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Nanomechanical properties of Au(111), (001), and (110) surfaces
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Using the interfacial force microscope in an indentation mode, we have quantitatively investigated the
mechanical properties for thH&11), (001, and(110 surfaces of Au single crystals. Nanoscale indentations of
wide, atomically flat terraces provide a measure of the nanomechanical properties of Au in the absence of bulk
and surface defects. The elastic indentation modulus foflth® surface was found to be 36% greater than for
the (001 and 3% greater than for th@10 surfaces. These results are compared to earlier theoretical predic-
tions of the effect of anisotropy on indentation based on continuum mechanics and atomistic simulations.
Additionally, we have quantified the yield point of the three crystal orientations by measuring the stress at
which initial plastic deformation occurs. By resolving the applied stressefldf} slip planes, we have
estimated maximum shear stresses at the yield point. For each orientation, plastic deformation occurred when
the maximum resolved shear stress reached approximately 1.8 GPa {d Rllplanes that appeared to
contribute to deformation. Based on this estimate, we propose that the critical resolved shear stress for plastic
indentation of Au is 1.8 GPa and that the yield criterion is that this stress be attained{aflalslip planes
noncoplanar with the surfaceS0163-182808)06319-X

INTRODUCTION elsewheré? is distinguished by its use of a novel electro-
statically driven force-feedback system to ensure rigid dis-
Nanoscale material properties have received considerablstacement control during a loading experiment. Rigid dis-
interest in recent years because small volumes often behaygacement control ensures that instrument compliance
differently than do their macroscopic counterparts and, ifcommon in many indentation studjedoes not exist, which
st?me c?]ses_, ?pproach_ the?retlczlill IlrfmTt%.Un?]erstt:)andmg simplifies analysis of elastic force profiles. Rigid displace-
t ? rget? ?R'C% prcipertlesto fsmfa f\'/lo umeds as (teentmot- ent control is also advantageous when investigating the
vated by the development of thin Tiim and nanostructured, ,.qqq by which materials plastically deform. Instabilities
materials. One class of techniques well-suited to investigate, g., jump-to-contagtare not present in this instrument and
these properties Is nanoscale sqannmg-pro_be mdenﬁaﬁbn, no e’nergy is released from the sensor when a material’s re-
where the volume of the material probed is determined b¥axation is plastic
the radius of the probe and the depth of defo.rmatlon. Re- The IFM force sensor was calibrated prior to use, as were
cently, the yield strength or hardness of materials has be e piezoactuators used in the loading cycle. Both calibra-

shown to éf’f depe_nde_znt _upon these two e_xperlmentq ons are necessary for quantitative measurements. The two
parameters; “ clearly indicating that these properties Changeindenters used in this study were electrochemically etched

W'tg samplmgllvolgme.f tor i indentati 100 um tungsten wires with measured tip radii of 1750 and
ne compiicaling factor in nanoinaentation measure-q, A, as determined by field-emission scanning electron
ments is the effect of anisotropy. Nearly all metals are to

some degree elastically anisotropic, and when the volummlcrOSCOpy' Single-crystal Au samples wit01) and (110

bei bed b le indentation i ller than t urface orientations were Ar-ion sputtered and annealed at
€Ing probed Dy a nanoscalé indentation 1S smaller than g o The(111) surfaces were obtained by flame melting
grain size, properties of single crystals are being measure

In the present paper, we investigate the effect of anisotropgnd annealing 99.99% pure Au wire to form a sphere with
) 4,15 - .
using the interfacial force microscogd-M) (Ref. 13 in a road(111) facets® ™ Immediately after cleaning, samples

. - ._were immersed in a 0.5 mM ethanolic alkanethiol
nanoindentation mode. We study Au, one of the most an'so['CH3(CH2)158H] solution for 24 h to develop a self-
tropic metals, and investigate t@11), (110, and (001) assembled monolayé8AM) of hexadecanethiol to passivate

surfaces of carefully prepared single crystals. Two key elefh probe-sample interaction. Without the SAM, strong ad-

ments (.)f thesg studies are tha_t the surfaces were passivatﬁ sive interaction occurs between the Au and W tip and the
to eliminate tip-sample adhesive effects and had terraceg o) i plastic on contaét® Passivation eliminates this

W|(iljetrhthan~4OOOA.hWe tz?bulatet ttr;]e mdenttat;onl mt(.)dléluf adhesiofi!” and allows us to analyze elastic force profiles
and the maximum snear stress at thé onset of plastic delofiq;,y Hertzian theory®9 which predicts the elastic behav-
mation, compare them with other experimental results, an

devel imole model for the critical shear str for or r of a parabolic tip and planar sample in the absence of
evelop a simple modet for the critical shear Sress 10 e yhesive or frictional interactions using continuum elasticity.
ating a permanent indentation.

A typical force profile for a 700 A tip is shown in Fig. 1.
EXPERIMENTAL PROCEDURES The. _posmve force axis refers to .repulswe forces apd t_he
position is referenced to the point of contact, which is
Mechanical measurements were performed using th#osely identified as the point at which the measured force
IFM. This instrument, which has been described in detailstarts to rise from zero. Negative deformation values indicate
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FIG. 1. A force profile(loading cycle for a 700 A W tip con-
tacting a Au(112) surface. After contact, the force increases as the
3/2 power of the deformation, in accordance with the Hertzian re-
lationship, shown as the solid line. The absence of hysteresis indi
cates elastic loading, and the absence of negative forces shows th
there were virtually no adhesive forces throughout the experiment,

Force (uN)

that the tip and sample are not in contact and zero force it
measured. The small positive forces near the point of contac
in Fig. 1 correspond to compression of the SAM, which ini-
tially dominates the force response. As the sample is de i
formed, the force rises nonlinearly to a preset maximum of | P T P U B T T T
4.5 uN and this behavior is retraced upon retraction. The .5 0 5 10 15 20 25 30 35
absence of a hysteresis loop during this measurement cycl Deformation ( A)

indicates that the sample was probed elastically, and the ab-
sence of any attractive forces shows that there were virtually FiG. 2. (a) Compiled retraction portion of loading cycles from
no adhesive forces throughout the experiment. The data may11)-oriented and001)-oriented surfaces. The greater slope of the
be fit using the expected Hertzian response for a parabaloid11) force profiles indicates a higher indentation modul(s.
indenting a plane, as shown by the solid line in Fig. 1. TheCompiled retraction portion of loading cycles f¢t11)-oriented

TR |

Hertzian response is given by the expresSion and(110-oriented surfaces. Tha 10 force profiles have been off-
set by approximatgl3 A to distinguish the two data sets. The lack
F= %E* \/ﬁéw, D of any noticeable difference in the slopes indicates a difference in

. . . indentation modulus that is on the order of the scatter in measure-
whereF is the force applied to the prob® is the probe on

radius,§ is the depth of deformation, arif* is the compos-

ite modulus, given by probe, this was repeated fgill) and (110 orientations
such that the response of tligll) acted as the reference.
1 (1-vh) (1-vf) Ten loading cycles acquired in different locations were ana-
E* E AL + Ew ' (2) lyzed from each surface. The retraction portion of the load-

_ ing cycles for thg111)-(001) comparison are shown in Fig.
whereEa,, Ew, va,, andwy refer to the elastic modulus 2(a). Similar results from(111) and (110 orientations are
and Poisson ratios of Au and W. The Hertzian model wasshown in Fig. 2b), although the data from thel10) have
developed for isotropic materials and, although Au has &een offset by several angstroms to distinguish the two
high degree of anisotropy in elastic constants, elastic forcgroupings.
profiles [both measured experimentally and modeled using To quantify the measured modulus, we fit E&) to each
embedded atom metho®EAM) calculation§’] show very  force profile with the composite modulus as the only inde-

good agreement with Hertzian predictions. pendent variable. The composite moduli were averaged and
this average was reduced to the Au modulus using(Exg.
RESULTS and a value of 411 GPa for the W modulus. The ratio of the

S13term to thess; term in the orientation-specific compliance
matrix was used as the Poisson’s ratio, which, for (thil)

To identify the effect of crystal orientation on the mea- and (001) directions, has values of 0.44 and 0%4n the
sured indentation modulus, a single probe and sensor wefd10)-orientation compliance matrig,3# Sy3, but for sim-
used to acquire a series of force profiles from flat, defect-freglicity, the two ratios were averaged to give=0.45. The
regions of (111) and (001) orientations. Using a different results for the elastic modulus measurements are shown in

Elastic modulus



12 590 J. D. KIELY AND J. E. HOUSTON 57

TABLE |. Composite moduli and Au indentation moduli mea- TABLE Il. Mean stress normal to the surface at the first devia-
sured from force profiles during retraction on ALL1), (001), and  tion from Hertzian behavior.
(110 surfaces. Two comparative experiments were performed us=
ing different tip-sensor combinations, resulting in differg¢mhi) Orientation 0_'p (GP3
moduli. Experimental uncertainty is that within one experiment

(same tip and senspor (001 5.5+0.4
(111 7.3x0.5
E* (GP3 Ea (GPA (110 7.8+0.7
(111 791 78+1
(00D 62+4 57+3 tically and, if the probe were to be removed, the force would
(111 85+ 7 85+ 7 decrease according to the Hertzian prediction. At a depth of
(110 83+7 82+ 6 approximately 50 A and a force of approximately 14H,

the measured force suddenly drops tuN. As the probe
continues to indent the sample, the force rises and drops as

Table I, along with the experimental uncertainties, whichdislocation activity continues. From the forcg)( depth of
represents scatter among measurement cycles using the safig§ormation(s), and tip radius R), the mean applied stress
tip-samp|e combination. Tak|ng the ratio of measurementglormal to the surface at the initiation of dislocation aCtiVity
from two orientations eliminates systematic errors, such ag1ay be calculated from the expression

an error in tip radius estimate, that result in variation be-

tween experiments. For example, an overestimation in tip N

radius of only 10% accounts for the difference in measured ‘Tp:T,T(gt’ ©)
(111D moduli between experiments. From these measure-

ments, the elastic indentation modulus of Au oriented with §yhere the subscript indicates the value at the plastic thresh-
(111) surface normal is approximately 36% higher than Augig The mean plastic-threshold stress, whether it was in the
with a (001 surface normal. Also, there appears to be Noorm of a sudden drop in force or a more subtle deviation
statistically significant difference in the elastic indentationfom elastic behavior, was found to be strongly dependent

moduli of Au crystals with(111) and (110 orientations. upon crystal orientation. The results are presented in Table
1.
Plastic yield
In addition to elastic properties, the stress required for Indentation symmetry

plastic deformation was also measured as a function of ori- Orientati t onlv affected the vield point. it al f
entation. Deviation from Hertzian behavior identifies the on- rientation not only afiecte € yield point, 1t also ar-

set of plastic deformation. In some cases, this deviation waéem?q[. the symrr&etr)t/hof ?Iastlc m_derlta}tlozng(.) Zefr manenr;[ |r]1—
slight, but still identifiable, while in many cases, an abrupt entations with deptns ot approximately or each o

and significant decrease in force identified the onset of plast—he three sample orientations are presented as constant

ticity. As an example of this abrupt onset of dislocation ac_repulswe—force Images in Fig. 4. '.A‘S shown '”.F'Q?Hm)
tivity, Fig. 3 presents the response of a AQ01) crystal planes, the dominant slip planes in this material, intersect the

Over the first 40-50 A of deformation, the Au behaves elas-(OOD surface with fourfold symmetry and this is observed in
' the permanent indentation. Additionally, the pileup on the

20 e _ indentation peripherywhich was no greater thar 10 A in
[ : heigh) appears to be in four distinct lobgd.11) planes in-
tersect the(111) surface with threefold symmetry and the

15 a /,, , ﬂ ] observed indentation from tH&11) surface has the expected
i . / ://?‘ 1 triangular appearance. For th&10 surface,(111) planes
10 - /‘ J intersect the surface along three directions and the indenta-

] tion from this surface has a roughly hexagonal appearance.
- The corners of the indentation do not exactly match the ex-
. pected angles, but it is clear that the underlying crystallogra-
phy plays a large role in determining the shape of the per-
manent indentation. The observed indentation symmetries
P S T are consistent with theoretical models of plastic deformation
.50 0 50 100 150 200 250 300 of Au surfaces under an indentér.
Deformation (A)

Force (UN)

FIG. 3. Loading cycle of &111)-oriented surface when the elas- DISCUSSION
tic limit i_s ;urpassed._ The in_itia{~50 A _of plefor_n_]ation i_s g_lasti_c Elastic modulus
and deviation from this Hertzian behavior identifies the initial yield
point. Sudden force drops indicate dislocation activity, which con-  The strong effect of crystal orientation on both the elastic
tinues until the probe is retracted. The width of the hysteresis loopinodulus and the yield stress indicates that anisotropic effects
approximately 200 A in this case, indicates the depth of the permaplay a significant role in nanoindentation. Our results suggest
nent indentation. that anisotropy has a 30-40 % effect on the indentation
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FIG. 5. (a) Schematic illustration of the foul11} planes that
(©) 300 nm intersect the(001) surface. Slip occurs on these planes along the
(110 directions, each of which is parallel to an intersection of two
FIG. 4. (a) Constant repulsive-force image (50600 nnf) of a {111 planes.(b) The three slip planes that intersect t1d.1) sur-
permanent indentation on @0J1-oriented surface. The fourfold face.(c) The (110 surface and the foufl11} planes that intersect
shape of the indentation and the four lobes of pileup on the indenit. Two {111} planes are inclined to the surface while two are nor-
tation periphery indicate the fourfold intersection @11 slip  mal to it. The two that are normal are each shown twice to illustrate
planes with the surfacéb) A 300x 300 nnt image of a permanent how they combine to give an indentation like that of Figc)4
indentation on g111)-oriented surface. The triangular appearance
of the indentation reveals the threefold intersection(fl) slip  Au (assumingy=0.45 were that thg111) orientation has a
planes with the surfacéc) A 300x 300 nnt image of a permanent  10% greater indentation modulus than tA81) (we measure
indentation on &110-oriented surface. The indentation symmetry 36%) and only a 2% greater value th&hl0) (we measure
suggests that the orientation ¢f11) slip planes determines the 39%). The primary difference between the situation modeled
structure of both the indentation and surrounding pileup. by Vlassak and Ni%¢ and our indentations is that they con-
sider a flat, rigid, triangular punch while we apply a Hertzian
modulus of Au. This variation is greater than the theoreticalpressure distribution over a circulgor ellipsoidal for the
results of Vlassak and Ni#% They calculated the expected (110 orientation area. The stress distribution under the two
indentation modulus of a rigid, flat, triangular indenter as atypes of indenters is quite different. Normal stresses tend to
function of orientation for materials with different Poisson’s infinity at the edge of a flat punch indenter, while they tend
ratios. The surface stress necessary to cause a given displagezero for Hertzian indentatiofs.
ment was calculated fan points (n was varied from 64 to On the other hand, atomistic simulations of Kelchner and
3600, which involved the numerical solution of simulta-  Hamilton?® which are simulations of Hertzian indentation,
neous linear equations. Integrating the pressure distributiopredict an effect of anisotropy on an indentation modulus
gave the total load, and from the load-displacement relationthat is greater than both the predictions of Vlassak and Nix
ship the indentation modulus was predicted. The results foand our observations. The difference in indentation
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modulus betweef(111) and (001) orientations was approxi- TABLE lll. Maximum shear stress resolved in the direction of
mately 50%, and that betwe¢hl11) and (110 was approxi- primary slip for three orientations of Au. Shear stresses are given as
mately 20%° These simulations use an 80 A probe radiusfractions of the mean normal stress applied to the surface, and the
indented to depths of only-5 A, both of which are at least depth at which the maximum occurs is given as a fraction of the
an order of magnitude smaller than those used in this studyadius of contact. Estimates of were obtained by multiplying the
However, all three studies are in agreement that(ife) ~ c@lculated maximum shear stress by measured

orientation has the highest indentation modulus andQb&)
the lowest; it is only over the magnitude of variation in

Orientation Component Max. shear stress Depth (GPa

which they differ. (001) (111)[101] 0.336r 054 1.8+0.1
(111 (111)[101] 0.2287 0.5& 1.7+0.1
Plastic threshold/indentation yield stress (110 (111)[101] 0.236r 0.0a 1.8+0.2

In quantifying the yield point of Au as a function of ori- (119 (1 1D[101] 0.378 048  2.9+0.3

entation, we have measured the mean stress normal to the

surface and have found that it varies considerably. Although  gince we can determine tHa11} (110 shear stress for
this is the stress we can measure m%%t accurately, plastig,, given applied stress state, we can predict the maximum
deformation is a result of shear stressedo arrive at &  ghagr at the yield point for each of the orientations. On the

critical shear stress at which dislocations are activated, W&yis of symmetry, the stresses in the indentation coordinate
must estimate the shear stresses beneath the indenter. A co’g ’

=t , stem are given as a function of depth, by the
mon approach to estimating the shear stress is to take t pression$
maximum value of the principal shear stré3sor a Hert-
zian stress distribution for a material with a Poisson’s ratio 4, ¢, \ o1 s
of 0.3, the maximum shear stress occurs along the axis of —=—=3(1+2 la%) " =3(1+v)
symmetry at a depth of approximated/2, wherea is the
radius of the contact arédd At this point, the shear stress is
given by*® and

1- 2 tan a
atan (alz)

®)

7=0.4657, (4)

SN

=—3(1+7%/a? L. (6)

whereo denotes the mean stress on the surface. This princi- )

pal shear acts on planes inclined to the surface at 45°, but 1&/€ have calculatedi 11} (110 shear stresses on the axis of

not necessarily the stress that produces plastic deformatiorsymmetry from Eqs(5) and (6) and have determined the
In fcc materials, slip occurs on close-packdd 1} planes ~ Maximum value and t_he position at_ which it occurs. The_

in (110 directions?* Therefore, we calculate the maximum rgsults are pres_ented in Table III. Sl_nce the shear stress is

resolved shear stresses{dn 1} planes in(110 directions for ~ 9iven as a fraction of the mean ap_plled stress, we can gstl—

each of the orientations at the yield point. Schematic illusimate the actual value of the maximum shear at the yield

trations of how thesél11} planes intersect the three surfacesPOint (7c) from the measured applied mean stresses) (

are presented in Fig. 5110 slip directions are parallel to listed in Table II. . _ _

the intersections of these planes. To calculate shear stresses,The most striking result of these estimates is thais

we must begin with a three-dimensional stress distribution@PProximately equal on the11) plane for each of the ori-

The stress normal to the surface is given by the Hertzia@ntations, and the symmetry {if11} planes suggests stresses

pressure, but how radial and tangential stresses arise froMill be similar among slip planes for each orientation. For

this applied stress depends upon material properties. Rigofxample, the(001) orientation has four symmetric slip

ously, the stress distribution will be determined by the crysPlanes, illustrated in Fig.(8), and 7. is identical on all of

tal orientation and the elastic constants of the lattice, and wilfhem. The same is true of the three slip planes for(iti)

be different for each orientation. For simplicity, we use theorientation, illustrated in Fig. ®). 7. is not identical on all

Hertzian distribution with Poisson’s ratios that vary with ori- Slip planes for the110) orientation, however. It is larger on

entation. Starting with the stress distribution in a given co-the (1.11) plane[and, by symmetry, th€l11) plang than on

ordinate system, stresses in any other coordinate system m#je (111) and(111) planes, and it occurs at a different depth.

be straightforwardly predicted using the direction cosines forf © understand how slip plane symmetry affects indentation,

a rotation from one system to the Otﬁ-ngor examp|e’ we will next dEVE|Op a criterion for plaStiC indentation based

we can define a Hertzian stress distribution in (B@1) sys- 0N a critical shear stress for slip and the geometry of defor-

tem that has stress components along[tt@0], [010], and ~ mation.

[001] directions*® To resolve the shear stress on {4 1)

plane in thg101] direction, a new set of axes is defined to be Indentation yield point

x1=1/J6[1 21], x,=12[101], andx;=1#3[111]. The Early work on single crystals showed that while there was
stress tensor in th€l11) system is found from th€001)- a marked orientation dependence of the uniaxial yield
system stress tensor and the direction cosines for rotatiostrength, when the shear stress was resolved on the slip
between the two systems. The stress compongpbf the  plane, a constant value was obtained for a given nfetal.
(111)-system stress tensor is then the shear stress on tAdis constant value is referred to as the critical resolved
(111) plane in the[101] direction. shear stres€CRSS, and according to the Schmid I&4%°a
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slip system can be activated when the resolved shear stres®ore accurate description of the slip process. The position of
on that system reaches the CRSS. We can use this criterionaximum . may not be the site of loop nucleation. Atom-
to predict the activation of slip systems, but we must alsdstic simulations of the first two dislocation events indicate
consider the geometry of deformation. In the simplest case, that dislocations originate at the surf&@enot beneath the
uniaxial tension test of a single crystal, the activation of aindenter on the axis of symmetry. Image force considerations
single slip system will provide the necessary extension andlso suggest that nucleation is more favorable at the
the vyield criterion simply becomes the attainment of thesurface’!
CRSS?® The deformation resulting from an indentation ex-  An important point to be noted is that we have not mea-
periment is considerably more complex, and the attainmergured single dislocation events. The yield points we have
of a CRSS on any one slip system does not necessarily prequantified involve numerous dislocations on multiple slip
duce general yield® We propose that the criterion for creat- systems. Typical probe displacements during these events
ing an indentation is that the CRSS be attained on enougihvolve ten atomic layers, which occur over the entire con-
slip systems to give the plastic strains required by the indengct area(contact diameters were typically 600 A). Also,
tation geometry. o _ _the existence of shear stresses aboverthef 1.8 GPa on
Qontmuum treatments of plastlc mdentauon model pla}st!c‘some slip systems for thd 10) orientation(see aboviindi-
strain as radial flow of material away from the indenter, Simi-.te5 that some initial dislocation activity occurs before the

lar to a plastically expanding hemispherical cavity”*® detectable yield point. Exactly what type of dislocation ac-
When considered in Cartesian coordinates, this spherically y point. y yp

mmetric flow of the indented half h mponent Ivity occurs at the yield point is not clear, although it is
symmetric Tiow of the indented hall-space has compone kely that the activation of cross-slip is involved. The CRSS
of plastic strain along all three coordinates. We will assume

we have measured, then, describes a combination of events

that our indentations have some component of plastic strmg1 t toaeth Its i t indentati d not
in three directions, and we will consider what slip systems at together results in a permanent indentation and not nec-

must be activated for this type of strain. Active slip systemsESSarily the stress for nucleation of a single loop.
may be predicted by determining the resultant strain of a 1n€ high value ofr; suggests that we are approaching the
given slip system and the stress necessary to activate thijeoretical §hear strength of the Au Ia_ttlce. This is not t_rue pf
syster?® By considering the strains from all 12 slip systems, Macroscopic measurements of the yield strength, which in-
one may identify which systems contribute to the observedolve the activation of preexisting dislocations and defects
strain. Reid® (p. 174 has analyzed active slip systems nec-and occur at stresses that are on the order of 1 #1Pa.
essary for plane strain compression as a function of orientdNanoindentation, on the other hand, concentrates stresses in
tion, the results of which are directly applicable. Compres-a volume small enough that a defect is unlikely to be present.
sion in the[001] direction results in plastic strains {1000  As an example, the radius of the volume under the indenter,
directions and requires the activation of slip on the fourwhich experiences a majority of the indentation stress, is on
{111} planes illustrated in Fig.(8). Likewise, compression the order of 50 nm, while a typical mean dislocation spacing
along the[111] direction activates slip on the thrd@11} s on the order of Jum.2® Without defects, plastic slip occurs
planes in Fig. &) to give(112-type plastic strains. For the when the ideal shear strength is attained, which can be mod-
(110 orientation, plastic strain occurs in theo1] direction  eled by considering the stress necessary to slip one section of
on the two planes inclined to the surface shown in Fig).5  the lattice past the adjoining section. Depending upon the
These are the two planes for whieh was estimated to be potential used to model atomic interactions, estimates of the
2.9 GPa. However, for plastic strains in 0] direction,  ijeq| shear strength of the Au lattice range from 0.74 to 10.9
slip on all four{111} planes must occur. . GPa® Our measurements are within this range, giving a
The conc[usmn c_>f th'?‘ analysis |s.that for_the th_ree OrneN<lear indication that the properties of the ideal lattice are
tations considered in this study, radial plastic strains, necesdemg measured.

sary in continuum indentation model_s, require slip on all Other measurements of the ideal shear strength of Au
{111 planes that are noncoplanar with the surface. ThesghOW ood agreement with our measurements. Usind4E
planes are illustrated in Fig. 5. Since slip is activated wheq g ﬁ h ichalsk d H Ensrmmdq.
the CRSS is attained, it follows that this CRSS must be at-° estimate the shear stress, Michalske and Ho ;
tained on all sucH111 planes to give an indentation. This hat 7c~3—4 GPa. These values are reduced by half if the
model is consistent with our estimates gf for the three ~SN€ar stress in the direction of slip is resolved, giving
crystal orientationgTable 111), where we found that the yield 7c~1.5-2 GP?- Using a Berkovich indenter and E4),
point occurred once, reached 1.8 GPa on all slip planes. Corcoranet al” found 7.~1.5 GPa for the¢111) orientation,
Although we have that observed. is orientation- but this surface was heavily defected. Rad0 and (001)
independent and have developed an indentation yield critedrientations, they found.~4 GPa in the absence of surface
rion based on this observation, the details of how appliedlefects, which is reduced to 1.3 GPa when the shear stress is
stresses activate dislocation activity in nanoindentation exresolved in the slip direction for th€001) orientation.
periments have not yet been fully developed. An earlieNanowire experimentd>*provide another test of ideal prop-
model of nanoindentation related yield points from probeserties, since stressed volumes are too small for dislocations
with different tip radii to the nucleation of dislocation loops to exist. Stadler and g3 found that plastic deformation
at a point directly beneath the indentéwhile we have ne- occurred when the applied normal stress reached 5-8 GPa,
glected dislocation theory and have focused on crystallograwhich is the same range of criticabrmal stresses that we
phy, a combination of the twé.e., nucleation of dislocation- found. Agréit et al>* measured the critical shear stress from
loops on al{111} planes that intersect the surfaéglikely a  nanowires and found that.~1.5 GPa.



12 594 J. D. KIELY AND J. E. HOUSTON 57

SUMMARY AND CONCLUSIONS point was approximately 1.8 GPa for all three orientations.
. . . .. Using the simple yield criterion that the CRSS must be at-
We have used the interfacial force microscope to quannf;iame% on enoFl)Jghyinp planes to create an indentation, we

tsr;ree\slgﬁtfgrogggﬁgﬂéﬁiggorgogﬂIl;isna{]edéplgglslafégby'eld have proposed that 1.8 GPa is the CRSS for creating a per-
y : 9 y ' manent indentation in Au. Since the processes by which dis-

;%Slsghqzﬁgélég)nglr;?gtragﬂgsp\gebrs d pl?ssiﬁgége;jagmlii 3\? IIi'lolpcations nu_cleate, c_ross-slip, and interfe_re_during the forma-
By referring experimental results to ti®l1) orientation, we tion of an indentation are unknown, it is unclea_r. what.
found that the indentation modulus for tkE11) orienta’tion process or processes the meas_,ured CRSS quapuﬁes. It is
was 36% greater than for tH{601) orientation and that there clear, however, that performmg mdlentatlon'expenments on
was no statistically significant difference betweé@i 1) and the nar_10meter level can prowde mforma_lthn on materla_l
properties that are not dominated by preexisting defects. It is

(11.0) orlenta'_uons. We s_howeq that _the initial yield point aI.SO also clear that these measurements, when considered in con-
varied considerably with orientation. The mean applied.

stress necessary to initiate plasticity was 5.5 GPd0064)- {‘lljl:\gt;.?’:e\lflvtlgl] r;haetg:g:ca;r?rggte e“rnsg’ can provide values for

oriented crystals, 7.3 GPa f@t11)-oriented crystals, and 7.8 P '

G_Pa for(llO)-prie_:nte_d crystals. Assuming an isotfopic Hert- ACKNOWLEDGMENTS
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