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Nanoindentation and plasticity in nanocrystalline Ni nanowires: A
case study in size effect mitigation
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We examine the processes of spherical indentation and tension in Ni nanowires and thin films containing random distributions of
nanoscale grains by molecular dynamics simulations. It is shown that the resistance to nanoindentation of nanocrystalline Ni nano-
wires with diameters of 12 and 30 nm tends not to depend on the wire diameter and free surfaces, contrary to nanoindentation in
single-crystalline nanowires. Accommodation of plastic deformation by grain boundary sliding suggests a mitigation strategy for

sample boundary effects in nanoscale plasticity.

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The mechanical behavior of metallic nanowires
(NWs) and micropillars (MPs) is found to exhibit a pro-
nounced dependence on sample size, which does not ex-
ist with macroscopic properties in bulk metals [1-9]. In
particular, pure tension and compression experiments
in single-crystalline NWs and MPs made of face-cen-
tered cubic (fcc) metals, such as Ni and Au, have shown
evidence for a drastic increase in plastic flow stress with
a size reduction in the sub-micron regime; a phenome-
non proving that “smaller is stronger” under tension
or compression [1-7]. On the contrary, nanoindentation
studies in single-crystal fcc MPs and NWs [10-13] have
revealed a decrease in Young’s modulus and hardness as
the specimen size decreases; thus leading to an inverse
scaling behavior where smaller NWs appear less resis-
tant to contact loads than thicker ones. Therefore, the
loading modes resulting from different characterization
techniques strongly influence the study of size effects
on strength and plasticity in NWs. The softening behav-
ior observed during nanoindentation of single-crystal
NWs can be interpreted by sample boundary effects on
crystal plasticity, where the interaction of lattice disloca-
tions emitted beneath the contacting tip, and their easy
absorption by free surfaces, become more frequent and
predominant as the sample diameter decreases [12].
Since metallic NWs are basic building blocks at the

* Corresponding  author. Tel. —+1 802 656 3837; e-mail:
frederic.sansoz@uvm.edu

nanoscale level in electronic and electromechanical de-
vices, it is critically important to alleviate such inverse
size effects on plastic flow in fcc metal NWs when sub-
jected to nanoindentation.

In this paper, we report on a possible mitigation
strategy for sample boundary effects in metallic NWs
under nanoindentation when N'Ws are nanostructured
with a random distribution of nanoscale grains smaller
than the wire diameter. Molecular dynamics (MD) sim-
ulations are used to gain fundamental insight into the
processes of nanoindentation and pure tension in nano-
crystalline Ni NWs with a mean grain size of 7 nm. This
type of metallic NW is representative of realistic fcc me-
tal NWs that can readily be produced with polycrystal-
line  microstructures  during  synthesis [14,15].
Simulations in thin Ni films with identical grain size
were also performed to study the intrinsic effect of free
surfaces in the indentation of nanocrystalline Ni NWs.
Here, we show a phenomenon of size invariance in the
resistance to nanoindentation of nanocrystalline Ni
NWs, in stark contrast to nanoindentation in single-
crystalline NWs. The mechanisms of plasticity in de-
formed nanocrystalline Ni NWs are analyzed at atomic
level by using least-squares atomic local shear strain
invariant calculations [16] in order to explain this effect.

Simulations of deformation in NWs and thin films by
nanoindentation with a frictionless, spherical tip, as well
as by pure tensile loading, were performed by MD with
an embedded-atom method (EAM) following the meth-
odologies described in earlier work by Sansoz and co-
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workers [12,17]. In this study, we used an EAM inter-
atomic potential for Ni from Mishin et al. [18]. The
NWs were 40 nm in length, with diameters of 12 and
30 nm as shown in the inset of Figure 1. Periodic bound-
ary conditions were applied along the wire axis to model
an infinitely long NW. To simulate thin films, the whole
simulation box (40 x 40 nm) was filled with atoms and
periodic boundary conditions were applied to the direc-
tions parallel to the film surface. The film thicknesses
were equal to the two NW diameters studied, i.e. 12
and 30 nm. Both thin film and NW models were con-
structed with a random distribution of grains with a
mean size of 7 nm using a 3D Voronoi tessellation tech-
nique and an arbitrary crystal orientation [19]. The
number of atoms ranged from ~0.4 million (12 nm
diameter NW) to 4.4 million (30 nm thick film). The
simulations presented in this work required ~25,000
computer processing unit (CPU) hours. Prior to defor-
mation, all models were relaxed in two steps. First, we
performed an energy minimization with a conjugate gra-
dient method. Second, a zero stress relaxation in the iso-
thermal-isobaric ensemble (constant number of
particles, pressure and temperature, NPT) using a
Nosé-Hoover thermostat was performed at 300 K for
125 ps (25,000 steps). The time step was 5 fs. Deforma-
tion was subsequently carried out at the same tempera-
ture in the canonical ensemble (constant number of
particles, volume and temperature, NVT). To simulate
the process of nanoindentation, the bottom two atomic
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Figure 1. Molecular dynamics simulation of plasticity in nanocrystal-
line Ni nanowires under pure tension. (a) True stress—strain curves for
12 and 30 nm Ni nanowires with a mean grain size of 7 nm. Atomic-
level snapshot at 10% deformation in Ni nanowires with a diameter
equal to (b) 12 nm and (c) 30 nm. Coloring corresponds to the least-
squares atomic local shear strain invariant (3™%), which shows that
more plastic deformation is accommodated by grain boundary sliding
than by the propagation of lattice dislocations.

layers were fixed in all directions to enable tip penetra-
tion into the specimens, while preventing rolling or slid-
ing during deformation. The tip was modeled as a
virtual sphere of 18 nm in diameter by a repulsive force
with a force constant equal to 10 N m~2 [12,20-22]. A
gap of 0.2 nm was initially imposed between the sample
surface and the tip. The tip was displaced at a rate of
1 ms~'. The final depth of indentation into the samples
was 1.8 nm (400,000 steps). The atomic positions were
recorded at 10 ps intervals (2000 steps). The contact
zone was defined by the atoms positioned within the
boundary of the virtual indenter. The mean contact
pressure was calculated by dividing the total force on
the indenter by the projected area of contact determined
directly from the contacted atom positions. To simulate
pure tensile deformation, the NWs were deformed by
straining the simulation box along the wire axis at a con-
stant engineering strain rate of 5 x 107 s™\. The mecha-
nisms of plastic deformation were analyzed
quantitatively by calculating the least-squares atomic lo-
cal shear strain invariant [16] in the atomistic configura-
tion viewer AtomEye [23]. In this paper, atoms in dark
color are atoms undergoing negligible plastic deforma-
tion, while atoms in severely deformed zones with more
than 30% plastic deformation appear in white color. As
shown below, this visualization technique enables accu-
rate detection of both intergranular and intragranular
modes of plastic deformation in nanocrystalline solids.

The tensile behavior of the two nanocrystalline Ni
NWs investigated is represented in Figure 1. For both
NWs, the figure shows no sharp yielding point. Instead,
the behavior becomes rapidly non-linear at an applied
stress of ~1.3 GPa. This effect predominantly results
from a localization of plastic deformation at grain
boundaries, as shown in Figure 1b,c, where intense
interface sliding is observed in all grain boundaries pres-
ent in the models. The yield stress at 0.2% plastic strain
is found equal to 1.45 and 1.69 GPa in the 12 and 30 nm
NWs, and the maximum stress to 2.13 and 2.33 GPa,
respectively. The lower overall flow stresses in the
12 nm NW as compared to the 30 nm NW in tension
can be explained by the higher propensity to deform at
grain boundaries due to free surface effects. Intergranu-
lar deformation is generally accompanied with serrated
plastic flow [24], which is also more clearly evident in
the stress—strain curve of the 12 nm diameter NW in Fig-
ure la, than in the curve for the 30 nm diameter NW.
This result confirms earlier reports by Monk and Farkas
[25,26] who have also used MD simulations to study the
effect of diameter on the uniform deformation of nano-
crystalline Ni NWs with mean grain sizes less than
10 nm. They found that the importance of dislocation-
mediated plasticity decreases, while grain boundary slid-
ing dramatically increases, in nanocrystalline NWs less
than 36 nm in diameter and that such effect is more sig-
nificant in tension than compression.

We now shift focus on the process of spherical inden-
tation in NWs identical to those presented in Figure 1.
Figure 2 shows different cross-sectional views of the
30 nm diameter NW deformed in its center by the virtual
tip up to a penetration depth of 1.8 nm, which corre-
sponds to a radial strain of 6% relative to the NW diam-
eter. We observe in this case that the least-squares
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(c)

Figure 2. Atomic-level snapshot of deformation under spherical
indentation in the 30 nm Ni nanowire presented in Figure 1. (a)
Interior grain distribution prior to deformation. (b) After nanoinden-
tation using a spherical tip of 18 nm in diameter. Coloring corresponds
to the least-squares atomic local shear strain invariant (™5, (c)
Close-up view on the contact zone.

atomic local shear strain exceeds 30% within only a few
grains in direct contact with the tip, such as grains G1
and G2 as shown in Figure 2¢, while no significant plas-
tic deformation occurs in the adjacent grains, e.g. grains
G3-G7. Figure 2b and ¢ show that grain boundary slid-
ing is predominant; similar to the mechanism under pure
tension, but for penetration depths larger than 1 nm we
also find more dislocation emissions from grain bound-
aries. The latter is indicative of the elimination of free
volume and defects within grain boundaries by atomic
shuffling, which has also been observed in the sliding
of symmetric tilt grain boundaries in bicrystals subjected
to pure shear deformation [27]. This could suggest that
grain boundary sliding in Ni NWs is more severe in nan-
oindentation than in pure tension. Furthermore, the
same mechanism was found to operate in 12 nm diame-
ter NWs (not shown) and, in particular, to extend en-
tirely through the cross-section of these NWs due to
the size reduction.

The mechanical response under nanoindentation sim-
ulated in both thin films and NWs with identical grain
sizes is presented in Figure 3. Most of the differences in
the force—penetration curves shown in Figure 3a,c are
due to geometric effects on the contact area between film
and NW models, where such effects are found to be inde-
pendent of the specimen microstructure, either single-
crystalline or nanocrystalline, during nanoindentation
of NWs [12,28]. However, Figure 3b,d reveals that there
are no marked differences in terms of the mean contact
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Figure 3. Simulated force—displacement and contact pressure nanoin-
dentation curves in nanocrystalline Ni thin films and nanowires
indented with a spherical tip of 18 nm in diameter. The mean grain size
is 7nm. D and / represent the nanowire diameter and film thickness,
respectively.

pressure as a function of penetration depth between
NW and thin film models, which shows no size effect as
opposed to the NWs deformed in tension as shown in
Figure la. To support this conclusion in a more quanti-
tative manner, we present in Table 1 the mean contact
pressure averaged over penetration depths =1 nm,
which corresponds in our simulations to a regime of con-
stant pressures after the yield point, as shown by the
least-squares fit in the film model in Figure 3b,d. For
comparison, Table 1 also presents the values of mean
contact pressures in single-crystalline Ni NWs obtained
in an earlier work [12]. It is important to note that data
presented in Table 1 for both single-crystalline and nano-
crystalline models have been obtained by strictly using
the same loading conditions including the same tip veloc-
ity and strain rate. This table shows that the resistance to
nanoindentation in single-crystalline Ni is noticeably
smaller in NWs than in thin films. This result is due to
boundary effects on the easy annihilation of dislocations
at free surfaces [12], which are more significant and result
in lower contact pressures when the NW diameter is
12 nm. In contrast, the present study demonstrates that
the resistance to nanoindentation in nanocrystalline Ni
is somewhat larger in NWs than in thin films. For exam-

Table 1. Plasticity size effects in nanoindentation of nanowires and
thin films with either single-crystalline or nanocrystalline structures
simulated by MD method. The mean grain size in the nanocrystalline
models is 7 nm. The mean contact pressure is obtained by averaging
the contact pressures over penetration depths larger than 1 nm.

Structure Diameter/ Mean contact pressure
thickness (nm) (GPa)
Nanowire  Thin film
Single-crystalline [12] 30 18.0 19.9
12 13.8 214
Nanocrystalline 30 16.5+£14 158+1.1
12 154+1.6 140407
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ple, the mean contact pressure is found equal to
15.4 £ 1.6 and 14.0 4= 0.7 GPa, respectively, for a NW/
film size of 12 nm. Furthermore, the change in mean con-
tact pressure from one NW size to another is within the
measured standard deviation, and therefore can be con-
sidered as negligible. This major finding therefore sug-
gests that plastic deformation in nanocrystalline Ni
NWs under nanoindentation is governed by the grain
size rather than the NW diameter, and is predominantly
accommodated by grain boundary sliding rather than
the propagation of lattice dislocations.

In macroscopic samples, size effects on indentation are
influenced primarily by two factors: (1) strain-gradient
plasticity effects [29] and (2) the relevant microstructure
length scale such as the mean grain size, which is often
comparable to or smaller than the tip radius. As grain
size decreases, a transition in deformation mechanism
during nanoindentation is found to take place from
intragranular lattice activities involving full dislocations,
extended partial dislocations and mechanical twins to
grain boundary-mediated deformation processes involv-
ing interface sliding and grain rotation [19-22,24].

In contrast, size effects on plasticity in nanoscale
structures such as Ni NWs emerge because the material
strength predominantly depends on the deformation
length such as diameter and volume, as opposed to the
microstructure length scale. For NWs less than 30 nm
in diameter, dislocations can easily escape at free bound-
aries because strain-gradient plasticity no longer applies
for very shallow depths of indentations [30], which cause
important softening effects in smaller NWs during
indentation [10-13]. However, the present atomistic sim-
ulations point to the conclusion that microstructure
plays a key role in governing the plasticity and fracture
properties of metals at the nanoscale, and their size
dependence. In particular, we demonstrate here that it
is still possible to produce realistic polycrystalline micro-
structures in Ni NWs in order to eliminate softening ef-
fects during indentation, which are detrimental for
mechanical properties at the nanoscale.

In summary, we can conclude from the MD simula-
tions presented in this work that the resistance to nano-
indentation in Ni NWs containing a random distribution
of nanoscale grains is size-invariant, and that sample
boundary effects that commonly lead to significant soft-
ening in single-crystalline fcc NWs and MPs subjected to
nanoindentation, are strongly decreased, if not elimi-
nated, by nanostructuring. This behavior was shown to
result from the mechanisms of grain boundary sliding
and grain boundary-mediated dislocation emission,
which make the material strength depend predominantly
on the grain size, rather than the NW diameter. This
finding is relevant for designing more robust nanoscale
devices based on metallic NWs for engineering applica-
tions. For reproducibility, it would also be necessary to
confirm that the hardness (or contact pressure) does
not depend on the crystallographic orientations of the
nanograins and the mismatch angles at grain boundaries,
which requires more hardness measurements in both

nanocrystalline films and NWs using a combination of
experimental and simulation approaches.

Support from NSF CAREER program (grant
DMR-0747658) and the computational resources pro-
vided by the Vermont Advanced Computing Center
(NASA grant NNX06AC88G) are gratefully acknowl-
edged. The simulations shown in this work were per-
formed using LAMMPS [31].
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