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This paper addresses the anisotropy in homogeneous dislocation nucleation by nanoindentation on different crystallographic sur-
faces in perfect single crystal Cu. The interatomic potential finite-element model is used to extend the computational cell size to
micron-scale for eliminating boundary effects. Simulation results reveal that significant anisotropy exists for the critical indentation
depth, the critical resolved shear stress and the critical indentation hardness. The calculated indentation moduli for the (001), (011),

(111) surfaces fit the experimental data well.
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Anisotropy of single crystals has received consider-
able interest, motivated by the development of experi-
mental instruments and numerical approaches in the
past few years. On the experimental front, nanoindenta-
tion has been widely used to investigate the mechanical
properties of different crystallographic surfaces of single
crystals [1-4]. On the numerical side, atomistic simula-
tions have also been performed to characterize the
anisotropy. For instance, Diao et al. [5] showed the yield
strength difference in Au nanowires between the [100]
and [111] orientations. Tsuru and Shibutani [6] per-
formed simulations of nanoindentation on three differ-
ent surfaces in Al and Cu to probe the anisotropic
effects in the elastic and incipient yield event. Tschopp
and McDowell [7] addressed the dependence of homoge-
neous dislocation nucleation on the crystallographic ori-
entation of Cu under uniaxial tension and compression.
Unlike the experimental investigations on macro-scale
blocks, these numerical studies focused mainly on
nano-scale systems, which inevitably include boundary
effects due to their small size. To probe the anisotropy
of mechanical properties without such boundary effects,
it is highly desirable to extend the size of the investigated
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system. The interatomic potential finite-element model
(IPFEM) proposed by Li et al. [8—-10] affords an accurate
and efficient method for dealing with large-length-scale
systems and has been validated by a comparison of
indentation results with molecular dynamics (MD) sim-
ulations [8,10]. This paper reports on an investigation
into the anisotropy in nanoindentation-induced homo-
geneous dislocation nucleation in perfect single crystal
Cu with large-length-scale simulations by IPFEM,
which provides insights into the anisotropy in mechani-
cal behavior and expands the scope of understanding of
these fundamental mechanical properties.

A cylinder of single crystal Cu aligned along the x;
direction is specially designed to be indented on its top
surface. Compared with block models used in some nan-
oindentation simulations [6,8—10], the choice of the cyl-
inder can further reduce the boundary effects on
indentation behavior, as the indentation deformation
is nearly axisymmetric. The radius and height of the cyl-
inder are set to 1 um and 5 um, respectively, as the lat-
eral boundaries should be taken at least ~50 times the
maximum contact length (<200 A in the present simula-
tions) away from the indented area, and the height
should be taken as more than five times the radius so
as to eliminate the effects of the lateral and bottom
boundaries [11]. It is extremely arduous to simulate such
a large model containing more than 1000 billion Cu
atoms for atomistic simulation methods but suitable
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for IPFEM. The top and lateral surfaces of the cylinder
are traction-free and the bottom is fixed. An analytic ri-
gid spherical indenter is used to indent on the cylinder
along the central axis, and its radius is set to 500 A,
the approximate tip radius of a nominally sharp Berko-
vich indenter in nanoindentation experiments [12]. The
contact between the indenter and the top surface of
the cylinder is frictionless. The embedded-atom method
potential for Cu proposed by Mishin et al. [13] is em-
ployed to model the constitutive relation for its accurate
description of finite shear deformation compared with
the ab initio density functional theory calculation [10],
which is important for predicting dislocation nucleation
accurately.

The IPFEM simulations are performed as quasi-sta-
tic analysis at a temperature of absolute 0 K with ABA-
QUS/Standard software [14]. In each indentation step,
the deformation gradient for each integration point is
calculated based on the updated displacement field,
and then the positions for the neighboring atoms are up-
dated according to the Cauchy—Born hypothesis [15].
The Cauchy stress ¢ and tangent modulus C at the cur-
rent configuration are obtained based on the interatomic
potential within the framework of hyperelasticity
[10,15,16]. The onset of local instability of the crystal
lattice occurs as A(k,w) = (Cyxwwi + aj)k;k; < 0, where
k and w are normalized vectors which are defined as the
wave vector and the polarization vector, respectively [8].
Once the minimum A(A.,,) becomes non-positive and
the corresponding vectors k and w are orthogonal to
each other, the point of instability may be identified with
dislocation nucleation, and the two vectors correspond
to the slip plane and slip direction, respectively. For sim-
plicity, vectors k and w are explicitly traced to obtain the
Amin at each integration point within the 24 known slip
systems of an fcc crystal, the (110) and (112) slip direc-
tions on {111} slip planes.

IPFEM’s capability to eliminate boundary effects has
been demonstrated in the calculations (not shown). It
yields almost the same results as those of MD in
nano-scale. But asymptotic results have been observed
on increasing the system sizes, with significant difference
between the saturated values of mechanical properties
and those for nano-scale, indicating both the elimination
and existence of boundary effects in micron- and nano-
scales, respectively.

To investigate the anisotropy, extensive simulations
have been performed on different indentation surfaces,
with the cylinder aligned along 37 orientations distrib-
uted almost uniformly in the stereographic triangle
(Fig. 1). In all cases, the calculations are terminated at
the onset of the first dislocation nucleation predicted
by the A criterion. As an example, the simulation results
of indentation on the (111) surface are shown in Figure
2. Three gray elements positioned symmetrically around
the central axis of the cylinder beneath the top surface of
(111) are predicted as the dislocation nucleation sites.
The elements are colored according to the A, values,
and the gray elements indicate that their A,;, values
are non-positive. At each nucleation site, two Shockley
partial dislocations are equally likely to be activated,
and the corresponding slip systems are denoted in Fig-
ure 2b. The results differ from those of Zhu et al. [10]

[001] [011]

[111]

Figure 1. The inverse pole figure showing the 37 axis orientations of
the cylinder.

Figure 2. (a) Side and (b) bottom views of the first three homogeneous
dislocation nucleation sites beneath the (111) surface. The predicted
slip systems are denoted in (b). In both cases, x; = [112], x, =[111],
x3 = [110].

in which Shockley partial dislocations identified on the
three {111}-type slip planes nucleated asynchronously
owing to the loss of the threefold symmetry of lateral
boundaries in the block model used.

The critical indentation depths required for homoge-
neous dislocation nucleation predicted by the A criterion
for all 37 cases are recorded, and the contour within the
stereographic triangle is obtained through linear inter-
polation (Fig. 3a). It is obvious that significant anisot-
ropy of the critical indentation depth exists in single
crystal Cu. The (111) surface requires the largest inden-
tation depth for dislocation nucleation, while the (001)
surface requires the lowest, which is nearly one-third
of the former.

The character of the first homogeneous dislocation is
Shockley partial dislocation for all indentation surfaces,
and the critical resolved shear stress (CRSS) is then cal-
culated on respective slip system for all cases and inter-
polated to obtain its distribution (Fig. 3b). The CRSS
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Figure 3. (a) Critical indentation depth, (b) CRSS, (c) critical indentation hardness and (d) indentation modulus as functions of the indentation

surface.

varies with the indentation surface instead of being a
constant as a result of its dependence on the local stress
state at the nucleation site. Thus, CRSS cannot serve as
a criterion to predict homogeneous dislocation nucle-
ation, which is in accordance with the view of previous
studies [10,17,18]. It is worth noting that the minimum
CRSS of 2.43 GPa is larger than the ideal shear strength
of 2.16 GPa by Ogata et al. [19], which can be attributed
to the nanoindentation-induced large triaxial stress at
the site of the first dislocation nucleation.

As the indentation hardness H of a material is equiv-
alent to the mean pressure P under the indenter, typi-
cally defined as H= P = L/A, where L and A are the
load and the contact area, respectively, the correspond-
ing critical indentation hardness H. and critical mean
pressure P. can be calculated at the first dislocation
nucleation. The calculations show that, if the radius of
the spherical indenter and the size of the cylinder are
large enough without introducing boundary effects, the
first dislocation always nucleates within the material,
and H, (P.) is constant for a certain indentation surface,
regardless of the indenter radius, owing to the similar
geometries of indents at the onset of the first dislocation
nucleation. As noted in Refs. [6] and [20], the critical
mean pressure is one of the most important indicators
of dislocation nucleation. It is further inferred that H,
(P.) can be an intrinsic property of single crystal Cu,
and it locates the transition point from an elastic regime
to a plastic one in the whole indentation hardness pro-
file. It can be seen from Figure 3c that H, (P.) exhibits
a high degree of anisotropy similar to that of the critical
indentation depth. The (111) and (001) surfaces are the

hardest and softest surfaces with the critical indentation
hardness of 24.5 GPa and 10.3 GPa, respectively, which
are dramatically higher than the measured hardness in
nanoindentation experiments by Wang et al. [4] owing
to the absence of plastic deformation.

The indentation modulus is an important parameter
in nanoindentation and can be obtained based on the
Hertzian elastic theory [21]. The relation between the
load L and indentation depth /% in the elastic regime
can be described as L = (4/3)ErR1/ 23! 2, where R is the
radius of the spherical indenter, and E. is the reduced
modulus. While E, is given by 1/E, = 1/E + (1 —v?)/
E;, where E; and v; are Young’s modulus and Poisson’s
ratio of the indenter, and FE is the indentation modulus
of the material [1]. In the present study, the indenter is
ideally rigid, so E is equal to E,, which can be obtained
by fitting the elastic part of the P—/ curve to the Hertz-
ian solution. The contour of E is shown in Figure 3d. On
the whole, E values for the (001), (011), (111) surfaces
agree well with the experimental data [4], while the small
deviation from the respective experimental average va-
lue may be due to the assumption of the lower temper-
ature of 0K, the rigid indenter and the frictionless
contact between the indenter and the top surface in this
work. The difference in E values between the (001) and
(111) surfaces reaches ~20%, exhibiting the anisotropy
in single crystal Cu.

In summary, the anisotropy in nanoindentation-in-
duced homogeneous dislocation nucleation in perfect
single crystal Cu has been investigated based on the
large-length-scale simulations by IPFEM, which is
capable of eliminating boundary effects. The critical
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indentation depth shows a high degree of anisotropy.
The CRSS varies with the indentation surface and de-
pends on the local stress state at the nucleation site.
The critical indentation hardness, defined the same as
the critical mean pressure, can be referred as an intrinsic
material constant and also exhibits significant anisot-
ropy. The indentation moduli for the (001), (011),
(111) surfaces agree well with the experimental data
and have a 20% degree of anisotropy.
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