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Atomistic studies are carried out to investigate the formation and evolution of defects during nanoindenta-

tion of a gold crystal. The results in this theoretical study complement the experimental investigatibns

Kiely and J. E. Houston, Phys. Rev.3, 12 588(1998 ] extremely well. The defects are produced by a three

step mechanism involving nucleation, glide, and reaction of Shockley partials driifie slip planes non-

coplanar with the indented surface. We have observed that slip is in the directions along which the resolved
shear stress has reached the critical value of approximately 2 GPa. The first yield occurs when the shear
stresses reach this critical value on all {id1} planes involved in the formation of the defect. The phenom-
enon of strain hardening is observed due to the sessile stair-rods produced by the zipping of the partials. The

dislocation locks produced during the second yield give rise to permanent deformation after retraction.

DOI: 10.1103/PhysRevB.66.104103 PACS nunfer62.20.Fe, 62.20.Qp

I. INTRODUCTION II. METHODOLOGY

Understanding the detailed mechanics of material deforae
mation is a fundamental challenge in materials science.
metals, the defect structures produced during deformatio
influence the material properties and behavior critichfly.

greatly facilitate the design of materials with desired proper

create desired dislocation patterns which can then be etcheg,
in a controlled manner to fabricate nanopatterns an
nanostructures.

Nanoindentation experiments, with the advent of scannin

The objective of this atomistic study is to investigate the
fect nucleation during nanoindentation of a passivated
IIAu(OOl) surface and study the mechanisms leading to plastic
Beformation. The atomic configuration of the system studied
! ) s illustrated in Fig. 1. The gold substrate is modeled as a
The formation and evolution of such structures have theig 5, (122 122x 50 A%) containing 46400 atoms with peri-
basis in atomistic processes, and the study of these nanoscgl§ic poundary conditions parallel to the surface. The orien-
phenomena is paramount to the understanding of macrQyiion of the slab is such that the directidd®0], [010] and
scopic phenomgna such as fracture, friction, strain harder[001] coincide withx,y, andz The bottom layer is fully
ing, and adhesion. The results of such research will alsQqngirained and the substrate size is sufficiently large to
) L _ _ > ) ‘eliminate the finite size effects. The indenter is an assem-
ties. These insights into material behavior can be exploited tBIage of atoms in diamondoid cubic lattice arranged as a
ncated pyramid with exposed (111) facets and a 15
15-A2 (001) square indenting face. The indenter is oriented
such that the edges of the indenting face ar¢1ih0] and

probe microscopes and advances in indentation techniqu 10] directions with respect to the gold crystal.

are capable of experimentally probing material properties We have employed the quantum Sutton-Chotential to

and phenomena at the nanoséal®At these atomic length
scales, the continuum models of deformation do not perform
well and atomistic methods need to be considered to inves-
tigate the nanoscale deformation behavior. Advances in com-
putational capability and high performance techniques have
enabled researchers to investigate nanoindentation studies of
comparable length scales theoretically using molecular dy-
namics simulation4® The experiments, for most part, have
emphasized a quantitative investigation of mechanical prop-
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ing the atomistic processes involved in plastic deformation ’03030’?:
during indentation experiments. The primary goal of such -40
studies is to complement the experimental findings with the-
oretical investigations in understanding the mechanisms of 60
plastic deformation in materials.

X - . [010] A
In this paper, we present results of atomistic studies of

nanoindentation of a passivated gold surface. The objective FIG. 1. Atomic configuration of the indenter and the gold sub-
of this work is to study the atomistic processes responsiblstrate.®, indenter;O, dynamic gold substrate; light gray circle,
for plastic yield during the initial stages of indentation andtemperature control region; dark gray circle, fully constrained
explain the experimentally observed yield phenomena andoundary. The indenting face is a square with edges alonglth@
defect structure®. and[110] directions of the gold crystal.

0163-1829/2002/68.0)/1041039)/$20.00 66 104103-1

)

)

©2002 The American Physical Society



ANIL GANNEPALLI AND SURYA K. MALLAPRAGADA PHYSICAL REVIEW B 66, 104103 (2002

model the gold atoms. This formulation includes the quan-event of multiple slip, where the atom is contained by two
tum corrections to better predict mechanical properties, anglanes undergoing slip simultaneously, the Burgers vector is
retains the simplicity of the original Sutton-Chen potential different from the slip vector given above. In any event, the
to facilitate the understanding of the underlying physics ofslip vector will have a large magnitude for inhomogeneous,
various processes. The indenter is modeled as a rigid bodyonaffine deformation near the atom and can be used to iden-
and the indenter-surface interactions are purely repulsivdify slipped regions.

V(r)=e(r/p) 12 with e=25 meV andp=3 A, to elimi- The strains induced by indentation are studied by evalu-
nate the adhesive interactions and mimic the passivation afting the atomic strain tensor as formulated by Horstemeyer
the gold surface in experiments. and Baskes? This formulation is based on the deformation

We have used an extended version of the parallel molecigradient for a material employing many-bodied potential.
lar dynamics packageL_roLy (Ref. 11) to perform the cal- The atomic Lagrangian Green strain ten&grused in this
culations. The dynamics of the substrate is evaluated by instudy, is given by
tegrating the Newtonian equations of motion using Verlet-
leapfrog method with a time step of 1 fs. The gold substrate E= E(FTF_” (43)
is equilibrated to its minimum energy configuration at 300 K 2 '
and the indentation is simulated by advancing the indenter

atoms by 0.0005 A at every time step, giving the indenter a F=XY™4, (4b)
velocity of 50 m/s. The temperature is regulated by periodi- m

cally scaling the velocities of the atoms of the deepest non- XZE (rParb) (40
constrained region of the substrate, away from the contact 7 ot

region to minimize the interference of the temperature con-

trol mechanism with the normal energy flow processes that

occur in the contact region. Y=2 (rherh). (40)

To understand the mechanics of plastic deformation dur- P

ing indentation, atomic stress tenSowr is used to study the whereF is the deformation gradientn is the number of

distribution of stresses. The von Mises shear stiflss pro- ~ nearest neighborg of the reference atom, and and rf

portional to the square root of the distortion energy, is arhave the same meaning as above andepresents tensorial

indicator of the onset of plastic yielditjas proposed by product.E will then quantify the strain experienced by the

von Mises. The von Mises shear stress is given by the squareference atom in the time intervigd, t].

root of the second invariant of the deviatoric streds, To investigate the mechanisms of dislocation nucleation

which is defined as and glide on the slip planes, we study the resolved shear
stresses on the slip planes along the Burgers vectors given by

m

J2=£Tr[(tr— ol) - (o—ph)T], 0 the inp_vector arlalysis. The .reso_lved sh_ei':\r st@m a
2 plane with normah along the direction of slifp is given by
1 T =b- o n. (5)
p=—3Tr(o). 2 : 5 . R
3 Schmid law?® states that a slip system is activated when the

resolved shear stress on that system reaches a critical value

where Tr denotes the trace of a matrixis the unit matrix, called the critical resolved shear stré@RSS.

andp is the local hydrostatic pressure.

In metals, plastic deformation occurs by the glide of dis-
locations on the slip planes. In order to identify and charac- 100
terize the dislocations being nucleated during indentation we
employ the slip vector analysfayhich provides information 80
on the Burgers vectors of dislocations. The slip vector is
defined as Z 60

15 al
s=— > (frf). 3 ‘“’
s B
. _ _ 20
whereg is a nearest neighbor of the reference atogis the
number of neighbors which have undergone slip, E{hdnd

rf are the vector differences of ato and the reference 4 3 2 L ( A)O -1 -2 -3

atom positions at timesand ¢, respectively. The slip vector P

given by the above expression represents the Burgers vector g, 2. Force vs distance curve during initial stages of indenta-
of slip between the plane containing the reference atom angbn. (a) to (b) Elastic responséb) Onset of the first yield(b) to (c)

its adjacent atomic planes, in the time inter{/é/t]. How-  First plastic yield event(c) to (d) Second elastic response at a
ever, this is true only in the case of single slip, where thehigher force and with a higher slope indicating strain hardening like
reference atom is contained by only one slip plane. In théehavior.1 and 2 represent the first and second yield events.
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-3 4 GPa

FIG. 3. Contour plots of the atomic von Mises shear str\@sin the indented region at four stages of indentation markgee(d) in Fig.
2. The contours are on th801] surface(upper row just beneath the indenter and {H€0] surface(lower row) atx=0. O are the slipped
atoms that comprise the defect nucleated during the first yield even®aar@ the undeformed atoms. Stress is concentrated at the corners
of the contact region. The increase\i/rj_2 from (a) to (b) and(c) to (d) signifies elastic responses, and a drop frdmnto (c) indicates a
plastic yield.

Ill. RESULTS AND DISCUSSION before indentation. Initially, the force curve displays elastic
A Indentation behavior until the force decreases abruptly at the first yield
' point, marked a4 in Fig. 2. This phenomenon is associated

The force versus displacement curve for the initial stagesvith the nucleation of a plastic event to partially relieve the
of indentation is shown in Fig. 2. The forég, is calculated elastic stress in the contact region. This observation is in
as the sum total of the forces exerted on the indenter atomexcellent agreement with other theoret/di®—*and experi-
by the substrate and the displacemeyt, is the separation mental result§~® Upon further indentation the force begins
between the indenter apex and the surface of the substrate rise again, displaying yet another region of elastic behav-
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FIG. 4. Contour plots of the atomic hydrostatic presquie the indented region at four stages of indentation maskge(d) in Fig. 2.
The contours are on tH®01] surface(upper row just beneath the indenter and 0] surface(lower row) atx=0. O are the slipped
atoms that comprise the defect nucleated during the first yield even®aare the undeformed atoms. Stress is concentrated at the corners
of the contact region. After the first yiel@), a compressive strain of 0.052 in the defect gives rise to an increased pressure of the order of

10-15 GPa.
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FIG. 5. Snapshots of the deformed region depicting the evolution of the dislocation structures nucleated during the first yiéhyj event
to (c) in Fig. 2]. The gray scale represerjtg,|.

ior, until the substrate undergoes a second yield ev®nin( undeformed state andl represents the state after the first
Fig. 2. It is interesting to see that the force curve has a higheyield event. Three snapshots of the deformed region at vari-
slope in the second elastic response region and the seconds stages of defect nucleation betwe@n and (c) are
yield occurs at a higher force. This is indicative of strain-shown in Fig. 5 to illustrate the evolution of the defect struc-
hardening-like behavior at the atomic scale resulting in ajure. From the slipped atoms shown in Fig. 5 it is seen that

increase in the yield modulus and strength. dislocation loops nucleate on the fo{t11} planes at the
- _ surface and extend into the solid. These dislocation loops
1. First yield: defect nucleation grow in size and intersect with the loops on the adjacent

To gain insight into this behavior, the evolution of the planes forming a pyramidal defect structure as seen in Fig.
stress profiles in the contact region during indentation aré&(c). Figure 6 shows the corresponding slip vectors of the
analyzed. Figures 3 and 4 show the von Mises shear stresgoms on one of the slip planes, (111). From Fi¢) Ghe
\JJ, and hydrostatic pressupeprofiles in the region directly magnitude of the slip vector of the atoms on the (111) plane
beneath the indenter at various stages of indentation markgg close to 1.66 A a|on@115], which is consistent with the
(@—(d) in Fig. 2. Figures @), 3(b), 4@ and 4b) show that (119 partial dislocations o111} planes in gold. The dislo-

as the indentation proceed; fro@ to (b), an mcreasg N cation nucleated on the (111) plane is therefore ghtl12]
JJ,, a measure of the elastic stored energy, substantiates the —

elastic response seen in the force curve in this regime. Aphockley partial, and similarly[112], §[112], and
point (b) the elastic stress reach a threshold beyond whicli[112], partials are nucleated on {1), (111), and (111)
plastic deformation occurs that partially relieves and dissiplanes, respectively. Thus the defect consists of intersecting
pates the elastic energy from the surface as seen in f&g. 3 intrinsic stacking faults on the foyrl11} planes, which in-
This behavior is in accordance with the von Misestersect thg001) surface with a fourfold symmetry. This py-
criterion’® which suggests a critical value fafJ, for the  ramidal defect structure is in excellent agreement with the
onset of plastic activity. Upon further indentation frqmi to  experimentally observed permanent deformation strucfures.
(d) \3J, increases again, implying another elastic response From continuum elastic theohYof indentation by a rigid
regime, which culminates in the second yield event. flat frictionless punch, similar to the atomic indenter used in
To study the nature of plastic deformation and characterthis study, the stresses reach a theoretically infinite value at
ize the defect structures nucleated, the deformed regions atke edges of the indenter. This observation, at the atomic
identified by the slip vectosy;,, where0 represents the initial scale, is validated by the large concentrations of stresses at

couol‘;QnQnmuQuonqzonc GoﬂoﬁQD?DmDQDODQﬁODO cDuotq:v?umn?D;?ﬂ?ioﬂc
_SDODODQDQDQI‘SQDODOD‘DDOD _cnon?anv%QnQé?n?npn?non _:nonongngen?rf::?n?;npnonon
~—~ ol:lol: ODODODQE\QE\ODO :Ioﬂo ~ JODOUODQE\QE\?D?DPDODODO ~ JODOEODQD?D?D?U§900 :IODO
%_IODODC)DODQDQ [JQDODOD<)D°D §_10DOD°D°DQD v IEIQDOUO UODOD og_lcﬂoﬂc I:IEI o F-‘ a Dol:l()l:lo
::: ODOEODODOD()DODOD Jol:lo :S ODOGODODODQDODODOEODO :: oDOEoDODQD?D?DODOJODO
H_lsﬂonanononoﬂononoElc>I:Iol:l H_ISDODC)DODODOEODODOD?DOD ‘_‘_ISDODC,DODODQJ?DODODC>D0D
DDOEODODODODODODOJODC DDOEODODODODODODO:DODO DDOEODODODC)DODODOJODQ
_2 DODC’DODODOEJODODOD DDOD DODC DODODOI?ODOUOU:ODOD _2 Dol:lc nononozououou DDOD
s -5 _0 5 0 15 3?51—5_0 s 10 15 —‘fs-w—s_o 5 10 15
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FIG. 6. Slip vector ;) maps on the (111) plane corresponding to the snapshots in Kig.r&presents the atoms of the slipped plane,
and (] represents the atoms of the unslipped plane adjacent to the slipped region.
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stressegRSS, as the direction of slip has been associated
with maximum RSS. Figure 8 shows the distribution of
T(lll)[lO?] i(lll)[ﬂjl , and T(Jil)[lla on the (111) Sllp plane
along[101],[011], and[112], respectively. These are the
favored slip directior® on the (111) plane for the current
stress stateq~o,,). It is seen that even though11)[103

and 7111yj017 have higher concentrations near the surface

than 7(114)1113 , the slip occurs alonf112]. This incongru-
ency of slip occurring in a lower RSS direction is consistent
with the findings of other researchBend can be explained
by the concept of generalized stacking fault end@$pP v,
introduced by Viteket al2”-?®The GSF is the energy per unit
area of a fault plane created by the rigid slip of one half of a

oretical shear stressed" (squares for slip systems{111}(112 perfect lattice relative to the other along a slip plane in a

(open and{111}(110) (solid). The slip vectors for the slip systems 9€neral slip direction. Figure 7 shows the unrelaxed GSF in
are b= +(112 and byye=3(110. Lower 7%, indicates a the dominant slip directiong110] and[112]. It should be

FIG. 7. Generalized stacking fault energiggcircles and the-

more energetically favorablgl11}(112) slip system. noted that the unrelaxed GSF is a hypothetical concept that
nevertheless offers valuable insight into the dynamics of slip.
the periphery of the contact region as seen in Figls) &nd The maximum value ofy in the direction of slip, called

4(b), in agreement with previous studi€s:® Surface nucle-  the unstable stacking energy;s,? is the energy barrier to
ation of partial dislocations in areas of enhanced stress ise overcome during slip. It is seen from Fig. 7 thaf
well supported experimentalfj;** and theoretical models of displays a strong directional dependence and slip along
surface dislocation nucleation at stress concentr&orare  [112], has a much lower energy barrier thehl0], and is
well established. The corners of the contact region act agus more favorable as observed in this study. Howeyés,
stress concentrators and serve as the sources for nucleatigrstatic quantity and is not an appropriate measure to de-
of Shockley partials on the surface. Under the influence okcribe the dynamics of slip. A better quantity would be the
the stresses, these partials glide on {h&l planes, the theoretical shear stress required to initiate and maintain the
dominant slip planes in gold, forming intrinsic stacking slip along the slip direction. This shear stress is given by
faults as seen in Fig. 6. This slip results in the flow of part of
the elastic energy from the contact surface to the sheared
surfaces, and is seen as an increasg/Jp in the region of
slip in Fig. 3c). The strain undergone by the atoms in the
deformed region during defect nucleation is quantified by the
mean Lagrangian strain tensor in \oigt notatiok,  where,y, is the GSF on a slip plane with normal andr is
=[0.068 0.064—0.166 0.007—0.002 0.02. Thus the ob- the displacement vector. At any instant the atoms on a slip
served strain is if100) directions and gives a volumetric planen slip alongr if T(n)[r] exceedSr?,}}(r> and this instan-
strain of -0.052 in the pyramidal defect, giving rise to highertaneous slip direction evolves continuously, resulting in re-
pressures of the order of 10-15 Gfdth a bulk modulus of  |axations as the slip proceeds. Among all the competing slip
207 GPa above the ambient pressures as seen in K. 4  directions at every instant throughout the slip, such a mecha-
In order to understand why this particular slip systemnism results in the motion of atoms along a direction that has
{111(112) has been activated, we study the resolved sheahe smallestr'". Therefore, as the slip proceeds it traces a

dy
th _ n
ik = gr ©®)

[112],(A)

P-N

= o) &)
[T T T .

-0.9 0.9 GPa 2.7 4.5

FIG. 8. Resolved shear stresses on the (111) plane, just before the first yield point, along favored directiong)dfesipt, (b) [ 101],
and(c) [112]. O are the slipped atoms that constitute the stacking fault,@rate the atoms in the undeformed region. In some regions
7'(111)[1]5 iS Smallel’ thanT(lll)[loi and T(lll)[Oﬁ .
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minimum energy path along a valley of the unrelaxed GSF 25
energy landscape. The relaxed GSF energies are thus given
by the valleys of the unrelaxed GSF energy landscape.

From the above discussion it follows that slip along a
particular direction proceeds to completion if the resolved
shear stress exceeds the maximum value'df This is the
critical resolved shear stre6SRSS 7° referred to in Schmid
law,’® as stated above. A plot of" for slip on{111 plane
along(110 and(112 directions is shown in Fig. 7. From
Figs. 7 and 87?111}(112) is 2.34 GPa and is smaller than the ; ; ; ,
observedr(;11)113 values. On the other hand, ;1,4 has i i E i .

a value of 8.88 GPa and is much higher than the observed 1 075 05 0-%2) 0 025 05
T(111)[105 @nd7111y[017 Values. Thus the observed slip direc-

tion is[112] rather thar{OlT] or [10?]_ Second and higher FIG. 9. Mean resolved shear stresses in the deformed region for

derivatives ofy could be used to further refine the dynamicsslip systems: [J,(111)011]; ¢ ,(111)101]; O,(111)112];

of the slip, but it is beyond the scope of this paper and for thet,(111)[112]; V,(111)[112]; A,(111)[112]. The resolved

present studyr would suffice. shear stresses reach a threshold at the yield point. The maximum
The smallest of the directionally dependefitrepresent-  resolved shear stress is in the range of 1.8-2.3 GPa.

ing the ideal shear strength of the crystal is 2.34 GPa, i 1

excellent agreement with experimental estimates of 1'5_2'%1ose observed at the atomic scale in this study.

GPa’® In Fig. 8 the highr values of 5 GPa greater than the | the event of the presence of multiple sets of indepen-
theoretical estimate of the ideal shear strength might seefjent slip systems capable of producing the required strain, as
out of order, but it needs to be clarified that the theoreticalg the case with fcc crystals, Bishop and Efiff° proposed a
value is based on a blocklike shear, and such an instantatress criterion for yielding that requires the attainment of
neous rigid slip cannot be expected during the actual nuclecRSS on the active slip systems, without exceeding CRSS
ation and propagation of slip. Thesevalues are also quite on the inactive systems. The observed slip directions con-
high compared to the experimental CRSS because the valuésrm to the above criterion with the shear stresses reaching
in Fig. 8 are highly localized and are inaccessible to experitheir critical values in(112), but not in{110).

mental investigations. The shear stress values deduced from
experiments represent the mean value of the shear stresses in
the region local to indentation and a plot of such a mean of  Based on the results and discussion presented above, we
is shown in Fig. 9. It can be seen that these values reach propose a three step mechanism for the formation of the
maximum and drop abruptly at the first yield point validating pyramidal defect during indentation of /A02). It is conve-

the manifestation of Schmid law at the atomic scale. Theient for the following discussion to use Thompson's nota-

maximum RSS on (111) is anrﬁglf], and reaches a value f[ion for.Burgers vectors ar_1d planes and refer to Fig. 10 for an

of 1.95 GPa and on the othéi11} planes the maximum illustration of the mechanism. _

RSS are in the range 1.8—2.3 GPa. These values agree ex.Dislocation nucleation Surface indentation of AG0D

ceptionally well with the experimental estimates of 2 GPa. with an indenter results in Iarge concentration of stresses at
It is interesting to note that the Schmid law and von Misesthe corners of the contact region. These stress concentrators,

criterion, which have their origins in continuum mechanics,Vnere the RSS on thel11} planes reach the CRSS, act as

are also observed at the atomic scale. However, the yiell!e sources for surface nucleation of Shockley partials

mechanisms behind this phenomenological similarity are dif{z(112)) Ba,AB,yD and5C on the slip planes ja(b),(c),

ferent resulting in very different magnitudes of critical and (d), respectively.

stresses. In macroscopic yield the critical stresses are re- Dislocation glide These partials, under the influence of

quired to cause the motion of preexisting dislocations and/othe external stress due to indentation, glide away from the

multiplication of dislocations. Whereas for yield at the defectsurface forming intrinsic faults on the slip planes.

free nanoscale, as is the case in this study, the critical stressesDislocation reaction As the dislocation loops grow, the

are required to nucleate dislocations at the surface. partials attract each other in pairs and zip to form sessile
The plastic strains produced by indentation are complexstair-rods along AC, AD, BD, and BC according to the fol-

and activation of multiple slip systems is necessary to aclowing reactions:

commodate these general yiefisGroves and Kell§* pre-

dicted the active slip systems by calculating the strain pro-

duced by a given slip systefh,and identifying the systems

00). These predicted slip planes and strains are identical to

2. Defect nucleation mechanism

5C+ BA=5BICA,

that contribute to the observed strain. Such a geometrical AB+Dy=ADIBy, ™
analysis® for compression if001], which is the observed yD+ aB= ya/DB,

stress state just before the first yield point, predicts activation

of slip on the fou{111} planes resulting in plastic strains in Ba+ C6=BCl/aé.
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FIG. 10. Various stages in the formation of the pyramidal defect structure. Shaded regions represent intrinsic stacking faults.
(@ Nucleation and glide of partialstb) Dislocation loop growth and zipping resulting in sessile stair roc)s Pyramidal defect
structure.

In vector notation the energetically favorable reactions are of111)X112) along with the slip vectors are shown in Fig. 13.
the type It is seen that the activated slip direction is not along the

maximum RSS direction, but along the direction in which
the RSS has reached the critical value. This observation fur-

1 1 1 . )

—[112]-=[112]==[100] (8)  ther corroborates the discussion presented above. Thus, de-

6 6 3 formation results through a sequence of elastic and plastic
responses, with the elastic responses culminating in plastic

The final defect, therefore, consists of a pyramid of intrin-events.
sic stacking faults o111} planes, which intersect th@021)

surface with a four fold symmetry, and th@lT} edges of B. Retraction
the pyramid consist of low energy sessile stair rod disloca- . . i . .
tions. These sessile stair-rods act as barriers to further glidt% When the indenter is refracted after the first yield paint,

giving rise to the observed strain hardening during indenta- e force curve retraces the indentation path at small dis-
tion beyond the first yield. placements. This suggests that the defect nucleated at the

To examine the dependence of the defect structures 0fIJ]rst yield point has disappeared, and that the substrate has

the orientation of the indenter with respect to the crystallo—recoverEd its _original undeformed state upon retraction.

graphic axes of the gold substrate, the calculations Werlé!oweve_r, th_e f‘?Fce curve during retracti_on after the second
repeated with the edges of the indenting face (190 yield point signifies permanent deformation.

and (010 directions. The defect produced was similar to Upon retracting the indenter, the external stress vanishes

the pyramidal structure seen above where the high stressggd the internal compressive stress dominates the dynamics

at the corners of contact region nucleate partials on the 'deformauo.n. Itis seen above that the mtenor of the pyra-
midal defect is under enormous compressive stress due to the

four {111} planes. From the physics of the defect nucleation_, ~. . . ! ; :
presented above, the above mechanism can be generaliz%t ain imposed during the first yield. This compressive stress,

! . when resolved onto the slip planes, is opposite in direction
to indentation of othe{11L} and {110 surfaces as well. o ) . o
It can be deduced that the indentation {11 surface to the RSS during indentation. A restoring force is induced

, . . that is strong enough to effect the unzipping of the stair-rods
will produce a tetrahedral defect structure displaying. : : ; . .
) . o into their constituent partials, which then glide toward
the threefold symmetry observed in experimen&milarly : X
. . ._the surface healing the stacking fault along the way. Eventu-
the hexagonal nature of the indent produced by indentin

the {110 surface is consistent with the proposed%”y' the defect disappears and the substrate recovers its origi

mechanism. Thus the geometry of the defect structuren‘.”u configuration with no residual deformation as seen in

is independent of the indenter orientation, but is a character-
istic of the crystallography of the surface of the indented
crystal.

However, after the second yield, the dislocation loops ex-
tend beyond the stair-rods leading to dislocation locking.
And upon retracting the indenter after the second yield, the
aforementioned restoring forces are not strong enough to un-
lock the locked structure, thus giving rise to permanent plas-
Further indentation results in a second yield, at whichtic deformation observed in Fig. 2.

point dislocation loops are nucleated on the slip planes out-
side the defect as shown in Fig. 11. Figure 12 shows the slip
vectorss;, of the atoms on the (111) plane dislocated during
the second yield and the dislocation loops extending beyond We have investigated the atomistic mechanisms of plastic
the stair-rods can be seen. The contour plots of RSS odeformation during nanoindentation of a @01) surface-

3. Second yield: dislocation locks

IV. CONCLUDING REMARKS
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represents the atoms of the slipped plane, Bhdepresents the
FIG. 11. Deformed region illustrating the dislocation locks atoms of the unslipped plane adjacent to the slipped region. The slip
formed during the second yiel@ represents the atoms that slipped is along the direction in which the resolved shear stress has attained
during the first yield [s,/>0), and gray circles, the atoms that the critical value.
underwent slip during the second yield evefs;{>0). Disloca-

tion loops extend beyond the adjacent faces of the defect structure . . .
A ) sure due to the compressive strain in the defect induces re-
forming dislocation locks.

storing forces that heal the plastic deformation. Further in-
: . S . dentation results in a second yield that causes the dislocation
with a nonlnteractmg indenter. Arecently _deve_loped slip VeC'Ioops to extend beyond the stair rods forming dislocation
t(:r atnaly5|fs haZ dbe_en _er_?_plloyled t_to 'Idﬁmgy _the_ %efeciocks. The unlocking forces of these structures is greater than
structures formed during Initial plastic yield. buring INden- v, jnerpg) restoring forces active during indenter retraction,
Fatlon,_the acgumulated elastic energy in the mdepted r€0I90ng thus effect a permanent deformation after the second
is partially relieved by the nucleation of a pyramidal defect ield
structure. The defect is formed by the surface nucleation o¥ Wé proposed a three step mechanism based on dislocation
Shockley partials on the foyd11; slip planes at the periph- theory that elucidates the physics behind the formation of the

ery of the contact region. These partials glide away from th‘?)bserved defect structures during gold nanoindentation. Ac-

surface creating stacking faults that grow in size and 'r?ter'cording to this mechanism, the defects produced depend on

$he crystallography of the indented surface as seen in experi-
the partials zip to form sessile stair rods which contribute tomentsy grapny P

the strain hardening observed after the first yield. The ob-

served slip is in the most energetically favorable direction,

which correqunds to the dlreqtlon in which the RSS hag ACKNOWLEDGMENTS

reached the critical value and is not necessarily the maxi-

mum value. The CRSS estimated in this study is in the range This work was supported by NSF Career Grant No. BES-
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FIG. 13. Resolved shear stresses on the (111) plane, at the second yield point, along the digz¢tl@i3, (b) [211], and(c) [112].
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