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Dislocation nucleation and defect structure during surface indentation
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We model indentation of a metal surface by combining an atomistic metal with a hard-sphere indenter. This
work provides atomistic imaging of dislocation nucleation during displacement controlled indentation on a
passivated surface. Dislocations and defects are located and imaged by local deviations from centrosymmetry.
For a Au111) surface, nucleation of partial dislocation loops occurs below the surface inside the indenter
contact area. We compare and contrast these observations with empirical criteria for dislocation nucleation and
corresponding continuum elasticity solutiohS0163-182€08)02141-9

Mechanical deformation, fracture, and friction of solids cally clean. Surfaces in ambient atmospheres, for example,
and thin films pose some of the most interesting computaeften have passivating layers of oxitfeln other experi-
tional challenges for atomistic calculations of materials prop-ments, surfaces are passivated by the addition of an al-
erties. The fundamental goal is to establish a connection bdanethiol layer which prevents bonding between the tip and
tween atomic scale processes and measurable mechanitaé surfacé:'®* The model discussed here is tailored to ad-
properties of materials. The development of nanoindentatiodress these thiol passivated surfaces, as well as to reproduce
techniques, atomic-force microscop$,and the interfacial the salient features of displacement controlled indentation
force microscop‘é4 (IFM) has generated considerable inter- experiments":4 Interpretation of experimental force vs dis-
est in the detailed mechanisms of deformation during indenplacement curves requires understanding the atomistic struc-
tation at a very small scale. Indentation techniques measutgres of dislocations and other defects created during inden-
the mechanical properties of thin films and other materialgation. Such an understanding will help resolve disagreement
(e.g., elastic constants, yield stress, and hardimssieasur- in the literature regarding yield stresses and mechanisms
ing the force or load on the indenter tip as a function of theleading to plastic flow under indentation.
tip displacement during indentation and retraction. We model the effect of a passivation layer by using a

The classical problem of an isotropic elastic material fill- strong repulsive potential to represent the indenter tip. Each
ing a half space and indented by a spherical frictionless inatom in the indented material interacts with the idealized
denter was solved by Heftand has been extended to aniso-indenter via the potential(r)=A#(R—r)(R—r)3, whereA
tropic media and to a variety of indenter shapétowever, is a force constan)(R—r) is the standard step functioR,
real indentation experiments also involve plastic deformais the indenter radius, arndis the distance from the atom to
tion, i.e., plastic flow and the creation of defects, which carthe center of the indenter sphere. We chose this particular
be studied with atomistic calculations. In this paper, wepotential in order to avoid the numerical problems during
present a computational model that couples a frictionless inenergy minimization caused by a perfectly hard-sphere po-
denter, represented here by a repulsive potential, with atontential. There is no force in the direction tangent to the tip
istic calculations to study the elastic and plastic deformatiorsphere. The model is therefore analogous to the Hertzian
during indentation on a passivated surface. Combined witindenter in that it is frictionless, similar to the lubricant effect
an approach for imaging defects, this provides insight intoof the thiol passivating layer
the initial stages of plastic deformation which had previously Minimum energy calculations were performed for inden-
been unavailable. tation on a Al1l) surface, using a repulsive potential with

Previous atomistic calculations have studied indentatiolA=5.3 nN/A? to model a spherical indenter with an 80 A
and retraction using the embedded-atom mettEdM),’®  radius.(Related experiment$ used indenter tips with radii
or other semiempirical techniqu&ss well as first-principles as small as 250 A, but atomistic calculations for these are
methods'® These calculations showed strong bonding besstill prohibitive) The gold surface was represented by a slab
tween the indenter tip and the surface due to the large energyf dimension 246 210x 160 A containing 470 000 atoms.
of adhesion between two clean surfaces. This leads to a jumiperiodic boundary conditions were used parallel to the sur-
to contact upon approach and necking between the tip anhce, and the bottom layer was held fixed. To ensure that
surface during retractioh!! these boundary conditions did not affect the results, calcula-

In experiments, the tip-surface adhesive interaction willtions were also run on smaller rectangular slabs and on a
be dramatically reduced if the tip and surface are not atomithreefold symmetric triangular slab with fixed boundaries on
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distorted, these bonds will change direction and/or length,
but they will remain equal and opposite. When a defect is
introduced nearby, this equal and opposite relation no longer
holds for all of the nearest-neighbor pairs. Thus we can de-
fine a centrosymmetry parameter which is zero for a cen-

;ZL, trosymmetric material under any homogeneous elastic defor-
8 mation but nonzero for any plastici.e., nonelastic
s deformation of the material.
The centrosymmetry parameter for each atom is defined
as follows:
o 1 2 3 4 5 6 7 8 P:'ElﬁlRi+ Ri+el%
=1,

Displacement (A)

FIG. 1. Force vs displacement curve for (A@1) during inden- ~ whereR; andR; ¢ are the vectors or bonds corresponding to
tation (solid line) of a spherical tip with 80 A radius and during the six pairs of opposite nearest neighbors in the fcc lattice.
retraction(dashed lingsafter the first(1) and second?2) plastic  The 12 nearest-neighbor vectors for each atom are first de-
yield points. The circle marks the point where the structure in Figtermined in an undistorted bulk fcc lattice with the orienta-
2 was obtained. tion of the slab. The analogous set of 12 vectors for each

atom in the distorted lattic®; is then generated by finding
the sides and bottom layer. Results for such cases are essé¢hese neighbors in the distorted lattice with vectors closest in
tially identical. The indenter displacemethtvas changed in  distance to the undistorted nearest-neighbor vectors. It is
small stepg0.1 to 1 A and at each step the total energy waspossible that this set will contain duplicates or nonnearest
minimized at 0 K, using a conjugate gradient algorithm andneighbors if a given atom has fewer than 12 nearest neigh-
an EAM potential for Aut® In the vicinity of plastic yield bors or a very distorted local environment. Each “equal and
points, smaller stepf.01 A) were used to verify that the opposite” pair of vectors is added together, then the sum of
resulting dislocation structure did not depend on the stephe squares of the six resulting vectors is calculated. This
size. We chose this approach to mimic the quasiequilibriunfinal number is a measure of the departure from centrosym-
IFM experiments:* We also studied dislocation nucleation metry in the immediate vicinity of any given atom and is
using short molecular-dynamicMD) runs, as described used to determine if the atom is near a defect.
later in this paper. All calculations were run with therA- For reference, the centrosymmetry parameter is zero for
DYN code’® atoms in a perfect Au lattice, 24.9°Aor surface atoms, 8.3

The force vs displacement curves for indentation and reA? for atoms in an intrinsic stacking fault, and 2.7 for
traction are shown in Fig. 1. Initially, the indentation curve atoms halfway between fcc and hcp sites., in a partial
follows the Hertzian solution for elastic deformation wheredislocation. These values assume that the gold nearest-
F=Kd®>2.5 The indentation modulus derived from the fitting neighbor distance does not change in the vicinity of these
constan is 118 GPa, whereas the experimental value is 8%lefects. We find in practice that the centrosymmetry param-
GPa measured with a tip radius of 700'AThe forceF on  eter can readily distinguish between these three types of en-
the indenter decreases abruptly when the elastic stress undéronments.
the indenter is partially relieved by plastic deformation in the Figure 2 shows three views of the dramatic defect struc-
thin film, in excellent agreement with experimental restfts. ture after the first plastic deformation eveat the circle in
When the indenter tip is retracted after reaching the firsfig. 1). The atoms are colored according to the value of the
yield point in Fig. 1, the force at small displacementscentrosymmetry parameter with red for partial dislocations
matches that during indentation. This indicates that the plag-P=0.5-4.0), yellow for stacking faults{(=4.0—20), and
tic deformation created at the first yield point has healedvhite for surface atomsR>20). These ranges were chosen
during retraction. In contrast, the force profile during retrac-based on the values for the different environments given in
tion from the second yield point indicates permanent deforthe previous paragraph. Note that Fig. 2 does not allow iden-
mation after retraction. tification of the Burgers vectors. The stacking faults are

In order to study the structures of the plastically deformedbounded by the partial dislocation loops, which start at the
thin film in detail, the location and type of defects presentsurface and reach a depth of 85 A into the thin film. All of
must be reliably identified. Separating the defects from thehe defects in this system lie dil11} planes which are the
extensive elastic deformation in the thin film is not a trivial energetically preferred slip planes in the fcc lattice. From the
problem. Techniques relying on the electron density, the pot111) surface, there are three uniq{fell} planes extending
tential energy, the dislocation density ten§bor the atomic  into the bulk. In this structure, defects can be seen parallel to
level stress tensbt for each atom often identify regions of only two of these three planes.
elastically deformed material in addition to the defected ma- The structure shown in Fig. 2 is complex and it is beyond
terial. Instead, we have exploited the fact that a centrosymthe scope of this paper to catalog the many dislocation lines
metric materiasuch as gold or other fcc metatill remain  and Burgers vectors involved. A simpler but fundamental
centrosymmetric under homogeneous elastic deformation. lquestion regards the nucleation of this defect structure. By
a centrosymmetric material, each atom has pairs of equal angsing MD and the centrosymmetry parameter, we were able
opposite bonds to its nearest neighbors. As the material i image the nucleation of the partial dislocation loops. The
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FIG. 3. (Color). Snapshot during dislocation nucleation at the
first plastic yield point on A(L11), (a) same view and colors as
Fig. 2(a), (b) a two-layer-thick cross section of(a11) plane con-
taining the partial dislocation loop on the right {g), where all
atoms are now shownP<0.5 in blug and the partial dislocation
line and stacking fault Burgers vector are marked. The partial Bur-
gers vector lies alonf121).

different views of these initial partial dislocation loops. The
dislocation lines and Burgers vectors of the nucleating dislo-
cation loops were obtained by examining appropriate Bur-
gers circuits on th¢l11} planes containing the partial dislo-
cations. These dislocation loops grow rapidly into the solid,
emerge at the surface, and interact to produce the structure
shown in Fig. 2. The MD run was continued long enough for
the loops to equilibrate via a complex series of dislocation
reactions(on the order of picoseconds

The nucleation of dislocation loops off the indenter axis
was not expected when we began these calculations. A com-
monly used empirical criterion for dislocation nucleation is
that the maximum-resolved shear strégdfRSS exceed the
critical shear stress for the indented mateftakrom con-
tinuum elasticity theory! the MRSS is on the indenter axis
and on a plane at 45° from the axis. Hence it has generally
been assumed that dislocations nucleate on the indenter axis.
However, our simulation results show unequivocally that this

FIG. 2. (Color). Defect structure at the first plastic yield point is not the case for theL11) §urface of single crystal Au. Thlso
during indentation on A@111), (a) view along[112], (b) rotated 45° occurs because thd 11 slip planes are a.t an angle Of_ 71
about[111], and(c) rotated 90° td110]. The colors indicate defect from the(111) surface plane. Reexaminatfdrof the elastic-
types as determined by the centrosymmetry parameter: partial didly Solution for the shear stress off-aXishows that the larg-
location (red), stacking fault(yellow), and surface atoméwhite). st shear stress resolved on {fi¢ 1} planes occurs off-axis,
Only atoms withP>0.5 are shown. in agreement with our predictions. This significant conse-

quence of the continuum elasticity solution had not been

starting geometry for the MD run was that at laliéh Fig.  appreciated previously.
1, and the tip displacement was held to that at the circled The largest shear stress resolved on{ttEl planes cal-
point in Fig. 1. We found that partial dislocation loops first culated just before the first yield point in our simulations was
appear with mirror symmetry at approximately half of the 7 GPa. Using the same EAM potential, the calculated critical
contact radius beneath the surface. Figure 3 presents twshear stress for bulk Au is 2 GPa. Clearly the usual empirical
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criterion for the plastic yield mentioned above is not a goodment controlled indentation. Our computational model
approximation at these very small length scales. A more rigprobes both the elastic deformation regime of the Hertzian
orous criterion for nucleation of plastic deformation is thatindenter and the plastic deformation regime of mechanical
the work done over the displaced surface be greater than thesting on passivated surfaces. The method we have devel-
line energy of the new dislocation loop. As the indenter sizepped to identify the defects clearly distinguishes between
decreases to the nearly atomistic scale, the volume havingdastic and plastic deformation. In another paper we will dis-
maximum shear stress decreases until it is comparable to the;ss similar calculations for the AW001) and (110
dislocation linewidth. At this small length scale, the averagesface24 Each surface produces unique dislocation struc-
shear stress over the nucleating dislocation loop will be lesg,res and force vs displacement curves, due to the orienta-
than the maximum shear stress. This, combined with surfacg,n of the {111} slip planes relative to the surface. These
effects on the line energy and image forces near the surfacgetajled structures provide a basis for understanding plastic
results in a maximum resolved shear stress at Yiel&Pa  geformation during the indentation and retraction processes

larger than the calculated critical shear stress ofAGP3.  ang therefore the mechanical properties of the thin film.
The loss of thg111) surface’s threefold symmetry upon

indentation appears to be a fundamental property of the glide We are grateful to J. D. Keily, J. E. Houston, T. A.
process along two of the thrg¢&11}; planes. The orientation Michalske, R. Q. Hwang, M. C. Bartelt, N. C. Bartelt, S. M.
of the dislocation structure can vary with the initial condi- Foiles, and W. G. Wolfer for helpful discussions. The code
tions of the simulation such as the indenter aiming point androm Ref. 18 was supplied by M. S. Daw. This research was
the symmetry(twofold or threefold of the boundary condi- performed using parallel computing resources located at San-
tions, but we never obtain a threefold symmetric defectdia National Laboratories. Sandia is a multiprogram labora-
structure. tory operated by Sandia Corporation, a Lockheed Martin

In summary, this work provides atomistic imaging of dis- Company, for the U.S. Dept. of Energy under Contract No.
location nucleation in a passivated surface under displacddE-AC04-94AL85000.
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