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Theoretical study of dislocation emission around a nanoindentation using a static atomistic model
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This study uses an atomistic approach to simulate the emission of dislocations around a nanoindentation on
a (001) copper surface. This approach is quasistatic, and is therefore computationally efficient. The simulation
results illustrate the nucleation and emission of the dislocations. Slip vector analysis facilitates the observation
of the dislocations and enables an interpretation of the dislocation reactions which are induced during the
nanoindentation cycle. The results confirm that the von Mises shear stress is a good indicator of the atomic
plastic behavior which occurs during the nanoindentation process.
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INTRODUCTION strain is then examined to clarify the atomic plastic behavior
induced during the nanoindentation cycle.
The continuing advances in nanotechnology require the
development of some form of technique to determineithe METHODOLOGY
situ mechanical behaviors of nanoscale materials. Previous ] ]
studies have developed nanoindentation methods which en- Figure 1& presents the simulation model employed to
able the mechanical properties of a nanoscale material to JBvestigate the indentation of a perfect copper crystal surface
determined through an analysis of the load-depth curve gerfy @ "gid triangular pyramid diamond tip. In order that de-
erated during the nanoscale indentation cyci8.Further- formation of the indenter may be ignored within the simula-
more, atomistic simulation methods are attracting increasingoyn’ an assumption is made that the hardness of the indent-
attention as a means of exploring the atomic processes i’ S diamond tip is much greater than the hardness of the
volved in the nanoindentation procéss®?
Zimmermanet al!* used atomistic simulations to eluci-

date the effects of surface steps upon the nanoindentation A She ~
process, and determined that the yielding load decreases ® o.\\' N
when the nanoindentation takes place in close proximity to N "
the step. Meanwhile, Fuen&t al1? used scanning tunneling 2202\ x222Re
microscopy and atomistic simulations to investigate the 8
emission of dislocation loops around a nanoindentation. In :
their study, the dislocation loops which are observed experi- & ® 10

mentally were reproduced by means of simulation. Finally,
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Gannepalliet al.*> performed atomistic studies to investigate

the nucleation and evolution of dislocations during the 07,3 'y
nanoindentation of a gold crystal. Their results confirmed U7 RS
that strain hardening of the indented surface is caused by the Unit-Angstrom
sessile dislocations which are generated by the zipping of the (a)

partials.

Although these studies adopted molecular-dynamics
(MD) simulations to perform their investigations, this ap-
proach is very time-consuming since it involves time resolu- —_
tions of a femto-second, or even less. Accordingly, the pd
present study chooses to adopt an alternative approach, 5
which resembles finite-element methodoloddEM) and is ©-5

8
-

hence designated as the modified-FEM approach. Since it is
known that atoms oscillate thermodynamically around their
minimum-energy positions, the current approach calculates
only the incremental changes of the minimum-energy posi-

— |

tions which occur during the indentation process. In this way, 0 0 " 5 10
the computation activity becomes quasistatic, which enables Indentation depth (0.1 nm )
a significant reduction in the required computational time. In (b)

the present investigation, this modified-FEM approach is

used to perform a qualitative simulation of the dislocation FIG. 1. (a) Atomic configuration of the indenter and the copper
emissions around the area of nanoindentation @04) fcc  crystal. (b) Simulated load-depth curve for the complete nanoin-
copper surface. The distribution of the resulting stress andentation cycle.
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copper surface. Furthermore, a boundary condition is imsuch that its differential with respect fa};; is
posed which assumes that the atoms at the base of the copper

crystal are fully constrained and the atoms on the outer sur- drij=[B]d{u};; . (5)
faces normal to the base are free. The dimensions of the
simulated crystal are 28 A32 Ax 22 A. Finally, the Morse Applying the principle of minimum work enforces the

potential is employed to model the interatomic pairwise po-minimization of E;; with respect to{ul;; , i.e.,
tentials of the copper crystal. This potential function is given

by IE;; _( d

$(rij)=D{ext] —2a(r;;—ro)] -2 exd — a(r;—ro) ]}, Aulkiy Lo
()

wherer;; is the distance between atomsand j, and the

copper constantd, «, and ry are specified as 0.3429, : ; A | f N

0.9545, and 2,720, respeciively acting on atoms andj. An unbalanced forcg¢l;; can be
Furthermore, the simulation adopts the Born-Mayer po-

tential to model the interactions between the carbon and the ¢

copper atoms. This potential generates an impulsive force {f}ijZ(—)[B]T—{F}ij- 7

only, and is expressed as anij

[BIT—{F};={0}. (6)

It is noted that Eq(6) is the element equilibrium equation
and therefore represents the equilibrium of the various forces

d(rij)=Aexd —2a(r;—ro)], 2 The equilibrium equation is solved by means of an itera-
wherer,; is the distance between carbon atomnd copper tive procedure which continues until the equation converges
atomj, <J':1nd the carbon/copper constatsa, andry* are to Z€ro with an a}cceptable' tolergnce. In ordgr to solve the
taken to be 0.3579 eV, 0.9545A and 2.5 A, respectlvely nonlinear equilibrium equation using an iterative procedure,
A computationally efficient approach based on the nonlint S first necessary to differentiafe};; with respect tquj;; ,
ear finite-element formulation is established by taking an)) €.
two arbitrary atoms andj as two nodes, and their potential

as one element. It is a§sumed that the cqordlnates of atom d{&h; —d( )[B]T - ) d[B]"
are (,Yi,z) and that its displacements in the y, andz arj;
directions are given by;, v;, and w;, respectively. By 2
definir!g the nodal displacement vectfuy;; , and the corre- =[B] ( ¢ dry; + %)d[B]T
sponding  external nodal  force  vector, {F}; rij Irij
=(fi,gi,hi ;.9 ,hj)T, for atomsi andj, the total pairwise _ _
potential energy can be expressed in the form = ([T + Ko I d{uki =[Krld{ul;, - (8)
Eij= ¢(rij)—{U}E{F}ij : ©) where

where the atomic distanasg, is given by PP

, , [MH[B]< )w] €]

Fij ={ G+ Ui =X —up)“+ (Yi +vi—y;—v))
+(Zi+Wi_Zj_Wj)2}l/2, (4) and
|
¢\[a[B]" J[B]" a[B]" J[B]" d[B]" o[BI
[Ka]ij:(r) IU: ’ EN y IW: ’ R T - (10)
i i vi T oow; T odup T duj T ow,
|
Equation(9) can be solved by substituting E&) into the

second line of Eq(8). Subsequently, the conventional as- (&r )[B]T {F}ij={f}internar {F }extera= {0}
sembly procedure of the finite-element formulation is applied %) 1 (12)

to assemble Eg8) in order to derive the total system equa-

tion, i.e, In terms of the finite-element formulation, Ed.1) repre-

sents the tangent stiffness equation, while the tdihsemna
d{&=[K+]d{u}. (1) and{F}exemain Eq. (12) denote the internal force vector and
the external force vector, respectively. The Newton-Raphson
Similarly, Eq. (7) can be assembled to derive the totaliterative technique is applied to solve the total system equi-
system equilibrium equation, i.e., librium equation given in Eq(12) using a suitable displace-
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ment control scheme. In this iterative technique, it is as-

sumed that the external force vecid¥}yema Maintains a
specified form during the iteration process, i.e.,
[FY={F} TN,

i=12,.., (13)

where{F} is the reference load vector.
If Eq. (13) is substituted into Eq(11), the iterative tan-
gent stiffness equation becomes
[Krld{u}'=\"{F}+d{g},

i=1,2,... (14)
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A slip vector, which is closely related to the Burgers vec-
tor, can be defined for each atdfi.e.,

18 . .
s=—2, di—d}, 23

ns i;l t 0 ( )
wherei refers to the nearest neighbors of the atom in ques-
tion, ng refers to the number of neighboring atoms which
have slipped, andl; and d, are vectors from the atom in
question to the neighboring atom at stdpand 6, respec-
tively. Conventionally, ste indicates the step immediately

Similarly, the iterative displacement increment can be exJrior to indentation, i.e., the point at which zero stress has

pressed as
d{uy =\"{u}b+d{u},, i=1.2,., (15)
where
[Kel{ula={F},
. , (16)
[Krld{up,=d{&}', i=1.2,...

Under the “displacement” control scheme, thgh com-

ponent of the incremental displacement vector is maintaine

as a constant during the iteration process, i.e.,

N Ujg+ dupg=dug

Ui dug, i=1

q 0, i>1 (17

The iterative solution strategy described above enableg,
the derivation of the whole equilibrium path of the nanoin-

been induced by the indenter.

RESULTS AND DISCUSSION

Figure Xb) presents the simulated load-depth curve over
the entire nanoindentation cycle, where the load reflects the
force experienced by the indenter. By choosing to neglect the
effects of atomic thermal vibration, this study transforms the
MD formulation into a quasistatic finite-element structural
approach. Therefore, the stability of the crystalline structure
is correlated to, and can be monitored by, the positiveness of

e modified-FEM tangent stiffness matrix. The irreversible
plastic deformations observed in the simulation can be con-
sidered to arise from the changes in the crystalline structure
caused by the instabilities induced by high localized stresses.
The initial localized instability of the copper crystal structure
is revealed in the load-depth curve by the reduced rate of
slope increase noted between poitand pointB in Fig.

1(b). It is noted that similar behavior is also observed during
e simulation steps between podand pointD. The figure
also indicates that the first pop-in consumes all the accumu-

dentation. Once the equilibrium path of each atom has beef.q strain energy. Then of course new strain energy has to

determined, the stress tensor at the atomic site can be det

mined in the following formt®

1

N
Tlm=yi 24 I (18)

wherei refers to the atom in questiopgenotes its neighbor-

ing atom,r, is a displacement vector from atanto atomj,
N is the total number of nearest-neighboring atoms, \énid
the volume of the atom in question.

Meanwhile, the atomic strain tenddis calculated as

E=3(D'D-1), (19)

whereD is the deformation gradient defined as follows:

D=XY"1, (20

m
x:% dfeds, (21
Y=2, dfwds, (22)

whered? andd? are the vector differences of atgfnand the
atom in question positions at displacement dtepd 6.

#e built up, so the next pop-in is by necessity higher.

The stresses induced in the copper crystal as the indenter
attains its maximum depth of penetration and is then re-
tracted to the starting position are calculated by ELp)
from the equilibrium positions of the atoms as determined by
the simulation results. Figures 2 and 3 provide contour sub-
plots of the trace of the hydrostatic part of the stress tensor
and the square root of the second invariant of the deviatoric
part of the stress tensor, respectively. Note that each figure
shows a top view and a profile view of a cross section
through the indenter tip and parallel with th@l0Q] plane at
the maximum indentation depth and following unloading.
Comparing the two figures, it can be seen that although the
trace of the hydrostatic part of the stress tensor, i.e., that part
which causes compression or dilation of the copper crystal,
is almost recovered after unloading, a significant part of the
deviatoric part of the stress tensor, i.e., that part which causes
distortion of the copper crystal, is residual. This implies that
the changes of the crystalline structure caused by the local-
ized high stresses cause a distortion of the copper crystal.
Furthermore, high residual stresses remain in the copper
crystal after unloading.

Similarly, Egs.(18) and(19) can be used to calculate the
stresses and corresponding strains induced in the copper
crystal at indenter displacement steps 12 andirdarked as
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FIG. 2. The trace of the hydrostatic part of the atomic stress FIG. 3. The square root of the second invariant of the deviatoric
tensor at the maximum indentation depth and after unloading. Notpart of the atomic stress tensor at the maximum indentation depth
that (a) and (b) present profile views of the cross sections throughand after unloading. Note th&®) and (b) present profile views of
the indenter tip and parallel with tH610] plane, while(c) and(d) the cross sections through the indenter tip and parallel with the
show top viewsunits are angstroms [010] plane, while(c) and(d) show top viewgunits are angstroms

point A in Fig. 1(b)] from the equilibrium positions of the the region where dislocations emit aloffyl0 directions.
atoms determined from the simulation results. Figures 4 an@herefore, we conclude that von Mises stress is a good indi-
5 present top-view contour subplots of the trace of the hy<cator qualitatively and induces serious distortion that will be
drostatic part and the square root of the second invariant akvealed by the strain tensor.

the deviatoric part of the stress tensor and the strain tensor, Figure 6 shows the spatial distribution of the slip vector
respectively, at displacement steps 12 and 21 of the simularzorm g at pointsA andD of the load-depth curve shown in
tion. Figures 4 and 5 show that the von Mises shear stredsig. 1(b). Note that Figs. @& and Gc) present isometric
and the corresponding distortion strain have larger values imiews, while Figs. &) and &d) provide top views. From
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FIG. 4. Top-view contour subplots of the trace of the hydrostatic part and the square root of the second invariant of the deviatoric part
of the atomic stress tensor at displacement steps 12 afidnt$ are angstroms
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FIG. 5. Top-view contour subplots of the trace of the hydrostatic part and the square root of the second invariant of the deviatoric part
of the atomic strain tensor at displacement steps 12 and@réis are angstrom

these figures, it is clear that the dislocations are emitted from
the indentation point along th@.10) directions, and that the
magnitude of their slip vectors is approximatedy/3v2 a
(whereag denotes the Cu lattice parameteXlthough a pre-
vious study has discussed the use of a scanning tunneling
microscopy image to observe the dislocation emissions
caused by the nanoindentation of an @01) surface'? it is
important to emphasize that whether or not the emission of
the dislocations can be observed depends upon the orienta-
tion of the surface and the geometry of the indenter.

In exploring the dislocation reactions which occur during A

[001]

[010] [00]

(b)

OO0 222NN ho
woohno=r

it il
(b) )

FIG. 6. Spatial distribution of the slip vector nofishat pointA
and pointD of the simulated load-depth curve presented in Fig. FIG. 7. (a) TetrahedronrABCD formed by connecting the four
1(a). Note that(a) and(c) present isometric views, whild) and(d) nearest adjacent atoms in the face centered crystal. Tetrahedron
show top views. abcdrepresents the indentdb) Thompson tetrahedron.
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the nanoindentation of fcc metals, it is convenient to adopevident in the simulated load-depth curve can be attributed to
the Thompson tetrahedron notation. From Fi@),7it can be  the progressive introduction of such barriers.

seen that the four different sets{dfL1} planes are parallel to

the four faces of a regular tetrahedron whose edges are par- CONCLUSION

allel to the(110) slip directions. As shown in the figure, the .o study has presented the use of a modified-FEM ap-
geometry of the indenter is illustrated by another nonregula roach to simulate the dislocation emissions which occur in a
tetrahedron. It can be seen that the apex and the triangul%on Cu surface during a nanoindentation cycle. This
base of the indenter are inverted with respect to the surfac :

: oL : ethod is based upon a nonlinear finite-element formation,
3{;2;23;0% side of its triangular base is parallel t 1] and ignores the effects of atomic thermal vibration. In this

As the indenter i into th f abd ol way, the problem reduces to a quasistatic case, whose solu-
s he Indenter Impresses 1nfo he surtace, PIaN€  iion is far less computationally intensive than the traditional
of the indenter induces dislocation nucleation and glide§,; <inulation approach. Slip vector analysis has been ap-
?rllcemghsoen%pr:]s?)rr?tDetTaH:a%'rA\o%Dn%TgtiiDilﬂ:tr;gtsédmir:elr:?;)gf plied to explore the phenomenon of dislocation emissions
' in he nanoindentation of rface. |
the four corners of the tetrahedron are labeled2hyB, C, duced by the nanoindentation of th@0l) Cu surface. It

: S has been suggested that these dislocations may explain the
andD, while the midpoints of the four planes are labeled by_,__. : . ; )
a, B, v and 8. The perfect dislocation on the plakcD strain hardening effect observed in the simulated load-depth

R ; : curve. Furthermore, the distribution of the stresses and cor-
would split in this plane with the reaction responding strains has been examined in order to elucidate
the atomic plastic behavior induced during the nanoindenta-
tion cycle. The results have indicated that the von Mises

It is energetically favorite according to the description inShear stress s & _good ?ndicator of the dislocation emissions
bserved in the simulation.

Ref. 16 and therefore a reasonable conjecture in our statf®
analysis.

The dissociation of the perfect dislocations on th&D
andBCD planes, respectively, induces a stair-rod dislocation The authors gratefully acknowledge the support by the
along segmen€D with a Burgers vector of8. This dislo-  National Science Council of Taiwan, under Grant No. NSC
cation acts as a strong barrier to the subsequent glide of th&1-2218-E-274-001, and the U.S. AFOSR under Contract
dislocations. It is noted that the strain hardening which isNo. F62562-03-P-0378.

CD—Ca+aD. (24
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