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Amorphous alloys have high strength, but softening can lead to room temperature brittleness, limiting their
applications. Typically, soft means low hardness and yield strength, and the lower the yield stress, the higher the
fracture toughness. Two amorphous/crystalline multilayer samples with submicron single layer thickness were
prepared. The crystalline layer of one sample is composed of highly-textured (111) nanocrystalline grains, and
the other sample is untextured. Indentation experiments proved that the samples were plastically deformed,
while the amorphous layer did not form shear bands with decreased layer thickness. The thickness reduction of
the amorphous layer in the sample with highly-textured crystalline layers is greater than in the sample with
untextured crystalline layers. The strain-hardening ability of the textured crystalline layer is higher, while the
corresponding amorphous layer is deformed more severely with free volume annihilation and greater flow with
more compact atoms. The amorphous layer corresponding to the untextured crystalline layer absorbs disloca-
tions, and activates shear transformation zones (STZs), increasing the free volume near the interface. The

annihilation of the free volume is less than the sample with highly-textured crystalline layers.

1. Introduction

Amorphous alloys, also known as metallic glasses, have the charac-
teristics of long-range disorder and short-range order. They lack typical
defects found in crystalline materials, such as dislocations and grain
boundaries, and have unique physical, chemical, and mechanical
properties [1-3]. These properties include high strength and hardness
[4], good wear and corrosion resistance [5-7], excellent soft magnetic
properties [8,9], and unique catalytic properties [10], etc. They have
been utilized in medicine, sports, catalysis, electronics, and aerospace,
and have even broader potential applications [5,11,12]. However, fail-
ures caused by rapid expansion of the amorphous alloy shear bands is an
Achilles heel, restricting the development of amorphous alloys. One way
of overcoming this problem is to combine brittle amorphous phase with
ductile crystalline phase to form amorphous/crystalline multilayer
structure [13-21]. Amorphous/crystalline multilayer materials have

been applied in different fields and at different scales [22-25] by
adjusting layer thickness [26] or increasing the constraint of the crystal
[20] to suppress the nucleation and propagation of amorphous shear
bands, exhibiting good strength and ductility.

Multiple papers have reported the size effects in the amorphous/
crystalline layered system and studied the influence of amorphous or
crystalline layer thickness on the overall deformation [19,27-29]. The
amorphous layer plays the role of absorbing dislocations generated by
the crystalline layer at the nanometer scale [13]. Nanometer-sized
amorphous phase serves as a high-capacity dislocation sink, avoiding
dislocation accumulation [24]. The amorphous/crystalline interface
(ACI) acts as a barrier for dislocation movement. As a result, dislocation
structures near ACIs are disrupted and dissolved, avoiding large stress
concentrations [13]. Nanoscale amorphous layers offer great advantages
in improving the strength and plasticity of amorphous/crystalline
multilayer structures. Due to this discovery, several nanometers thick
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amorphous films are used in crystalline materials, where nucleation and
propagation of cracks are delayed [30,31]. When the thickness of the
amorphous layer exceeds 100 nm, it is easy to form the main shear band
and cause overall damage. This situation can be improved by adjusting
the thickness ratio of the amorphous and crystalline layers [32].

In addition to the size effect on the amorphous/crystalline layered
structure, molecular dynamics (MD) simulations show that the crystal
orientation affects amorphous deformation. Song et al. [33] used MD
simulations to demonstrate that the plastic deformation mechanism of
the amorphous nanocrystalline laminates depends not only on the
thickness of the amorphous phase but also on the orientation of the
crystalline phase. Local deformation dominated by the generalized shear
band (GSB) transformed into uniform plastic deformation with the
change of the amorphous layer thickness in the first orientation model.
In the other orientation model, no matter how the amorphous thickness
changed, the local plastic deformation was dominated by GSB. The
simulation by Alishahi et al. [34] showed that the yield strength and
plasticity of amorphous-crystalline (A-C) composites highly depend on
the crystalline layer orientation. When the slip plane in the crystalline
layer is well aligned with the shear band in the amorphous layer, strong
shear localization will be caused in the crystalline and amorphous
layers.

The scale of MD simulations is usually limited to a few or tens of
nanometers [33-36]. Meanwhile, due to the difficulty of manufacturing
amorphous/crystalline multilayer structures with different orientations,
no experiments have been conducted to investigate the effects of crys-
talline layer orientation on the deformation of amorphous layers.
Considering the above two points, amorphous/crystalline multilayer
samples with a single submicron layer were prepared by electroplating
in this paper. The influence of highly-textured and untextured poly-
crystals on the deformation mechanism of amorphous layers under
indentation was investigated. Experimental results show that the
highly-textured crystalline layers are more conducive to the reduction of
the amorphous layers thickness. The reasons why highly-textured and
untextured crystalline layers have different effects on amorphous
reduction were analyzed, combined with the deformation of amor-
phous/crystalline layers with different orientations using indentation,
and demonstrated by MD simulations.

2. Experiment
2.1. Samples preparation

Amorphous/crystalline Ni-P/Ni multilayers were prepared by elec-
trodeposition in a dual bath [37]. Amorphous and crystalline layers are
of equal thickness of about 250 nm. The parameters of the amorphous
layer electroplating solution were as follows: nickel sulfate 300 g/L,
nickel chloride 45 g/L, boric acid 40 g/L, phosphorous acid 20 g/L, and
sodium dodecyl sulfate 0.25 g/L. The pH value was 2 + 0.2 and the
temperature was 343 + 2 K. Applied current density was 30 mA/cm?>.
The electroplating solution parameters of crystalline layers of the first
sample, marked as Sample #1, are as follows: nickel sulfate 250 g/L,
nickel chloride 40 g/L, boric acid 35 g/L, sodium dodecyl sulfate 0.05
g/L, and saccharin 0.8 g/L. The pH value was 4 + 0.2 and the temper-
ature was 328 + 2 K. Applied current density was 35 mA/cm?. The
difference between the crystalline plating solution of the second sample
marked as Sample #2, and the crystalline plating solution of the first
sample is that 1.2 g/L lanthanum chloride was added, and the rest of the
parameters were the same as sample #1. After each layer was deposited,
the sample was quickly rinsed with deionized water, then ultrasonically
cleaned with 10 % sulfuric acid for 1 min, and rinsed again with
deionized water to ensure that the sample surface was clean and the
sample surface was activated to ensure good bonding between the
layers. Two multilayer specimens have an amorphous top layer from
which the shear band is expected to initiate. Due to the wear and
corrosion resistance of amorphous materials, using the amorphous Ni-P
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as the top layer can protect the sample. The total thickness of the
multilayer is about 4.5 pm.

2.2. Indentation tests

Indentation is a convenient method for deforming amorphous and
crystalline layered thin films, avoiding the interaction between the thin
film and the substrate in the layered structure [38].

The samples were indented with a 0.5 kgf Vickers indenter for 10 s.
After indentation, a pyramid-shaped pit was formed. The cross-section
of the amorphous/crystalline multilayers before and after deformation
was cut by focused-ion-beam (FIB, Helios G4 CX). After deformation, the
cross-section of the specimen was cut at the deepest part of the indent,
just below the indenter tip. The ImageJ software was used to measure
the thickness of each layer before and after deformation.

2.3. Characterization

The amorphous phase and crystal orientation of the samples were
characterized by X-ray diffraction (XRD, Rigaku D/Max 2550X). The
microstructure of the two amorphous/crystalline multilayer samples
before and after indentation was characterized by scanning electron
microscopy (SEM, GeminiSEM 300) and transmission electron micro-
scopy (TEM, JEM-2010).

2.4. MD simulations

The embedded atom method (EAM) developed by Sheng et al. [39]
was used to describe the interatomic interactions of the amorphous Ni-P
layer and the crystalline Ni. The MD simulations were conducted using
the open-source large-scale atomic/molecular massively parallel simu-
lator (LAMMPS). The atomic configurations of the amorphous Ni-P were
obtained by quenching a fully melted equimolar Ni-P model from 2000
K down to 1 K. The cooling rate was 10~*2 K s™.. The single crystal
model was constructed by filling the hexagonal grains with a fully
relaxed face-center cubic (FCC) Ni. The grains were aligned along the
out-of-plane direction. The Ni-P/Ni composite was built by combining
the amorphous Ni-P layer with the single crystal Ni layer. The Ni layer is
located above Ni-P, and its main purpose is to simulate how crystalline
layers with different orientations transfer stress to the amorphous layer,
creating a strong constraint on the amorphous layer. The periodic
boundary conditions were applied in all directions. Four composite
models were built with different orientations of single crystalline grains,
namely (111), (220), (112), and (110). Then the composite model was
indented with a spherical indenter with a constant rate of 10 m/s at 300
K. During indentation, the outmost part of the composite was fixed while
the rest was deformed. The atomic model for the indentation simulation
is presented in Fig. 1. Visualization of atomic configurations and dislo-
cations was facilitated by the Open Visualization Tool (OVITO) package
[40], with dislocations identified via the DXA module [41] within
OVITO.

3. Results

Fig. 2 shows the cross-section of the multilayer and the top view of
the amorphous layer. The crystalline and amorphous layers exhibit
distinct layered structures with clear interfaces. P content of the Ni-P
amorphous layer is ~10.5 wt%. The surface morphology and P content
are consistent with the amorphous Ni-P described in the literature [42,
43]. The TEM analysis of the two samples is presented in Fig. 3(a and b).
The selected area diffraction (SAED) patterns inserted in Fig. 3(a and b)
show the amorphous halo of the Ni-P layer of the two samples, which is
consistent with the broad diffraction hump of the Ni-P layer in Fig. 3(c),
both confirming the amorphous structure of the deposited Ni-P layer.
The XRD pattern in Fig. 3(c) shows that the Ni layer of the Sample #1
has a strong (111) texture. In contrast, the Ni layer of the Sample #2,
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Fig. 2. (a) Cross-section and (b) surface amorphous layer morphology of amorphous/crystalline multilayer samples.

shows (111), (200), and (220) orientations without strong texture. The
SAED patterns of all crystalline layers in Samples #1 and #2 were
examined, and the intensity distribution was extracted [44], which
matched the XRD patterns. Fig. 3(d and e) show the intensity distribu-
tion of SAED pattern extraction for crystalline layers of Samples #1 and
#2, respectively.

After indentation, the deepest part of the indentation pit was covered
with a layer of Pt to protect the FIB cross-section. The cut position is
shown in Fig. 4(a). Fig. 4(a and b) shows the cross-section under the
indenter of Sample #1, and Fig. 4(b) shows enlargement of Fig. 4(a).
Fig. 4(c and d) shows the cross-section of Sample #2, and Fig. 4(d)
shows enlargement of Fig. 4(c). The thickness of the amorphous layer
decreased after indentation. Compared with Fig. 4(b) and (d), the
thickness reduction of the amorphous layer of Sample #1 is larger than
Sample #2, while the thickness of the crystalline layer has little differ-
ence, so the total thickness of Sample #1 after indentation is less than
Sample #2. Three amorphous layers were selected to calculate the
transverse thickness of the deformed amorphous layer. The central po-
sition under the indenter tip was taken as the abscissa 0, and the
transverse interval of 2 ym was taken as the measuring point. Seven
positions were measured for each layer. The statistical results are pre-
sented in Fig. 5. The yellow column represents the thickness of Sample
#1, and the green column represents the thickness of Sample #2. Both
samples are thin in the middle and thick on the two sides, and the yellow
column values are lower than the green column, that is, the thickness of
the amorphous layer of Sample #1 is less than the thickness of the
crystalline layer. Fig. 6 shows the thickness reduction T, of the

amorphous layer at the right middle position under the tip. The formula
for calculating the thickness reduction Ty is [45]:

T.=Ah/ho=(ho —h) / ho €))

Here, hy is the thickness of the amorphous layer before deformation,
and h is the thickness of the amorphous layer after deformation. The
thickness reduction of Sample #1 is always greater than Sample #2,
which is consistent with the statistical results in Fig. 5. The experimental
results show that highly-textured crystals are more beneficial for the
thinning of amorphous layers. EDS results obtained in transmission
electron microscope show that the elements have not diffused, as seen in
Fig. 7. There are no shear steps and shear bands in the amorphous layer,
indicating that the amorphous layer has a homogeneous flow.

We simulated deformation of four amorphous/crystalline bilayer
structures under indentation, in which the crystalline layer is composed
of single crystals using MD simulations. The indentations are aligned
along the <111>, <220>, <112>, and <110> directions, respectively.
The thickness of both amorphous and crystalline layers is 5 nm. The
indenter is in direct contact with the crystalline layer. The crystalline
layers were deformed first, and the stress was transferred to the amor-
phous layers, causing their deformation. In the deformed crystalline
layer, two adjacent HCP layers represent a stacking fault. The simulation
results show that the stacking faults and slip directions of crystalline
layers with (111) orientation are almost parallel to the amorphous/
crystalline interface, resulting in more dislocations generated by slip
remaining in the crystalline layer, and only a small part of dislocations is
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Fig. 3. TEM cross-section morphology of: (a) Sample #1 and (b) Sample #2. The inset shows the corresponding SAED patterns for the Ni-P layers. (c) XRD patterns
of the Ni-P layer and two kinds of Ni layers. (d) and (e) are SAED patterns of the crystalline layers in (a) and (b), respectively.

500 nm

Fig. 4. Section morphology after 0.5 kgf Vickers indentation of (a) and (b) Sample #1, (c) and (d) Sample #2.
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indenter tip.

absorbed by the amorphous layer through the amorphous/crystalline
interface, as seen in Fig. 8(a). For the other three crystalline layers, the
stacking faults and slip direction intersect with the amorphous/crys-
talline interface so that the dislocation slip direction is inclined to the
amorphous/crystalline interface, and the dislocation is more easily
absorbed by the amorphous layer, as seen in Fig. 8(b-d). The thickness
of crystalline and amorphous layers is thinner after deformation, which
is consistent with the experimental results.

4. Discussion

The experimental results show that the thickness of the Ni-P amor-
phous layer in the amorphous/crystalline multilayer structure will
decrease under pressure, and crystalline layers with the same thickness
and different orientations will affect the thickness reduction of the
amorphous layer. The thickness of each crystalline layer is thick enough,
and is equal to the thickness of the amorphous layer in this experiment,
reaching the submicron level, so there are no shear bands. It is well
known that there are two basic deformation modes of amorphous ma-
terials [46]: homogeneous and inhomogeneous flow. In the homoge-
neous case, each volume element of the sample contributes to the strain.
In the inhomogeneous case, the strain is limited to several very thin
shear bands, and the basic physical process behind the inhomogeneous
flow is the local softening of the material. In this work, the amorphous

layer only has homogeneous flow without softening.

4.1. Thickness reduction due to mutual constraints of amorphous and
crystalline layers

It is reported that the thickness of the amorphous layer decreases
during rolling and tensile deformation. Donohue et al. [47] found that
the shear band of nanoscale metallic glass is restrained by the ultra-thin
crystalline layer. However, due to the limitation of layer thickness, both
amorphous and crystalline layers are limited to the nanometer scale. The
authors emphasized that the crystalline layer should also be thin enough
to prevent dislocation accumulation. The stress concentration at the tip
of stacking dislocation of the crystalline layer in a micron-scale layered
structure will cause a shear band in the amorphous layer. On the other
hand, the high flow strength of the crystalline layer is guaranteed. The
thinning of the amorphous layer means that it has undergone plastic
deformation. The free volume distributed in amorphous alloy, similar to
vacancies in crystalline materials, is the portion of the volume around
atoms that can be exchanged with neighboring atoms, resulting in
annihilation under the action of the crystalline layer [46,48,49]. The
density of atomic stacking in the amorphous layer becomes higher [50].
Lu et al. [45] found that the thickness of the micron amorphous layer
decreased, but there was also inhomogeneous deformation of shear
bands or cracks.

In this work the polycrystalline layer is Ni. For a crystalline layer, it
has the following three characteristics. First, the grain size of nano-
crystalline (NC) Ni is below 100 nm, and NC particles of this size lack the
ability of strain harden, which is the key to maintaining the delocalized
plastic strain [51]. Second, the FCC structure is the most ductile crystal
structure, but the grain boundary strengthening of nanocrystals will lose
ductility. Third, Ni has high stacking fault energy (SFE), y, = 128
mJ/m? [52]. SFE is the main material property that determines the
plasticity mechanism of FCC metals. According to the value of SFE, the
plasticity mechanism of FCC metals can be divided into three types:
dislocation slip (}’sf >45 mJ/mZ), mechanical twinning (YSf = 15-45
mJ/mz), and strain-induced phase transformation (ysf <15mJ /mz) [53].
Thus, the main deformation mechanism of Ni crystalline layers is
dislocation slip. Here, due to the constraint and influence of the amor-
phous layers, the motion of dislocations in the crystalline layers slows
down, and the interaction between dislocations is enhanced. As a result,
the flow stress in the crystalline layers increases, and dislocation storage
is promoted, which increases strain hardening of the crystalline layers
while also possessing a certain degree of ductility. In this process, the
crystalline layers will also be thinner [54].

Hence, amorphous/crystalline multilayer structures interact and
constrain each other during deformation, which improves their strain-
hardening ability. Strain-hardening ensures the delocalization of flow
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Fig. 7. EDS from transmission electron microscopy: (a) Cross-section morphology of Sample #1, (b) corresponding Ni distribution represented in red, (c) corre-
sponding P distribution represented in green. (d) Cross-section morphology of Sample #2, (e) corresponding Ni distribution represented in red, (f) corresponding P

distribution represented in green.
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Fig. 8. MD simulation of the deformation of four kinds of amorphous/crystalline bilayer structures under indentation. The crystalline layers are: (a) (111), (b) (220),

(c) (112), and (d) (110) oriented single crystals.

and improves the plasticity of the whole system. According to the energy
conservation principle, the total energy of the whole system remains
unchanged. The flow stress of the crystalline layer in the initial state is
low when it is not deformed. After being pressed by the indenter, dis-
locations are introduced during the deformation process, then they
interact and entangle, which increases the energy, leading to an increase
in the flow stress [55,56]. However, the initial amorphous layer exhibits
a certain flow stress due to the existence of free volume. STZs are
generated during deformation, accompanied by energy consumption.
Due to the crystalline layers absorbing kinetic energy of the immature
shear bands of the amorphous layers [57], the shear bands cannot be

started, and the amorphous layer undergoes structural relaxation. With
the increase of atomic stacking, the free volumes begin to decrease and
annihilate, the number of STZs decreases, the flow stress increases, and
strain hardening is achieved. The corresponding deformation mecha-
nism is shown in Fig. 9. Yellow represents movable atoms, and blue
spheres represent less mobile atoms. It is easier for movable atoms to
form STZs, and STZs are circled by dotted lines in Fig. 9. As the defor-
mation proceeds, the atoms are stacked more closely, the number of
yellow atoms is reduced, and the number of STZs circled by the dotted
line decreases. The strain-hardening process of amorphous and crystal-
line layers is the opposite with completely different hardening
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Fig. 9. (a—c) highly-textured (111) crystalline/amorphous multilayer, (d—f) untextured crystalline layers/amorphous multilayer deformation mechanism diagram.
(a) and (d) are the same except for the crystalline layer texture. Yellow represents movable atoms, and blue spheres represent less mobile atoms.

mechanisms [58].

4.2. Effects of crystalline layers on the compression of amorphous layers

Based on the analysis of experimental results and MD simulations,
the dislocation slip directions of the polycrystalline layer with high
(111) texture are mainly parallel to the amorphous/crystalline interface,
and dislocations are retained in the crystalline layer, as shown in Fig. 9(b
and c). Literature shows that the dislocation density of FCC crystals with
(111) orientation is higher. When dislocation density is high, dislocation
slip is hindered. The higher the dislocation density, the higher the
strength, and the strain-hardening ability will be stronger [59,60].
Therefore, the highly-textured (111) crystalline layer has a stronger
strain-hardening ability. As the loading progresses, the crystalline layer
becomes more and more difficult to deform, and the force of the indenter
enters the amorphous layer, making the deformation of the amorphous
layer more severe. Therefore, the free volume decreases and annihilates
more, the flow is greater, and the atoms are packed more tightly. As a
result, the compression of the amorphous layer is greater.

From the energy perspective, the work done by the indenter is con-
verted into the energy of the amorphous/crystalline system. Based on
the principle of energy conservation, the motion of dislocations in the
crystalline layer increases its kinetic energy, so the energy increases
more, and the energy of the adjacent amorphous layers decreases more.
The lower the energy of the amorphous layers, the more the free vol-
umes are reduced and annihilated, and the more the volume is densified,
so the compression of the amorphous layers is greater.

For the crystalline layers in the untextured polycrystalline sample,
the dislocation slip directions generated by the crystalline layer are not
only parallel to the amorphous/crystalline layer interface but also more
likely to intersect with the interface, resulting in more dislocations being
absorbed by the amorphous layers. The absorbed dislocations activate
the STZs at the amorphous layer near the amorphous/crystalline inter-
face [61], as shown in Fig. 9(e). The STZs correspond to the
free-volume-rich regions prone to shear transition [62], increasing the
free volume of amorphous layers near the interface. At the same time,
the free volume of other parts of the amorphous layer decreases and
annihilates due to the pressure loading, as shown in Fig. 9(f). In general,

the annihilation of free volume is less than the first sample, and the
compression of the amorphous layer is smaller.

From the energy perspective, the energy of the amorphous layer
increases due to the enrichment of a part of the free volume, but the
pressure of the indenter finally reduces the energy of the amorphous
layer. As a result, the energy reduction of the amorphous layers is less
than amorphous layers constrained by (111) textured crystalline layers,
and the free volume annihilation is less, so the compression of the
amorphous layers is less.

In addition, after careful examination of the amorphous layers of the
deformed samples, no nanocrystals were found as described in the lit-
eratures [25,63,64]. This indicates that no deformation-induced crys-
tallization has occurred. The reason for this result is that the dislocations
emitted by the soft Ni crystalline layer do not enter the amorphous layer
with a strong stress field, but are absorbed by the amorphous layer at the
interface. Although the STZs of the amorphous layer are triggered, it is
not enough to induce atomic rearrangement of the amorphous layer
[65].

5. Conclusions

In this work, the deformation mechanisms of the amorphous/crys-
talline multilayers with a submicron single layer thickness were studied
using indentation experiments and MD simulations. Strain hardening of
the amorphous layer to varying degrees was achieved by controlling the
orientation of the crystalline layer. The main conclusions of this study
are as follows.

(1) Amorphous/crystalline multilayers with a submicron single layer
thickness can undergo plastic co-deformation under indentation,
and the amorphous layer does not produce shear bands and
achieves homogeneous flow. The thickness of both amorphous
and crystalline layers decreased.

(2) The amorphous and crystalline layers interact and constrain each
other during deformation. From the energy perspective, disloca-
tion multiplication in crystalline layers leads to energy increase,
while free volumes of amorphous layers decrease and annihilate,
resulting in structural relaxation and energy decrease. Two
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opposite processes fulfill their respective strain-hardening
capabilities.

(3) The highly-textured (111) crystalline layer can make the amor-

phous layer thinner than the untextured crystalline layer. The
essence of the former is that the strain-hardening ability of the
textured crystalline layer is higher, the deformation of the cor-
responding amorphous layer is more intense, the free volume is
reduced and annihilated more, the flow is greater, and the atom
accumulation is more compact. The latter amorphous layer ab-
sorbs dislocations in the crystalline layer, activates STZs, in-
creases the free volume of the amorphous near the interface, and
the annihilation of the free volume is less than the former, so the
former has a higher strain-hardening ability and greater
compression.
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