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Atomistic simulations of spherical indentations in nanocrystalline gold

D. Feichtinger, P. M. Derlet, and H. Van Swygenhoven
Paul Scherrer Institute, 5232 Villigen, Switzerland

~Received 7 November 2002; published 23 January 2003!

Atomistic simulations are employed to investigate the nanoindentation deformation properties of model
nc-Au with grain diameters of 5 and 12 nm, using both conjugant gradient and molecular dynamics. It is found
that grain boundaries act as efficient sinks for dislocation nucleation below the indenter and that intergranular
sliding occurs. Further, we establish that at the 5-nm grain diameter regime there is a decrease in the Young’s
modulus.
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The precise nature of the atomic level deformati
mechanism in nanocrystalline~nc! materials remains the fo
cus of intense research.1 Many controversial results hav
been reported for both the elastic and plastic behaviors
interface-dominated materials. As a function of grain si
the central issue for the elastic regime is the change~if any!
in the Young’s modulus, and for plasticity, it is the relativ
degree to which grain boundary sliding~GBS! and disloca-
tion nucleation and propagation contributes as a function
grain size. For the case of nc metals under high unia
tensile loading conditions, molecular-dynamics~MD! simu-
lations have provided an atomic level insight into such pl
tic deformation mechanisms.2–8 At grain diametersd less
than 20 nm, GBS via atomic shuffling~as described in Ref
9! and stress-assisted free volume migration are found to
the dominant mechanisms3 at 300 K. More recently, inter-
granular activity has been observed, such as coopera
GBS in which groups of grains (d;5 nm) slide collectively
along shear planes extending over a number of grain siz10

In fully three dimensional~3D! nc structures with mean grai
sizes above 12 nm, partial dislocations are nucleated at
and propagate through the grains, with no full dislocatio
being observed by us. This is explained by the presenc
atomic activity during the emission of the first trailing pa
tial, allowing for the relief of stress in the GB.5,11 Full dislo-
cations are however observed in a 2D columnar netwo
where such atomic activity is mainly prohibited due to t
2D restriction.8

Nanoindentation offers one of the few experimental te
niques to probe insitu high strain-rate plasticity at the atom
level.12,13 Indeed, discrete bursts displayed in experimen
load-indentation depth curves have been attributed to
nucleation of individual dislocation events.14–16By virtue of
this atomic level sensitivity, the role of defects and, mo
generally, surface inhomogeneities such as surface step
greatly influence the onset of plasticity.17 An atomistic simu-
lation therefore provides a natural bridge to complement
perimental studies where, for example, it was demonstra
that the structures resulting from onset plasticity are qua
tively similar to that seen in experiments.18–21Both MD and
conjugate gradient~CG! methods have been used. It is, ho
ever, unclear whether some of the reported differences
partly due to the choice of the simulation method. Also, th
simulations have all been performed on perfect single-cry
structures. In experiments, however, thin layers are often
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and the resulting onset plasticity may be profoundly affec
by the high density of GBs known to interact with lattic
dislocations.

In this communication we present an atomistic simulat
of nanoindentation into model nc-Au for two samples w
average grain diameters of 5 and 12 nm, and compare
results with a simulation for a single-crystal structure. W
provide a systematic comparison for results obtained w
CG and MD~300 K! methods, and compare the sensitivity
the techniques. The simulations provide three major resu
~1! there is a reduction in Young’s modulus at the 5-n
diameter grain size;~2! the surrounding GB structure acts a
a sink for the dislocation loops nucleated under the inden
and ~3! for indenter-substrate surface contact areas of
than the grain size, most of the plastic deformation activity
confined within the grain directly below the indente
whereas for larger contact areas intergranular motion is
served as a result of grain boundary sliding. The simulati
also show that full dislocations are possible in a 12-nm gra
stressing the importance of atomic activity during dislocat
emission from a nanosized GB.

Nanoindentation simulations were performed on fo
samples: a single crystal model fcc Au~111! sample~1.1 mil-
lion atoms!, a 12-nm grain size nc-Au sample containing
grains~1.2 million atoms! with the grain below the indente
having a~111! surface orientation, and two 5-nm grain siz
model nc-Au samples containing each 125 grains~800 000
atoms!—one with the grain below the indentor in a~111!
surface orientation and the other close to a~123! orientation.
The dimensions of all samples are;(26 nm).3 The fully 3D
GB networks were prepared using the Voron
construction,22 with initially full 3D periodic boundary con-
ditions, similar to the samples used in former work on t
GB structure and plastic deformation.3–5,23,24The structures
were analyzed by using the topological medium-range-or
analysis25 in which, each atom is assigned a crystalline ord
according to its local environment. In the following figure
gray represents fcc, red represents hcp, green represent
coordinated atoms and blue represents non-12 coordin
atoms.

A free-standing thin-film geometry is produced by remo
ing the periodicity along one direction and performing
psec of MD at 300 K to allow the surface GB network to fin
a more equilibrium configuration.26 During the actual inden-
tation, the bottom layer of atoms was fixed, while period
boundary conditions were maintained in the lateral dir
©2003 The American Physical Society13-1
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tions, thereby modeling a thin film residing on a ha
substrate.19–21 For MD, an investigation of the phonon den
sity of states via the velocity-autocorrelation function27 at the
surface region revealed that the vibrational dynamics is
adversely affected by the presence of a fixed layer. A car
equilibration procedure was required to minimize the art
cial enhancement of low frequency modes of waveleng
comparable to the indenter film thickness. The second
ment potential for Au of Cleri and Rosato28 was used. In
general this potential model underestimates the stacking
energy when compared to experimental values,29 and in the
case of Au where the experimental stacking fault energ
30–40 mJ/m2, the potential underestimates by several te
of mJ/m2. The spherical indenter was modelled as a stron
repulsive potentialV(r )5AQ(R2r )(R2r )3 ~as in Refs. 19
and 20!, whereR is the radius of the indenter,r the distance
of the indenter center to the atom,A is a force constant, and
Q(R2r ) is the standard step function. Following Ref. 19,R
was chosen as 40 Å andA as 5.3 nN/Å2. In both techniques
the indenter was lowered in steps of 0.1 Å. In the case of M
this was performed every 0.5 psec, corresponding to an
dentation speed of 20 m/s, which is several orders of ma
tude faster than that in experiment but comparable to
used in other MD simulations.18,30 For the CG simulation,
the sample is first cooled to 0 K within the free-standing
thin-film geometry with the lateral periodic sample ce
lengths following equations of motion derived from a tw
dimensional Parinello-Rahman Lagrangian,31 at which point
the fixed bottom layer is introduced. The rational behind e
ploying both CG and MD methods is that the former cor
sponds to an approximate quasiequilibrium structure
tained by lowering the indenter by small increments, wher
MD at 300 K covers the thermal aspects included in the v
early stages of high speed experimental indentations.

Figure 1 displays the force vs. indentation depth cur
obtained using CG~a! and MD ~b! methods. The CG runs
exhibit a distinctive yield point, while the MD runs sho
significant noise due to temperature effects. The CG y
point for the single crystal is found at a load of 114 nN a
an indentation depth of 4.7 Å, which is slightly higher th
the ones found for the 12-nm nc sample at 107 nN/4.5 Å
for the 5-nm grain sample at 105 nN/5.4 Å. For the 5-n
sample, an analysis of the atomic structure displayed a p
tic deformation before reaching the apparent yield point
the load-indentation depth plot at 5.4 Å. In particular, G

FIG. 1. Load vs indentation depth plots for~a! CG and~b! MD
simulation runs.
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atomic activity and the development of a small stacking fa
located in the interface region between the indented g
and a grain below was observed. The elastic modulus ca
lated by applying the isotropic Hertz model to the approp
ate elastic region of each sample, resulted in a~111! Young’s
modulus of 134 GPa for the single crystal, 129 GPa for
12-nm sample, and 104 GPa for the 5-nm sample. We n
that at zero temperature and pressureE1115123.8 GPa for
the employed potential.28 A reduction in the elastic modulu
at very small grain sizes was reported many times in lite
ture ~see, for example, Ref. 32!. Often these results wer
ascribed to sample artifacts such as pores or impurities in
GBs; however, recently accurate measurements on nc
samples, with a constant P content, showed a clear dro
Young’s modulus for grain diameters in the;5-nm
regime.33

Over the plastic part of the CG runs all curves diverg
evidencing the strong influence of the microstructure on
plastic deformation mechanisms. The load-indentation de
curve of the fcc sample shows multiple discrete reduction
load that can be directly related to a discrete dislocation
tivity involving dislocation nucleation and/or a reorganiz
tion of existing dislocation structures. Similar events a
take place in the nc samples, but the effect on the load
placement curve is less pronounced, especially in the 5
sample, where the active slip plane areas are reduced d
reduced grain size and that intergranular plastic activity
more significant.

The initial CG slip structure, immediately after yield fo
the single crystal and the 12-nm grain samples, consists
stacking fault structure roughly of tetrahedral shape with
tip pointing into the sample as seen by Liet al.18 This nearly
triaxial symmetry is immediately lost upon a continuation
the indentation, where a complicated succession of pa
dislocation reactions leads to a number of dislocation lo
structures. All samples exhibit several surface parallel sta
ing fault planes just below the sample surface. For the M
technique the initial slip led to a wedge-shaped dislocat
loop structure in both the single-crystal and 12-nm gr
samples, similar to that seen in Refs. 19 and 20. In the 5
grain sample, for both the CG and MD methods, the init
slip structure consists of partial dislocations that are imm
diately attracted to neighboring GBs.

Figure 2 shows the CG atomic structure under the
denter for the single-crystal~a! and the 12-nm grain sample
~b! at an indentation depth of;12 Å. The blue plane of
atoms indicates the upper indentation surface. At this ind
tation depth the dislocation structure remains confined t
compact zone beneath the indenter for the single crys
whereas for the 12-nm grain sample~b!, the initial disloca-
tion loops are attracted to neighboring GBs identified by
green and blue atoms below the surface. Thus the GBs a
dislocation sinks, accommodating the associated slip ac
the grain by structural changes within the GBs. The inve
process of dislocation nucleation at the GB with associa
structural changes in the GB has been observed by us u
uniaxial tensile loading conditions.5

Recent nanoindentation MD simulations in Al~111! using
a free-standing thin-film geometry,18 demonstrate extende
3-2
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ATOMISTIC SIMULATIONS OF SPHERICAL . . . PHYSICAL REVIEW B 67, 024113 ~2003!
dislocation structures that propagate to the lower surfa
contributing in that way to local stress relief, a result that
in contradiction with former observations.19 Our results sug-
gest that the extent of the dislocations in the Al simulati
are a result of the sample geometry in that the free surf
acts very similar to the GBs in a nc structure, i.e., by attra
ing, through ease of accommodation, the emitted disloca
structures. We note that the thickness of the Al~111! thin
films is of the order of the diameter of our 12-nm grain si
sample.

In Fig. 2~b! an example of a full dislocation in a 12-nm
grain is given, where a large stacking fault, which exten
throughout the principal grain, is annihilated by a trailin
partial dislocation. In our tensile deformation simulation
the lack of a trailing partial~full dislocation! has been as-
cribed to the structural changes~atomic shuffling and stress
assisted migration! observed in the GB during emission o
the first partial, allowing stress relaxation and avoiding t
immediate need for the emission of the second partial.5,11 In
the present case, partials are emitted below a lowering
denter where local stress is immediately renewed with
accommodation by a GB, allowing the trailing partial to b
more easily emitted.

In the case of the 5-nm sample where the indenter dia
eter is larger then the average grain and therefore

FIG. 2. ~Color! Zone beneath the indenter in CG~a! for the
single crystal sample at a displacement of 12.3 Å, and~b! for the
12-nm grain sample at a displacement of 11.9 Å. Only non-
atoms are shown.
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indenter-substrate surface area is comparable to the siz
the indented grain, the partial dislocation activity extends
neighboring grains and the onset of intergranular motion
observed in the MD run as a result of GBS. The 5-nm gra
size sample with the~123! grain orientation below the in-
denter, was continued to a depth of 20 Å. Figure 3 show
schematic view of the relative motion of three grains und
the indenter, where the largest relative displacement co

c

FIG. 3. ~Color! A view of the 5-nm average grain size sample
an indentation depth of 20 Å. The yellow arrows signify the relati
motion of the grains relative to the center of mass of the yell
atoms.

FIG. 4. ~Color! Top down view on the stacking fault structur
under the indenter of a 5-nm grain size sample illustrating dislo
tion activity extending into neighboring grains.
3-3
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sponds to a sliding of about 2 Å along the respective G
The displacements are relative to those atoms shaded in
low. Such activity is significantly less in the CG results i
dicating that GBS is in general facilitated by GB atom
activity such as shuffling and stress-assisted free volu
migration—all of which are aided by temperature.3,34 In this
sample some atomic pileup around the indenter is seen~in-
dicated by the black arrow in Fig. 3! with a maximum height
of about three atomic layers. This region is highly disorde
and may mainly be driven by the high impact velocity of t
indenter in the MD simulation. Hence caution should be u
in relating this effect to the macroscopic pileup seen in
periment where the active mechanism is generally diffus
limited.

Figure 4 is a top down view illustrating the dislocatio
activity occurring in adjacent grains, some of which ha
undergone the GBS identified in Fig. 3. Such associated
atomic activity has been found to be crucial to the nucleat
of dislocations at the GB under uniaxial tensile condition5

The level of local dislocation activity displayed in Fig. 4 i
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however, far greater than that seen in previous uniaxial t
sile simulations of nc materials, and corresponds to the
calized stress gradient around the indenter. Indeed mult
partial dislocation activity within the same grain results
mechanical twinning as indicated by the black arrows
Fig. 4.

In conclusion, our simulations demonstrate the influen
of a nc network on nanoindentation curves. For the ela
regime, a decrease in the Young’s modulus is observed in
5-nm grain size sample, and for the plastic regime, two pa
for relief of local stress are observed resulting in a softeni
~1! GBs act as sinks for the dislocations emitted below
indenter; and~2! when the indenter-substrate surface cont
area becomes comparable to the grain size, GBS allow
local grain reorganization. It is also shown that not all o
served effects are as clearly reflected by both atomistic si
lation methods, MD and CG: elastic effects become m
obscured in the MD technique with decreasing grain si
whereas intergranular motion is not so easily observed w
the CG method is used.
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