1 × 108 s−1. The HCP-type structures that are produced
to  create a deformation fault (2 layers combined together) and twin boundaries (the isolated single layer), BCC-type ordering at grain boundaries of Cu, and amorphous CuZr,
and  atoms constructing the Voronoi polyhedra of CuZr are selected through deleting the FCC matrix of the polycrystalline Cu and disordered structures of the amorphous
CuZr.  The BGR gradient colors are utilized to identify the atomic spatial coordinates.

in the macroscopically observed plastic flow in the amorphous
CuZr layer. It is also found that there are ongoing disorder-order
transformations, yielding a number of BCC-type nanoprecipitates
in the amorphous matrix, which are identified by the regions
having large Von-Mises shear strains. The formation of BCC-type
nanoprecipitates is closely linked to the localized shear flow,
i.e., STZ-mediated activities. This feature not only validates the
classical DID phenomena, but also is consistent with the previous
observations of the B2-CuZr [12], the orthorhombic Cu10Zr7 [49],
or the other nanoprecipitates [21] that form in the amorphous
CuZr during deformation. Therefore, the combined effects of the
dislocation plasticity, STZ activities, and DID induced precipitation
hardening determine the aforementioned and observed Type C
serration behavior of the CuZr/Cu A/C NL.

4. Discussion

4.1. Effect of structural relaxation on deformation

According to the theoretical models of the atomic structures
of MGs, weak spots are always composed of the loosely-bound
atoms associated with various short- or medium-range ordered
regions, which can cause the sudden burst of atomic motion
and slip avalanche, followed by the formation of new types
of bonds/clusters during deformation [3]. Recent studies have
revealed that the energy barrier for the � relaxation (i.e., early
stage) is very close to that for shear transformation in an iso-
lated/individual STZ, suggesting that MGs  with the pronounced
�-relaxation at relatively low temperatures might be macroscopi-
cally ductile [22,50]. Such a plastic-flow dilatation in the localized
region would rearrange the topology of local atoms, alter their short

range order [21], and thus result in configurational transitions and
thus the formation of novel weak spots. Once initiated, a slipping
weak spot can also trigger other weak spots to slip, and create what
is referred to as a slip avalanche, and result in structural rejuvena-
tion [3]. Weak spots, associated with configurational transitions
and the strain response of softening beyond yielding, have been
considered as the structural signatures of the amorphous alloy or
MG deformation behavior.

Although great efforts have been devoted to nanolaminates
with elastic/plastic or stable/unstable interfaces under extreme
conditions, the fundamental principles that account for their defor-
mation behavior are still not fully understood [19,23,44,49,51,52].
In particular, it is unclear what the role of these crystalline phases in
A/C nanolaminates during shear band propagation is [21,42]. Since
the deformation of A/C nanolaminates is sensitive to many factors,
including the lattice mismatch, crystal defects, impurities, and reac-
tions at the A/C interface, it remains very challenging to understand
their deformation mechanisms solely via a strictly-experimental
approach [44]. However, integrated with the experiments, our
molecular-modeling framework developed herein is able to cap-
ture the details of deformation at the atomic-scale to elucidate
and understand the mechanisms for Type-C serrations within the
CuZr/Cu A/C nanolaminates presented in Fig. 1(b). Fig. 4 shows
the snapshots of configurations at the different stages of load-
ing of the stress-strain curves under a strain rate of 1 × 108 s−1.
To highlight the configurational transitions of the FCC Cu and
amorphous CuZr, the FCC matrix of the Cu polycrystals and the dis-
ordered structures of the amorphous CuZr are intentionally deleted
in Fig. 4. The accumulation of the HCP-type structures for defor-
mation faults (2 layers combined together) and twin boundaries
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Fig. 5. Various views of the configurational transformations of the CuZr/Cu NLs under strain rates of 1 × 108 s−1 and 1 × 109 s−1: (a) the resultant HCP-type structure for
deformation faults (2 layers combined together) and twin boundaries (the isolated single layer) in red, BCC-type ordering at Cu grain boundaries and the amorphous CuZr
in  blue, and atoms constructing the Voronoi polyhedra of CuZr in green; (b) an enlarged region of the nanocrystalline Cu shown in (a); (c) the evolution of the disordered
structures in the nanocrystalline Cu, trailing the edge of the stacking faults and the (partial) dislocations shown with the BGR gradient; (d) BGR view of the HCP and BCC
regions, and the Voronoi polyhedra discussed in (a).

(an isolated single layer) contribute to the strain-hardening effect.
There is also a twinning-detwinning behavior of Cu (see Movie
S1 for more information), resulting in another type of the con-
figuration transition and a corresponding stress fluctuation. The
BCC-type ordering occurs at grain boundaries of the Cu and in the
amorphous CuZr (Figs. S7 and S8). The presence within the latter
validates the classical DID behavior observed in MGs. The disor-
dered structures including the amorphous CuZr, the atoms at grain
boundaries, and dislocations (or the edge of stacking faults), are
shown in Fig. S9. It can be clearly seen that both the grain bound-
aries and the ACI act as the source and sink for dislocations, thus
influencing the movement of dislocations. As shown in Fig. 4, while
the Voronoi polyhedra could be considered as the backbones of
the amorphous CuZr layer [15], the DID-aided superior deformabil-
ity via “externally-supplied” dislocations-stimulated-STZs around
the GUM occur. Similarly, under the shock loading conditions, it
was reported that the single crystal Cu layers of the Cu63Zr37/Cu
A/C NLs experience a FCC-BCC transformation while the <0446>
and <0447> Voronoi Polyhedra form in the CuZr [16]. The grain
boundaries act as the nucleation site of BCC phase during the high-
velocity shock propagation [16]. It is revealed that the ACIs always
endure the maximum slip strain, which indicate that plasticity car-
riers accumulate at the interface and are absorbed there [17]. In this
manner, the serration behavior of the CuZr/Cu A/C nanolaminates
originates from the combined effect of the multiplication of the
initial dislocations, formation of dense dislocation networks after
yielding, weak spots related configurational transitions, STZ activi-
ties, and DID behaviors. This improved understanding paves a path
on the development of self-toughening MG-based composites and
A/C nanolaminates [13,19].

4.2. Effect of strain rate on deformation

Various serration behaviors are sensitive to the loading condi-
tions, loading rate, sample size, microstate/microstructure of the
materials, and so on [1,21,44]. Therefore, it is necessary to deter-
mine effect of the strain rate on the deformation mechanisms of
the CuZr/Cu A/C nanolaminates. To this end, various types of con-
figurational transformations were selected, as exhibited in Fig. 5.
In general, the serration types are disparate at different strain rates
[1], but this trendis not clearly observed due to the high strain rates
applied in the MD simulations. However, there is a similar struc-
tural evolution ongoing during the deformation. In particular, the
HCP-type structures of the deformation faults and twin boundaries
are highlighted in red, BCC-type ordering at grain boundaries of
the Cu and the amorphous CuZr in blue, and atoms in the Voronoi
polyhedra of CuZr in green, as shown in Fig. 5(a) and (b). The evo-
lution of the disordered structures in the crystalline Cu layer, is
the tail edge of the stacking faults and the (partial) dislocations,
characterized with a Blue-Green-Red (BGR) gradient in Fig. 5(c).
Finally, the networks constructed from these ordered structures of
HCP, BCC, and the Voronoi polyhedra are identified by their posi-
tions in BGR, as shown in Fig. 5(d). The parallel patterns formed
by the HCP layers indicate that only a single slip system with
a slip plane inclined to the grain boundaries is active, which is
similar to the observations in the nanotwinned Cu [53]. It should
be noticed that the BCC-type ordering in the amorphous CuZr is
mainly caused by the atomic rearrangement [12,13], which is the
so-called configurational transformation, instead of the adiabatic
heat-affected zone despite the utilized strain rates being very high.
This feature is due to the fact that (i) there are so many weak spots
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in the initial amorphous CuZr, as shown in Fig. S3, which could
lead to slip avalanche or structural rejuvenation [3]; and (ii) it
has been proven that the shearing of the amorphous CuZr leads
to atomic displacements, which result directly in crystallization
[12] and demonstrate the DID behavior [13]. The ability to study
the atomic structures and configurational transformations within
the CuZr/Cu A/C nanolaminates is very useful for understanding
the physical nature of the underlying deformation mechanisms
in such composite structures, and the results from our combined
molecular-modeling effort thus provide the supporting guidance
for the design of high-performance nanolaminates.

5. Conclusion

In summary, the present work revealed the configurational-
transition-dominated Type-C serration behavior of CuZr/Cu A/nC
nanolaminates. In an atomistic view, the serrations are constituted
of the multiplication of the initial dislocations forming dense dis-
location networks within the nanocrystalline layer, the formation
and activity of weak-spots-related configurational transitions and
STZs, as well as DID behavior characterized by the formation of BCC-
type nanoprecipitates in the amorphous matrix. With increasing
deformation and strain, the creation of weak spots in the amor-
phous layer, preceded by dislocation mediated twinning in the
nanocrystalline layer, forms a shear band leading to a drop in the
stress, creating the appearance of the serrated flow. Specifically, it
is found that the serrated flow of nanolaminates is a result of the
combined effects of the formation of HCP-type stacking faults and
twins inside the FCC Cu grains, lowering the load-bearing capac-
ity of these regions, the BCC-type ordering at Cu grain boundaries,
and the ordering in the amorphous CuZr. These findings from the
nanoscale experiments and molecular simulations of atomic struc-
tures and configurational transformation of the CuZr/Cu A/C NLs
provide a theoretical basis for the continued development of self-
toughening MG-based composite structures.
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