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Influence of an amorphous surface layer on the mechanical properties
of metallic nanoparticles under compression
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Université de Lyon, INSA-Lyon, MATEILS, UMR 5510 CNRS, 69621 Villeurbanne, France

® (Received 21 December 2018; published 20 March 2019)

This study aims to investigate the role of amorphous surface layers on the mechanical response of metallic
nanoparticles under compression using molecular dynamics simulations. For this purpose, the transferability
of three embedded-atom-method (EAM) potentials to model monoatomic Ni glass and amorphous-crystalline
structures is examined. Particular attention is paid to the crystallisation rate of the amorphous shell surrounding
the crystalline inner structure. Relying on the most appropriate model, the influence of the amorphous layer
on the mechanical response of crystalline-amorphous Ni nanoparticles is further investigated. Regardless of
its thickness, the amorphous surface layer significantly changes both the effective elastic modulus of the
nanoparticle and the flow stress. Besides stress, dislocation nucleation processes as well as the final shape of
the compressed particles are influenced by the presence of the amorphous shell. These results bring new insights
on the influence of surface state on the mechanics of metallic nano-objects.

DOI: 10.1103/PhysRevMaterials.3.033606

I. INTRODUCTION

Nano-objects, such as nanoparticles (NPs), nanowires
(NWs), and nanopillars are characterized by a large surface
to volume ratio that promotes their exceptional chemical,
physical and mechanical properties. Among the various nano-
objects, NPs are used in a wide range of functional applica-
tions, such as nanoelectromechanical systems (NEMS) [1,2],
drug delivery systems and catalysts [3,4], biological detectors
and sensors [5,6]. They also make strong friction-reducer
agents in lubricants [7,8]. For all these applications, the
targeted functional property depends strongly on the shape,
the thermomechanical history, and the surface state of the
NP. Besides, nanocrystals exhibit particularly high elastic
stretchability, increased yield strength (within the gigapascal
range) and extended ductility, when compared to their bulk
counterpart. These unique mechanical properties drive up NPs
as particularly interesting building blocks for architectured
material applications as well as for more fundamental studies.

The mechanical properties of metallic NPs are commonly
investigated using transmission electron microscopy (TEM)
or scanning electron microscopy (SEM) compression tests
and computed using atomistic simulations [9—13]. It is worth
noticing that most molecular dynamics (MD) studies consider
perfectly shaped crystalline NPs, distinct from each other by
size and facets geometry. Generally, the yield of metallic
NPs is attributed to the nucleation of partial dislocations
(and/or nanotwins) from the surfaces, edges, and corners.
Recently, Amodeo and Lizoul [14] have shown the influence
of smoothing the edges and corners of NizAl nanocubes on
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the mechanical response using MD. This study emphasizes a
particular increase of the yield strength for rounded systems
due to a decrease of the contact surface area, and a transition
towards a homogeneous dislocation nucleation process for a
given range of sample sizes and roundness. Both results were
confirmed by Sharma and collaborators [15], in the case of
faceted Ni NPs using SEM compression tests and MD. In
the latter case, the authors also underline the crucial role of
the thin surface oxide layer (observed in the experiments)
on the elevated strengths of the NPs. The question of the
influence of the surface state (e.g., oxidation, amorphization)
on the mechanical properties and dislocation nucleation pro-
cesses at small scales was recently pointed out, e.g., in the
review paper of Gerberich and collaborators [16]. Indeed, sev-
eral case studies of metals investigated at the nano- and larger
scales by in situ TEM emphasize surface alteration that could
influence experimental measurements. A typical example is
the case study of Han and collaborators [17] focused on Fe
NPs under compression. Fe NPs exhibit a thin Fe, O3 layer at
their surface that could be one of the source of discrepancies
on the measured yield stress. Furthermore, MD simulations
of oxidized Al and Fe NWs [18,19] under tensile deformation
demonstrate that surface oxidation enhances ductility of NWs,
reduces their yield stress, and lowers the onset of plasticity.
Controlling the surface oxidation is challenging both in ex-
periments and MD studies [18]. Indeed, only few interatomic
potentials, e.g., ReaxFF, COMB3) allow simultaneous model-
ing of metals and relative oxide phases [20-22]. However, due
to charge variation calculations, these potentials induce high
CPU cost, and therefore, they are restricted to relatively small
systems (see, e.g., Refs. [18,19]). Furthermore, they are often
characterized by a low transferability to model mechanical
properties.

Besides the effect of oxidation mentioned above, surface
amorphization can also be observed [23,24]. Such an alter-
ation of the surface state is shown to influence mechanical

©2019 American Physical Society
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properties and dislocation nucleation processes as, for in-
stance, in the case of amorphous-crystalline (cr-a) core-shell
Si nanowires [25,26].

The aim of this study is to investigate the influence of an
amorphous surface layer on the mechanical response of metal-
lic NPs using MD simulations. Due to the aforementioned
reasons that commonly hamper MD studies of metal-oxide
configurations, we focus here on crystalline NPs surrounded
by an amorphous layer. In order to streamline the approach,
we focus on monoatomic Ni systems, assuming that the
methods used here could apply to other metallic nanocrystals
and lead to qualitatively similar results. In particular, this
approach allows avoiding complex one-to-one comparison be-
tween monoatomic crystalline NPs and cr-a NPs, which have
different chemical compositions, e.g., comparing the mechan-
ical response of a cr Cu NP with that of a cr-a Cu/CuZr NP).
In the following, we will show how such an approach using
monoatomic material can bring significant semiquantitative
information about the influence of an amorphized/oxidized
surface layer on the mechanics of metallic nano-objects.

Metallic melts can be solidified into a glassy state through
rapid quenching down to low temperature. Monoatomic met-
als are particularly known for their low glass-forming ability
that makes the sample elaboration procedure extremely chal-
lenging [24]. For monoatomic metallic systems, vitrification
can be only achieved with cooling rates in excess of 10'> K/s,
using, for instance, such a method as explosive spraying [27]
or ultrafast liquid quenching [24], which allow reaching up
to 10" K/s quench rate. Such elevated quench rates are
well adapted for MD calculations typically characterized by
a timescale in the nanosecond range. Two recent atomic-scale
studies report the structure of amorphous monoatomic Ni
[28] and Al [29]. Also, the conditions for metallic melts
vitrification are investigated and analytically described for
single-component Ni, Al, and Cu systems by Fedorchenko
[30]. Among the tested compositions, Ni was shown to have
the highest glass formation tendency due to its high melting
temperature.

In this work, we aim to design a procedure allowing
to build cr-a nanospheres with pure Ni composition, ac-
counting for the unstable nature of amorphous Ni. Then,
Ni NPs with various thicknesses of amorphous layer are
compressed following a well established method designed
to mimic TEM/SEM nanocompression tests [12,14,31]. The
mechanical response of the particles is investigated and dis-
cussed for various amorphous surface layer thicknesses. Par-
ticular attention is paid to the onset of plasticity, both in the
crystalline core and the amorphous layer of the NPs.

II. SIMULATION METHODS

Several embedded-atom-method (EAM) potentials are
known to accurately reproduce the structure and the essential
mechanical properties of crystalline FCC Ni (cr-Ni), while the
information on amorphous Ni (a-Ni) structure is rather scarce
[28]. Here, we examine the transferability of three different
EAM potentials to reproduce the structure of monoatomic Ni
glass: (i) Angelo, Moody, and Baskes [32]; (ii) Mishin [33];
and (iii) Mendelev et al. [34]. These potentials are referred
hereafter as AMB-95, Mish-04, and Mend-12, respectively.

The simulations are performed using the open-source code
LAMMPS [35]. A time step of 2 fs is used in all MD simula-
tions; temperature is controlled using the Nosé-Hoover ther-
mostat [36]. The atomic samples used in MD simulations are
designed and manipulated using the command-line program
ATOMSK [37]. The atomic structures as well as elementary
deformation processes are analyzed using OVITO [38].

A. Creating the amorphous Ni structure

Following the work of Trady et al. [28], the a-Ni bulk
structure is obtained by rapid cooling of liquid Ni. The in-
vestigated atomic arrays are fully periodic and contain 6912
atoms (12x12x12 cubic cell, with the simulation box size
of approximately 4 nm). In order to obtain the amorphous
structure, the relaxed cr-Ni simulation cell undergoes the
following steps: gradual increase of temperature up to 2500 K
(10" K/s rate) within the NPT ensemble — equilibration of
liquid Ni at 2500 K using the NVT ensemble for 100 ps —
fast NPT quench (10'* K/s) of the system down to 10 K,
followed by a structural minimization using the conjugate
gradient algorithm until the global force on all atoms drops
below 10~ %eV/ A (1.602x 1075 N). The obtained amorphous
and liquid Ni structures are analyzed using the radial distri-
bution function (RDF) and the bond-angle analysis [39] as
implemented in OVITO [38].

B. Building crystalline and crystalline-amorphous NPs

For purely cr-Ni systems, (100)-oriented nanospheres are
carved from a perfect FCC crystal. The cr-a NPs designed for
compression are characterized by a total radius R = 10 nm
and a shell thickness r varying from 2 to 6 nm. Additional
sample NPs with total radius R = 15 and 20 nm are spe-
cially built to test the influence of the system size and shell
thickness on the crystallization rate. The sample elaboration
procedure of cr-a systems is less straightforward than for the
cr case. In the literature, one can find different methods for the
design of monoatomic cr-a core-shell nanocomposites, e.g.,
Refs. [26,40-42], which in general can be subdivided into
high-temperature and low-temperature approaches (referring
to the temperature at the interphase between amorphous and
crystalline phases).

The high-temperature method. This strategy requires heat-
ing (until melting) and subsequently quenching the outer part
of a nanocrystal, while keeping its core region at low temper-
ature [26,42]. Practically, the system is subdivided into two
concentric regions (corresponding to core and shell) where
two different thermostats are applied. Similarly to the proce-
dure described in Sec. IT A, subsequent melting and quenching
stages are used here to make the amorphous layers, whereas a
constant temperature of 1 K is set for the core of the NPs.

Previous MD studies of cr-a core-shell Si NWs [26,42]
alternatively suggest creating an amorphous surface layer
from the random distributions of atoms (with the density of
the amorphous phase) annealed above the glass transition
temperature, which is commonly of the order of %Tm. While
being effective for amorphous Si, this strategy fails here for
Ni: the tested Mish-04 and Mend-12 potentials do not yield to
a glassy structure from such atomic distribution.
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The low-temperature method. Dealing with pure Ni cr-a
systems (where the a-phase is unstable), one cannot com-
pletely exclude superfluous crystallization of the amorphous
surface layer. However, it is possible to slow down this
process while decreasing temperature at the cr-a interphase
during sample fabrication. Thus, alternatively to the high-
temperature methods, a core-shell particle can be created
using the low-temperature approach [40,41], i.e., via merging
a crystalline FCC core with an amorphous shell, the two parts
being carved from the relaxed bulk cr-Ni and a-Ni, respec-
tively. This method precludes applying high temperatures to
the composite system, and therefore inhibits the amorphous-
to-crystal transformation at the interphase. However, one
should bear in mind that the interphase between “merged”
phases requires structural optimization. In this work, NPs
with an amorphous surface layer are first subjected to energy
minimization using conjugate gradient, and then equilibrated
for 100 ps at 0.2 K using the Nosé-Hoover thermostat and
free-boundary conditions.

C. Compression of crystalline-amorphous NPs

The uniaxial compression of (100)-oriented NPs is per-
formed by displacing two infinite (top and bottom) flat force
fields along the z axis, similarly to the procedure described
in [11,31]. The effective stiffness K of each indenter is set
to 1000 eV/A3. The indenters are displaced towards each
other at a constant rate equivalent to engineering strain rate of
108 s~!. In order to hold the crystallization of the a-Ni as slow
as possible, a low temperature of 0.2 K is set during the whole
compression test. During compression, the evolution of the
forces F applied by the indenters as well as the contact surface
S are systematically monitored and recorded. The contact sur-
face area is computed based on the Delaunay triangulation of
the atomic positions combined with a probe sphere approach
with a critical radius R, [43.44]. In this study, we employ
the R, parameter that covers the second coordination sphere
in a-Ni and in ¢r-Ni for NPs with and without amorphous
shells, respectively. For each recorded deformation step, the
true compression stress is then defined as F/S.

III. RESULTS AND DISCUSSION

A. Characterization of the amorphous Ni structure

In this section, we describe the a-Ni bulk structures
obtained using the AMB-95, Mish-04, and Mend-12 EAM
potentials.

As previously described in Sec. IT A, the glassy state of Ni
is reached by rapid cooling of melt with the quenching rate
10'* K/s. Upon the temperature decrease, structural changes
in the system are monitored and the local structure evolution
is described via the radial distribution function (RDF) g(r)
as shown in Fig. 1. At high temperature, the RDF exhibits a
typical liquidlike shape [Fig. 1(a)] with no signs of long-range
order. By decreasing the temperature, the first peak R, (2.4 A)
becomes higher and sharper, and the second peak (4.5 A)
splits into two smaller ones R, and Rj3 located between 4 and
5 A, indicating an increase of the short range order (SRO).
The splitting becomes more pronounced with temperature
decrease. As it was previously shown in Refs. [28,45], the

TABLE 1. Structural properties of monoatomic Ni glass mod-
eled using Mish-04 [33], AMB-95 [32], and Mend-12 [34] EAM
potentials.

Potential E,/E., V,(mm®) V,/Ve, p,(g/cm®) po/per T, (K)
Mish-04 1.027 77.202 1.025 8.726 0.945 1050
AMB-95 1.025 79.740 1.058 8.448 0.976 750
Mend-12  1.031 77.508 1.030 8691 0971 600

third peak R3 occurs due to increasing number of icosahedral
clusters, while the second peak R, can be rather explained by
the presence of 13- and 14-fold coordination polyhedra like
(0,1, 10, 2) and (0, 2, 8, 4).

From the obtained evolution of the RDF with temperature,
one can define the glass transition temperature 7, based on
the Wendt-Abraham parameter RV = gin/gmax Where gmin
and gnax are the first minimum and maximum of the g(r)
curve. Among the three tested EAM potentials, the Mish-
04 potential provides the highest 7, = 1050 K [Fig. 1(a)],
close to 60% of the melting temperature 7,, = 1701 K (as
provided in Ref. [34]). Transition temperatures 7, computed
with AMB-95 and Mend-12 potentials (Table I) are 750 K
and 600 K, respectively, which is rather close to %Tm.

Figure 1(b) compares the RDF of the relaxed Ni glass
structures computed with the three different EAM potentials
and the experimental RDF curve characterizing a-Ni [46].
Overall, the shape of the calculated RDFs is in agreement
with experimental data. The apparent difference in the heights
of the first peak R; between modeled and experimental g(r)
could be associated to higher temperature conditions in the
experiment, as previously discussed in Ref. [45]. All the
functions obtained from MD simulations exhibit characteristic
splitting of the R, and R; peaks, typical for the glassy state
of Ni [45]. Although the splitting of the experimental curve
is less prominent than that obtained from EAM potentials,
the positions of R, and R; peaks of all the curves correlate
well with each other. The g(r) curve of the AMB-95 potential
has the highest R; peak and the most prominent splitting of
the R, and Rz peaks, suggesting the highest SRO among the
tested potentials. On the other hand, the splitting of the peaks
provided by the Mend-12 potential appears to be the weakest
indicating the structure with lower SRO. For the Mish-04
curve, the second, fourth, and fifth RDF peaks are slightly
shifted towards lower distances, which results in a denser a-Ni
structure with relatively smaller volume compared to those
obtained with the two other potentials (see p, and V, values
in Table I).

Table I summarizes the computed properties of the a-Ni
structure. As mentioned above, Mish-04 potential provides the
highest absolute value p, among the tested potentials; how-
ever, this glass structure is 5.5% less dense than crystalline
FCC Ni (see p,/p.r values), while for the other potentials
the difference is only 2.4%-2.9%. All the tested potentials
yield a potential energy of the glassy structures of the order of
2.5%-3% higher than that of FCC Ni (described via E,/E,, in
Table I).

Based solely on the analysis of the a-Ni glass structures
(Fig. 1, Table I), one cannot determine which interatomic
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FIG. 1. (a) Evolution of the RDF with temperature during quenching of liquid Ni computed using the Mish-04 potential. The inset
illustrates calculations of the glass transition temperature 7, based on the Wendt-Abraham parameter R¥ = giin/gmax- (b) Comparison of
the RDFs of the relaxed a-Ni structures obtained with the AMB-95, Mish-04 and Mend-12 interatomic potentials with the experimental RDF

of a-Ni [46].

potential is better suited for modeling cr-a Ni systems. Thus,
in the next section, we will further test the transferability of
all the three EAM potentials to model composite cr-a Ni NPs.

B. Crystalline-amorphous core-shell NPs

Here we investigate the transferability of the three EAM
potentials for modeling cr-a core-shell systems. In particular,
we examine the effects of temperature, shell thickness and
compressive stress on the stability of cr-a Ni core-shell NPs.
Considering a composite system where a metastable (a-Ni)
and stable (cr-Ni) phases coexist, we cannot completely ex-
clude partial crystallization of the amorphous shell. Therefore
we intend to find a combination of factors acting together
(namely, the sample elaboration method, interatomic poten-
tial, temperature and shell thickness) that allow preserving the
a-Ni shell under compression, at least until the onset of a first
plastic event in the cr core. In order to compute the crystal-
lization rate, we monitor the position of the cr-a interface
along the six (100) directions, which correspond to the fastest
crystallization directions in our case, as a function of time.

1. Fabrication of core-shell NPs

Obtaining a noncrystalline shell directly on a FCC sub-
strate using the high-temperature approach (from melt) re-
quires to impose local temperatures larger than 7, and sub-
sequently perform a rapid quench (see Secs. I A and II B).
The initially introduced high temperature at the core-shell
interface leads to a very fast crystallization (>1A/ps) of
the shell during quenching. Moreover, due to the extremely
high crystallization rate, the newly crystallized FCC domain
contains a large amount of defects such as stacking faults
(SFs) [Fig. 2(a)].

Previous MD studies of cr-a core-shell Si NWs [26,42]
also point out this drawback of the high-temperature method
resulting in significant uncontrolled recrystallization of the
shell and a redundant formation of defects. Here, the un-
controlled change in FCC volume fraction during quenching

hinders the one-to-one systematic comparison of the samples,
e.g., for mechanical properties. Therefore, for the current
study, we will not consider this sample fabrication approach.

In contrast to the high-temperature method described
above, the low-temperature approach [40,41], creating an
amorphous-crystalline composite via merging the two phases,
leads to a decent loss of amorphous structure during sam-
ple elaboration without superficial formation of defects
[Fig. 2(b)]. Thus the low-temperature method is better suited
for the fabrication of the cr-a Ni NPs, and therefore, will be
preferred in the rest of the study. The crystallization rate of
the amorphous layer during the low-temperature process for
the three EAM potentials is further investigated in the next
section.

2. Crystallization rate at low temperature

In this section, the crystallization rate is studied for a
spherical NP with a total radius R = 10 nm and a shell thick-
ness of r = 2nm (r/R = 0.2) as a reference system. Table II

Initial FCC
core region

Initial core-shell
interface

Initial core-shell
interface

FCCIHBPIBEE ICO other

FIG. 2. Core-shell Ni NPs designed using (a) the high-
temperature method, i.e., by melting and rapidly quenching the
outer part of the particle, and (b) the low-temperature approach via
merging crystalline FCC core with amorphous shell. Black dashed-
lines delimit FCC structures before and after equilibration. The
atoms are colored according to their structural type as defined by
the bond-angle analysis: FCC (face-centered cubic), HCP (hexagonal
close-packed), BCC (body-centered cubic), and ICO (icosahedral).
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FIG. 3. Crystallization rate of the a-Ni layer as a function of the r/R ratio between the thickness of the amorphous shell and the total
radius of NPs. The results are presented for (a) AMB-95 [32] and (b) Mish-04 [33] EAM potentials. The error bars result from the difference

in crystallization rates obtained for the six directions of (100) axis.

reports crystallization rates deduced from annealing of the NP
at 0.2, 1, and 10 K using the three tested EAM potentials.
Among the three tested potentials, Mend-12 leads to the
fastest crystallization rate. Even at extremely low temperature
(i.e., T =0.2K), the crystallization rate is approximately
0.53 A/ps meaning that, even without compressive stress, a
2 nm amorphous shell will completely crystallize after 40 ps,
which is less than the typical timescale for MD compression
simulations. Better results are obtained for both the AMB-95
and the Mishin-04 parametrizations with lower crystallization
rates (see Table II). Indeed, the Mish-04 potential exhibits
crystallization rates ranging from 0.02 A/ps (T = 0.2 K) up
to 0.09 A/ps (T = 10 K), which are one to two orders of
magnitude lower than those obtained with Mend-12. Thus,
the Mend-12 potential appears to be the least suitable for
modeling Ni core-shell NPs. Therefore this potential will not
be further investigated in the rest of this study.

3. Influence of the sample size and shell thickness
on the crystallization rate

Here we examine the effect of the sample geometry on
the crystallization rate relying on the Mish-04 and AMB-95
interatomic potentials. Figure 3 illustrates the crystallization
rates computed for 20, 30, and 40 nm diameter nanospheres
as a function of the r/R ratio. On this figure, the error bars
result from the difference in crystallization rates obtained for
the six (100) directions. For both potentials, the crystallization

TABLE II. Influence of the temperature on the crystallization
rate (in A/ps) computed for a cr-a core-shell Ni NP of 10 nm radius
with 2 nm amorphous shell using the AMB-95 [32], Mish-04 [33],
and Mend-12 [34] EAM potentials.

Potential 0.2K 1K 10K
Mish-04 0.02 0.06 0.09
AMB-95 0.18 0.46 0.80
Mend-12 0.53 1.22 2.28

rate increases with the size of the NP. This tendency can be
explained by the relative increasing amount of FCC crystal
in the sample. For the AMB-95 potential, characterized by
a faster crystallization rate [Fig. 3(a)], we find an apparent
dependence on the /R ratio such as the crystallization rate
increases as the relative volume of amorphous phase in a sam-
ple decreases (r/R ratio decreases). For all the examined NP
sizes, the crystallization rate saturates when the shell thickness
reaches 40% of the total sample radius. The crystallization
rate obtained with Mish-04 remains rather constant for a given
NP size regardless of the shell thickness [Fig. 3(b)]. Here, the
crystallization rate appears to be less sensitive to the relative
volume ratio between amorphous and crystalline phases. In
this case, due to the very low transformation rate, the actual
increase of the transformation rate with decreasing fraction of
amorphous phase can be hidden within the error bar.

4. Influence of stress on the crystallization rate

In the previous Secs. III B 1-1IT B 3, we have shown that for
the investigated cr-a Ni NPs, a progressive crystallization of
the amorphous surface layer is ubiquitous and unpreventable.
Although it was possible to identify the optimal conditions
inhibiting this process, e.g., low temperature and suitable
EAM potential), the crystallization rate is likely to be further
enhanced by the applied stress during compression. In order
to quantify the evolution of the crystallization rate under
stress, we further investigate the cr-a Ni NPs with r = 2 nm,
R = 10 nm under compression at 0.2 K using the AMB-95
and Mish-04 potentials following the protocol described in
Sec. IIC. Figure 4 brings together the positions of the top
indenter and the cr-a interphase during compression tests
performed at 10° s~! engineering strain rate. The compression
stress promotes the increase of the crystallization rate from
0.18 t0 0.47 A /ps and from 0.02 to 0.07 A /ps for the AMB-95
and the Mish-04 potentials, respectively. With the AMB-95
potential, the amorphous surface layer quickly crystallizes
along the compression direction at approximately 6% strain,
where the recrystallized cr-Ni comes in contact with the
indenter. This process is delayed with the Mish-04 interatomic
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FIG. 4. Crystallization rate of a-Ni surface layers for R = 10 nm
and r = 2 nm as derived from the propagation of the cr-a interphase
during compression at 10° s~! strain rate and 7 = 0.2 K.

potential, which allows up to 20% strain without complete
crystallization of the amorphous surface layer.

Based on these results, we conclude that, among the tested
EAM potentials, only Mish-04 can allow investigating cr-a
Ni NPs under compression. This interatomic potential will be
further used in the last section of the study that focuses on the
compression of Ni-based NPs.

C. Nanocompression simulations
1. Mechanical response

In this section, we perform MD nanocompression tests of
purely cr and a-Ni NPs with a total radius R = 10 nm, as well
as of the cr-a systems of same size with a shell thickness r
varying from 2 to 6 nm (#/R ratio ranging from 0.2 to 0.6).
The calculations are performed at constant compression rate
of 10® s~! relying on the Mish-04 interatomic potential which
provides the slowest crystallization rate during the sample
fabrication [Table II, Fig. 3(b)] and compression processes
[Fig. 4].

The computed true compressive stress versus true strain
curves are shown in Fig. 5 where one can distinguish three
different sample cases depending on the /R ratio. First, the
typical mechanical response of the cr-Ni NP is similar to that
in the previously published compression tests of FCC metallic
nanospheres, e.g., Refs. [11,47]). It is initially characterized
by an elastic regime up to 5.3% strain and a yield stress of
13.5 GPa. After yielding, the curve shows stress drops due to
successive surface dislocation nucleation (SDN) events.

While the variations of the cr-Ni NP curve are sin-
gular and characterized by ups and downs at particularly
high stress, the stress-strain curves of cr-a NPs with r/R
ranging from 0.3 to 0.6 as well as the one of the a-
Ni NP are significantly different and exhibit the second
type of behavior. These systems are characterized by a
lower Young’s modulus, which is typical of amorphous
materials, and a softer elastoplastic transition, as also ob-
served in the case of core-shell NWs under tension [18,19],
and more generally speaking, by a smoother mechanical

14 0.2 0.3 04 — 05 0.6

A — O —

True compressive stress (GPa)

0.1 0.15 0.2 0.25
True strain

o o .
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FIG. 5. Stress-strain curves computed for purely crystalline (cr),
amorphous (a), and cr-a Ni NPs. Numbers in the legend correspond
to the ratio /R between the amorphous surface layer thickness r and
the total radius R = 10 nm of the NPs.

response, i.e., lower stress range and variations, when com-
pared to the cr-Ni sample.

Third, the /R = 0.2 sample behaves in between the cr-Ni
and the a-Ni data sets, i.e., the r/R = (.2 stress-strain curve
exhibits an elastic regime that mimics to the one of the a-Ni
NP up to € = 5.9%. Then, it diverges and increases up to the
cr-Ni response. This behavior occurs due to the particularly
fast shell crystallization, which ends at € = 5.9% when the
FCC Ni crystal comes in contact with the indenters. At larger
strains, the stress decreases and a steady state of about 7.2 GPa
takes place.

2. Elementary deformation processes

Cr-Ni NPs. In Fig. 5, the stress drop at € =2.5% on
the c¢r-Ni NP stress-strain curve results from the surface
accommodation of two unstable, “hillock” [11] pyramidal
dislocation structures (SFs bounded by four %(IOO) edge
dislocations), typical of simulated FCC nanospheres when
compressed along (001) [Fig. 6(a)]. This process does not
comply with the Hertz model, which assumes subsurface max-
imum stress concentration in the case of perfect sphere under
compression (see, e.g., Ref. [48]). Here, one can assume that
homogeneous dislocation nucleation is not favoured (when
compared to SDN) due to the competition between subsur-
face shear stress concentration on one hand, and nanoscale
properties such as surface atomic discretization, orientation
of surface ledge, and dislocation line energy on the other
hand. Nevertheless, while this process recently drew particular
attention [11,47,49], it might not be realistic. Indeed, the
pyramidal dislocation structure, which, up to now, has only
been observed in MD simulations, results from the interaction
of four Shockley partial dislocations simultaneously nucleated
in four é (112) {111} slip systems of maximum Schmid factor.

The coincidence of the four nucleation events is a nec-
essary condition to ensure the pyramidal shape of the dis-
location reaction, and such a symmetric structure can only
be formed due to three reasons incident to the simulation.
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twinning partial
dislocation

bottom pyramidal

structure 8
Shockley partial
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[100]

£=2.5% £=7.2%

FIG. 6. Surface dislocation nucleation (SDN) in a 20 nm cr-
Ni NP. (a) The pyramidal dislocation structure that occurs at the
early stage of plastic deformation (¢ = 2.5%). The yellow curves
correspond to % (100) edge dislocation lines. (b) Multiple SDN events
and nanotwin growth at € = 7.2%. Shockley partial dislocations are
shown in green; the nanotwin is depicted by an orange area. The
atoms are colored according to the structural type defined by the
bond-angle analysis: HCP is shown in red (SFs and twin boundaries),
defective regions are white (surfaces, dislocation cores, disconnec-
tions). For the sake of clarity, FCC atoms are removed.

First, the indenter and the sample should be perfectly aligned
in the simulation along the [001] direction, which en-
sures the same Schmid factor of 0.408 in the é[liZ](lH),
L[I12](111), [112](111), and £[112](111) slip systems. A
change of a fraction of degree would break the symmetry of
the Schmid factors and, consequently, the simultaneousness
of the four events. Such perfect alignment cannot be currently
reached in experiments, especially in in situ TEM nanocom-
pression tests where setup geometry optimization is one of
the major research objectives [12,50,51]. The second reason
arises from the actual shape of the NPs. Here, we modeled
perfectly spherical (100) cr-Ni NPs. These NPs are highly
symmetric and all their six (100) axes are strictly identical
in terms of geometry and number of atoms building {100}
surface layers. This perfect geometry also contributes to the
coincidence of SDN events responsible for the pyramidal
dislocation structure. In experiments, such a high level of
“perfection” in terms of NP shape cannot be achieved. Finally,
the third reason originates from the thermally-activated nature
of SDN, which is assumed to only happen at extremely high
stress in MD calculations due to the high compression rate
and small timescale (of the order of ns) conditions. In exper-
iments, the timescale is larger hence delaying probabilistic
temperature-dependent events in terms of stress and time.
Again, this factor would reduce the possibility of simultane-
ous SDN and the pyramidal structure to occur.

While the formation of the pyramidal structure might in-
fluence the early plastic deformation regime, its mechanical
instability (it fails at € = 5.3%) allows the system to further
deform by more conventional deformation processes such
as uncorrelated Shockley partial dislocation and nanotwins
nucleation. Indeed, the stress drops observed on the purely cr-
NP response at € = 5.3% and 7.3% refer to the multiplication
of several partial dislocations, from the top and bottom of
the pyramidal dislocation structures, which quickly leads to
the formation of extended SFs and deformation nanotwins

[Fig. 6(b)]. Atlarger strains, stress variations are characterized
by subsequent SDN events.

Cr-a Ni NPs. Due to the presence of the amorphous surface
layer, the deformation processes and mechanical response of
cr-a Ni NPs are strongly different from their purely crystalline
counterparts. Here, we first focus on the »/R = 0.3 sample,
which is considered as a proxy for cr-a Ni samples with r/R >
0.3. Then, the deformation of the r/R = 0.2 sample will be
described.

In contrast to the cr-NPs, one cannot clearly distinguish
the elastic regime from the plastic deformation domain in the
cr-a and a-Ni systems at small strains (Fig. 5). This suggests a
complex deformation process where small irreversible plastic
events already occur in the linear elastic regime, followed
by a smooth transition into a more effective plastic regime.
Such behavior is commonly observed in amorphous systems
[52-54]. This interpretation is also confirmed by the analysis
of the nonaffine squared atomic displacements describing the
distribution of local plastic shear in the compressed sample.
Figure 7(a) clearly illustrates that the a layer is sheared before
the cr core. This effect is particularly prominent in the areas
close to the top and bottom virtual indenters, where the accu-
mulated shear is maximum. Even if located close to the con-
tact with the indenter, the plastic shear in the a-shell is rather
homogeneous and no shear bands are observed during the
whole deformation process. The absence of shear bands can
be explained by the dimension of the amorphous surface layer,
which is too thin to promote shear banding [55,56] as well as
by the low relaxation state of the glassy structure (the a-Ni
was obtained with extremely high quenching rates). Indeed,
unrelaxed glasses rather deform by homogeneous deformation
when compared to the relaxed amorphous structures (see, e.g.,
Ref. [57]). A similar homogeneous process is observed in the
case of the purely a-Ni NP.

For the /R = 0.3 NP, the first plastic event in the cr core
occurs due to the nucleation of é[l 12](111) partial dislocation
from the cr-a interface at € = 13.6% [Fig. 7(b)]. In this case,
the interface dislocation nucleation (IDN) site is not located
in the center of the compression contact area like it was for
the purely cr-Ni NP. Instead, it occurs aside, where the cr-a
interface is also highly sheared [see Fig. 7(b)]. This behavior
confirms both the role of the atomic local environment at the
interphase as well as the transmission of plastic shear from
the a phase to the cr phase by the IDN process, as already
observed in other cr-a composites, such as nanolaminates
[58]. At the same time, the complementary process, i.e., the
transmission of plastic shear from the cr to the a phase, is also
observed once the Shockley dislocation reaches the interface
at the opposite side of the NP and grows further as a nanotwin
[Fig. 7(c)]. Dislocation plasticity in the NP core occurs at € =
13.6%, much larger than that in the cr-NP (e = 2.5%-7.2%
corresponding to the formation and subsequent destruction
of the pyramidal structure). This confirms the crucial role
of the amorphous surface layer to accommodate both elastic
and plastic strains. Thus no pyramidal dislocation structure
occurs in the cr-a Ni NPs, even when being compressed along
the [001] direction similarly to the cr-Ni NPs. As such, we
assume that, in both simulations and experiments, a thin oxide
or amorphous layer at the surface of metallic NPs should
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FIG. 7. Interface dislocation nucleation (IDN) in the /R = 0.3 cr-a NP. Atoms are colored according to the magnitude of their nonaffine
squared displacements [except for the inset (a), where colors refer to crystalline structures: FCC is shown in green, glassy structure in white].
Dashed red and solid green curves refer to specific interfacial regions and partial dislocations, respectively.

prevent the nucleation of the highly symmetric pyramidal
dislocation structure at the onset of plasticity.

At larger strains applied to the cr-a Ni NP, the nanotwin
[depicted in Fig. 7(c)] continues to grow, and new dislocations
(both partial and perfect) nucleate from the interface in several
slip systems. Dislocations and twins interact in a complex
manner. This process will be further detailed below. Overall,
a similar combination of twinning and dislocation processes
is observed in 0.3 < r/R < 0.6 cr-a Ni NPs as expected from
the stress-strain curves presented in Fig. 5.

InFig. 5, the r/R = 0.2 stress-strain curve exhibits a higher
stress response compared to the other cr-a NPs at strains
ranging from € = 6.5% to 16.9%. This behavior results from
the stress-induced crystallization process of the amorphous
surface layer, close to the indenters, as shown in Fig. 8(a).
At € = 7.0%, the top a-Ni region is fully crystalized, and the
FCC phase comes in direct contact with the indenter. Similar
crystallization of the shell occurs in the bottom region at
€ = 7.8%, thus bringing both indenters in contact with the
cr-Ni core [Fig. 8(a)].

Two major plastic events take place in the cr core of
the NP with the r/R=0.2 at € =10.1% and 11.0%. In

both cases, the onset of dislocation nucleation occurs at the
triple line between the core-shell interface and the indenter
[see Fig. 8(b)]. At € = 10.1%, a leading partial dislocation
with Burgers vector é[liZ], quickly followed by a é[le]
trailing partial, nucleates in the (111) slip plane, from the cr-a
interface, just below the top indenter. Nevertheless, the % [101]
dislocation rapidly escapes the sample (from the top region)
by cross-slip, after a quick interaction with a $[112](111)
dislocation. At € = 11.0%, one more (111) Shockley par-
tial nucleates from the bottom cr-a interface region, prop-
agates further and crosses the entire sample. This event is
followed by the nucleation of a twinning partial dislocation
at € = 12.2%, on the top of the extended SF, leading to
the formation of a first nanotwin (NTw1). Furthermore, a
1[112](111) partial dislocation nucleates from the top of the
NP, as shown in Fig. 8(b). The deformation of the /R = 0.2
sample is particularly interesting as it is merely based on
nanotwin interaction processes, which are rarely detailed in
the literature. From € = 12.2% to 13.3%, the NTw1 grows and
the é[lii](ili) dislocation shown in Fig. 8(b) also becomes
a nanotwin (NTw2) due to the IDN of a twinning partial
dislocation. This process is depicted in Fig. 8(c). At this
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FIG. 8. Deformation processes in a-cr core-shell Ni NP with
r/R =0.2. (a) Crystallization of the shell in the top and bottom
regions in contact with indenters. (b)—(d) Nanotwin nucleation,
growth and interactions. Three nanotwins refered as NTw1, NTw2,
and NTw3, are depicted. The atoms are colored according to the
structural type. FCC atoms in (b)—(d) are removed for clarity.

stage, NTwl behaves as an obstacle to the propagation of
the NTw2 and its former partial dislocation. At larger strains,
NTwl1 continues to grow further while NTw2, as well as an
additional nanotwin (NTw3) nucleated in the (111) plane, are
progressively repealed towards the peripheral area of the NP
[Fig. 8(d)]. Ate = 19.4% [Fig. 8(d)], there are two interesting
points to address: (i) NTw2 and NTw3 are particularly thin
compared to the thicker NTw1. One can observe that as NTw1
fully crosses the whole crystal, it grows much faster than
NTw2 and NTw3; (ii) in addition to SDN and IDN, here

(a) 1000
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we show that the emission of twinning partial dislocations
can also happen from the twin reaction regions (i.e., at the
intercept between two NTw), as illustrated in Fig. 8(d).

3. Influence of the amorphous surface layer on the mechanical
response of Ni NPs

From Fig. 5, one can see that the amorphous surface layer
strongly affects the mechanical response of metallic NPs
under compression. The origins of the decrease in terms of
critical yield and flow stresses, for cr-a and a systems as
compared to their crystalline counterpart, can be derived from
Fig. 9 illustrating the evolution of force and the contact surface
area during compression.

At large strains, the contact surface area of a and cr-a
systems increases faster than that of the cr-Ni NP [Fig. 9(b)].
Such behavior partially explains the relatively low flow stress
values of the composite and amorphous NPs compared to
the fully crystalline counterpart. It is interesting to note that
the surface areas of the core-shell and amorphous particles
evolve similarly up to € = 10% (corresponding to the 10 A
displacement). Below € = 8%, the contact areas are in the
same range for cr, cr-a, and a NPs. However, there are two
critical differences between the curves. Firstly, the initial
value of the surface area of a partially (or fully) amorphous
NP is approximately 8 nm?, while that of the cr nanosphere
is closer to 20 nm?. This difference results from the direct
contact of the flat crystallographic (001) atomic layers of cr-
NPs with indenter, while the rounded surfaces of the relatively
disordered amorphous structure produce much smaller contact
area at the beginning of the compression test. Secondly, the
variation of the contact area is a stepped process in the
case of the cr sample while it is more continuous for cr-a
and a-NPs. The stepped variation of the contact area curve
of the (001)-oriented cr-NP was recently discussed in the
literature and attributed to the interplanar indentation of (001)
layers [14,47]. This process does not apply for cr-a NPs as
the amorphous overlayer homogeneously reorganizes during
the compression, which ensures a smoother evolution of the
contact surface. Figure 10(b) emphasizes how the amorphous

(b)

Contact area (nm?)

0 5 10 15 20 25
Displacement (A)

FIG. 9. (a) Force-displacement and (b) contact area-displacement curves. Numbers in the caption refer to the ratio »/R between the
amorphous surface layer thickness r and the total radius R = 10 nm of the NPs; cr and a stand for purely crystalline and purely amorphous

NPs respectively.
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FIG. 10. Evolution of NPs external shape during compression.
(a) and (b) refer to the purely crystalline 20 nm Ni NP, (¢) and
(d) refer to the /R = 0.3 cr-a NP. Snapshots are performed before
compression [(a), (c)] and at € = 0.3 [(b), (d)].

surface layer influence both the contact surface area as well as
the global shape of the NPs. The influence of the amorphous
surface layer on the resulting shape and exposed surfaces of
NPs after deformation is of primary importance for several
fields of application such as the elaboration and processing
of materials by, e.g., spark plasma sintering and hot pressing
approaches [59-61], or the lubrication of mechanical systems
[7,62,63], where strong deformation of NPs can occur.

Finally, while all investigated NPs are characterized by
comparable contact areas up to € = 8%, the indenter force
of the cr-NP [Fig. 9(a)] is significantly larger, which leads
to a larger effective Young’s modulus compared to the cr-a
systems (260 GPa versus 120 GPa). Although the observed
quantitative difference between the elastic modulus is larger
than expected as the poor relaxation of the glassy structure
might influence the stiffness of the core-shell system, the
qualitative decrease of the modulus is in agreement with the
mechanical response of crystalline and amorphous metallic
systems of the corresponding chemical compositions reported
in literature [64—-66].

IV. CONCLUSIONS

This work aimed to investigate the influence of an amor-
phous surface layer on the mechanical properties and defor-
mation processes of Ni NPs under compression. Accounting
for the unstable character of monoatomic metallic glasses, the
transferability of the three different EAM potentials (AMB-95
[32], Mish-04 [33], and Mend-12 [34]) to model monoatomic
Ni glass structure and provide a reasonably slow recrystallisa-
tion rate of the amorphous surface layer surrounding the FCC
NPs core was investigated. Mend-12 provides the amorphous
structure with the lowest SRO and the fastest crystallization
rate, while Mish-04 provides the slowest crystallization rate
during both sample fabrication and compression processes.

During compression, the amorphous surface layer dras-
tically reduces the effective elastic modulus of the NPs,
and leads to a delayed onset of dislocation nucleation when
compared to its crystalline counterpart. The shape and con-
tact surfaces of the NPs are also strongly influenced by the
amorphous surface layer, which reduces the stress response
during plastic deformation. While the amorphous surface
layer is characterized by homogeneous shear, the crystalline
core of the particles exhibits IDN of Shockley partial disloca-
tions, which can further lead to the formation of nanotwins in-
teracting with each other in a complex manner. No pyramidal
dislocation structures (characteristic for (001)-oriented FCC
NPs) were observed in the NPs with an amorphous surface
layer. Thus, in this study we show that besides the mechanical
response, the presence of an amorphous surface layers affects
the elementary deformation processes and the shape of the
NPs under compression. This study brings new perspectives
on the deformation of nano-objects with amorphized/oxidized
surface, and might help to interpret recent experiments such
as in situ TEM nanocompression tests.
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