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Atomistic simulations of spherical indentations in nanocrystalline gold
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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 deformationand the resulting onset plasticity may be profoundly affected
mechanism in nanocrystallif@c) materials remains the fo- by the high density of GBs known to interact with lattice
cus of intense resear¢hMany controversial results have dislocations.
been reported for both the elastic and plastic behaviors of In this communication we present an atomistic simulation
interface-dominated materials. As a function of grain sizeof nanoindentation into model nc-Au for two samples with
the central issue for the elastic regime is the cha(ifgeny) average grain diameters of 5 and 12 nm, and compare the
in the Young’s modulus, and for plasticity, it is the relative results with a simulation for a single-crystal structure. We
degree to which grain boundary slidiiGBS) and disloca- provide a systematic comparison for results obtained with
tion nucleation and propagation contributes as a function 0€G and MD(300 K) methods, and compare the sensitivity of
grain size. For the case of nc metals under high uniaxialhe techniques. The simulations provide three major results:
tensile loading conditions, molecular-dynami®4D) simu- (1) there is a reduction in Young's modulus at the 5-nm-
lations have provided an atomic level insight into such plasdiameter grain size(2) the surrounding GB structure acts as
tic deformation mechanisn?s® At grain diametersd less @ sink for th_e dislocation loops nucleated under the indenter;
than 20 nm, GBS via atomic shufflings described in Ref. and (3) for indenter-substrate surface contact areas of less

9) and stress-assisted free volume migration are found to b@an. the gra.in §ize, most qf thg plastic deformation.activity Is
the dominant mechanisrhat 300 K. More recently, inter- confined within the grain dlrecftly below the 'F‘de’?te“

granular activity has been observed, such as cooperativ‘ghereas for larger conta_ct areas mtergrgnular mo_t|on IS 0b-
GBS in which groups of grainsit-5 nm) slide collectively served as a result of grain boundary sliding. The simulations

I h | tendi ber of arain & also show that full dislocations are possible in a 12-nm grain,
along snear planes exiending over a number ot grain Z.es'stressing the importance of atomic activity during dislocation
In fully three dimensional3D) nc structures with mean grain

. S . emission from a nanosized GB.
sizes above 12 nm, partial dislocations are nucleated at GBS Nanoindentation simulations were performed on four

and propagate through the grains, with no full dislocationssammes: a single crystal model fcc @a1) sample(1.1 mil-
being observed by us. This is explained by the presence gfon atoms, a 12-nm grain size nc-Au sample containing 15
atomic activity during the emission of the first trailing par- grains(1.2 million atoms with the grain below the indenter
tial, allowing for the relief of stress in the GB Full dislo- having a(111) surface orientation, and two 5-nm grain size
cations are however observed in a 2D columnar networkmodel nc-Au samples containing each 125 gra®@0 000
where such atomic activity is mainly prohibited due to theatomgs—one with the grain below the indentor in (a11)
2D restriction® surface orientation and the other close td 23 orientation.
Nanoindentation offers one of the few experimental tech-The dimensions of all samples arg(26 nm) 2 The fully 3D
nigues to probe igitu high strain-rate plasticity at the atomic GB networks were prepared using the \oronoi
level 1213 Indeed, discrete bursts displayed in experimentatonstructior?? with initially full 3D periodic boundary con-
load-indentation depth curves have been attributed to thditions, similar to the samples used in former work on the
nucleation of individual dislocation event§:*By virtue of ~ GB structure and plastic deformatidr:?>?4The structures
this atomic level sensitivity, the role of defects and, morewere analyzed by using the topological medium-range-order
generally, surface inhomogeneities such as surface steps canalysig® in which, each atom is assigned a crystalline order
greatly influence the onset of plasticityAn atomistic simu-  according to its local environment. In the following figures,
lation therefore provides a natural bridge to complement exgray represents fcc, red represents hcp, green represents 12-
perimental studies where, for example, it was demonstratedoordinated atoms and blue represents non-12 coordinated
that the structures resulting from onset plasticity are qualitaatoms.
tively similar to that seen in experimenfs:?! Both MD and A free-standing thin-film geometry is produced by remov-
conjugate gradieniCG) methods have been used. It is, how- ing the periodicity along one direction and performing 50
ever, unclear whether some of the reported differences angsec of MD at 300 K to allow the surface GB network to find
partly due to the choice of the simulation method. Also, these more equilibrium configuratioff. During the actual inden-
simulations have all been performed on perfect single-crystahtion, the bottom layer of atoms was fixed, while periodic
structures. In experiments, however, thin layers are often nboundary conditions were maintained in the lateral direc-
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201 Conjugate Gradient 201 olecular Dyrarmics atomic activity and the development of a small stacking fault
] located in the interface region between the indented grain
and a grain below was observed. The elastic modulus calcu-
lated by applying the isotropic Hertz model to the appropri-
ate elastic region of each sample, resulted {&1d) Young's
modulus of 134 GPa for the single crystal, 129 GPa for the
12-nm sample, and 104 GPa for the 5-nm sample. We note
that at zero temperature and presskrg,=123.8 GPa for
the employed potentidf A reduction in the elastic modulus
at very small grain sizes was reported many times in litera-
ture (see, for example, Ref. 320ften these results were
FIG. 1. Load vs indentation depth plots f@ CG and(b) MD  ascribed to sample artifacts such as pores or impurities in the
simulation runs. GBs; however, recently accurate measurements on nc Ni-P
samples, with a constant P content, showed a clear drop in
tions, thereby modeling a thin film residing on a hardYoung’s modulus for grain diameters in the-5-nm
substraté?=2* For MD, an investigation of the phonon den- regime3®
sity of states via the velocity-autocorrelation funcfibat the Over the plastic part of the CG runs all curves diverge,
surface region revealed that the vibrational dynamics is nogévidencing the strong influence of the microstructure on the
adversely affected by the presence of a fixed layer. A carefyplastic deformation mechanisms. The load-indentation depth
equilibration procedure was required to minimize the artifi-curve of the fcc sample shows multiple discrete reductions in
cial enhancement of low frequency modes of wavelengthsoad that can be directly related to a discrete dislocation ac-
comparable to the indenter film thickness. The second moxvity involving dislocation nucleation and/or a reorganiza-
ment potential for Au of Cleri and Rosatowas used. In tion of existing dislocation structures. Similar events also
general this potential model underestimates the stacking faulake place in the nc samples, but the effect on the load dis-
energy when compared to experimental vaftfesnd in the  placement curve is less pronounced, especially in the 5-nm
case of Au where the experimental stacking fault energy isample, where the active slip plane areas are reduced due to
30-40 mJ/rR, the potential underestimates by several tengeduced grain size and that intergranular plastic activity is
of mJ/n?. The spherical indenter was modelled as a stronglymore significant.
repulsive potentiaV/(r)=A0(R—r)(R—r)3 (as in Refs. 19 The initial CG slip structure, immediately after yield for
and 20, whereR is the radius of the indenter,the distance the single crystal and the 12-nm grain samples, consists of a
of the indenter center to the ator,is a force constant, and stacking fault structure roughly of tetrahedral shape with its
O(R-r) is the standard step function. Following Ref. F9, tip pointing into the sample as seen bydtial*® This nearly
was chosen as 40 A amdas 5.3 nN/A&. In both techniques triaxial symmetry is immediately lost upon a continuation of
the indenter was lowered in steps of 0.1 A. In the case of MIthe indentation, where a complicated succession of partial
this was performed every 0.5 psec, corresponding to an indislocation reactions leads to a number of dislocation lock
dentation speed of 20 m/s, which is several orders of magnistructures. All samples exhibit several surface parallel stack-
tude faster than that in experiment but comparable to thaing fault planes just below the sample surface. For the MD
used in other MD simulation¥:*° For the CG simulation, technique the initial slip led to a wedge-shaped dislocation
the sample is first coolecbtO0 K within the free-standing loop structure in both the single-crystal and 12-nm grain
thin-film geometry with the lateral periodic sample cell samples, similar to that seen in Refs. 19 and 20. In the 5-nm
lengths following equations of motion derived from a two- grain sample, for both the CG and MD methods, the initial
dimensional Parinello-Rahman Lagrangfamt which point  slip structure consists of partial dislocations that are imme-
the fixed bottom layer is introduced. The rational behind em-diately attracted to neighboring GBs.
ploying both CG and MD methods is that the former corre- Figure 2 shows the CG atomic structure under the in-
sponds to an approximate quasiequilibrium structure obdenter for the single-crystéh) and the 12-nm grain samples
tained by lowering the indenter by small increments, whereagb) at an indentation depth of12 A. The blue plane of
MD at 300 K covers the thermal aspects included in the venatoms indicates the upper indentation surface. At this inden-
early stages of high speed experimental indentations. tation depth the dislocation structure remains confined to a
Figure 1 displays the force vs. indentation depth curvezompact zone beneath the indenter for the single crystal,
obtained using CGa) and MD (b) methods. The CG runs whereas for the 12-nm grain samgl®, the initial disloca-
exhibit a distinctive yield point, while the MD runs show tion loops are attracted to neighboring GBs identified by the
significant noise due to temperature effects. The CG yieldyreen and blue atoms below the surface. Thus the GBs act as
point for the single crystal is found at a load of 114 nN anddislocation sinks, accommodating the associated slip across
an indentation depth of 4.7 A, which is slightly higher thanthe grain by structural changes within the GBs. The inverse
the ones found for the 12-nm nc sample at 107 nN/4.5 A angrocess of dislocation nucleation at the GB with associated
for the 5-nm grain sample at 105 nN/5.4 A. For the 5-nmstructural changes in the GB has been observed by us under
sample, an analysis of the atomic structure displayed a plasmiaxial tensile loading conditiorrs.
tic deformation before reaching the apparent yield point of Recent nanoindentation MD simulations in(&L1) using
the load-indentation depth plot at 5.4 A. In particular, GBa free-standing thin-film geomett§,demonstrate extended
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FIG. 3. (Color) A view of the 5-nm average grain size sample at
an indentation depth of 20 A. The yellow arrows signify the relative
motion of the grains relative to the center of mass of the yellow
atoms.

indenter-substrate surface area is comparable to the size of

the indented grain, the partial dislocation activity extends to
neighboring grains and the onset of intergranular motion is

, ) observed in the MD run as a result of GBS. The 5-nm grain
_FIG. 2. (Colon) Zone beneath the indenter in C@ for the 70 sample with thé123) grain orientation below the in-

single crystal sample at a displacement of 12.3 A, éndor the 400 \as continued to a depth of 20 A. Figure 3 shows a

;tzozg ;;a?hszrr:ple at a displacement of 11.9 A. Only non'fccschematic view of the relative motion of three grains under

the indenter, where the largest relative displacement corre-

dislocation structures that propagate to the lower surface,
contributing in that way to local stress relief, a result that is
in contradiction with former observatioA$Our results sug-
gest that the extent of the dislocations in the Al simulation
are a result of the sample geometry in that the free surfac
acts very similar to the GBs in a nc structure, i.e., by attract: »{.:T
ing, through ease of accommodation, the emltted dislocatio #
structures. We note that the thickness of th€1Al) thin 1:4
films is of the order of the diameter of our 12-nm grain size =i
sample.

In Fig. 2(b) an example of a full dislocation in a 12-nm
grain is given, where a large stacking fault, which extends-
throughout the principal grain, is annihilated by a trailing *
partial dislocation. In our tensile deformation simulations,
the lack of a trailing partialfull dislocation has been as-
cribed to the structural changéstomic shuffling and stress
assisted migrationobserved in the GB during emission of
the first partial, allowing stress relaxation and avoiding the
immediate need for the emission of the second patfialn ;
the present case, partials are emitted below a lowering ir=: -
denter where local stress is immediately renewed withou :*
accommodation by a GB, allowing the trailing partial to be
more easily emitted. FIG. 4. (Color) Top down view on the stacking fault structure

In the case of the 5-nm sample where the indenter diamander the indenter of a 5-nm grain size sample illustrating disloca-
eter is larger then the average grain and therefore thgon activity extending into neighboring grains.
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sponds to a sliding of about 2 A along the respective GBhowever, far greater than that seen in previous uniaxial ten-
The displacements are relative to those atoms shaded in yedile simulations of nc materials, and corresponds to the lo-
low. Such activity is significantly less in the CG results in- Calized stress gradient around the indenter. Indeed multiple
dicating that GBS is in general facilitated by GB atomic partial dislocation activity within the same grain results in

activity such as shuffling and stress-assisted free Volumggcr;ramcal twinning as indicated by the black arrows in

migration—all of which are aided by temperatdré.In this In conclusion, our simulations demonstrate the influence
sample some atomic pileup around the indenter is $#en  of a nc network on nanoindentation curves. For the elastic
dicated by the black arrow in Fig) 8vith a maximum height regime, a decrease in the Young’s modulus is observed in the
of about three atomic layers. This region is highly disordered>-nm grain size sample, and for the plastic regime, two paths
and may mainly be driven by the high impact velocity of the for relief of local stress are observed resulting in a softening:
indenter in the MD simulation. Hence caution should be used?) GBS act as sinks for the dislocations emitted below the
in relating this effect to the macroscopic pileup seen in eX_lndenter, and?2) when the indenter-substrate surface contact

. . o ... . area becomes comparable to the grain size, GBS allows a
periment where the active mechanism is generally diffusionoca grain reorganization. It is also shown that not all ob-

limited. served effects are as clearly reflected by both atomistic simu-
Figure 4 is a top down view illustrating the dislocation |ation methods, MD and CG: elastic effects become more

activity occurring in adjacent grains, some of which haveobscured in the MD technique with decreasing grain size,

undergone the GBS identified in Fig. 3. Such associated G®hereas intergranular motion is not so easily observed when

atomic activity has been found to be crucial to the nucleatiori’® CG method is used.

of dislocations at the GB under uniaxial tensile conditions.  The authors acknowledge support from the Swiss pro-

The level of local dislocation activity displayed in Fig. 4 is, gram TOP NANO 21(CTI 5443.2.
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