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Atomistic mechanisms of the initial stage of plasticity during nanoindentation are studied by
molecular dynamics simulations for three surface orientations of alumina crystal. The simulations
predict significant anisotropy and indentation depth dependence of the hardness value at the
nanometer scale. The nanohardness anisotropy is found to arise from orientation-dependent
dislocation activities. In the 共0001兲 basal plane indentation, prism dislocations are emitted, followed
by basal and pyramidal dislocations, to form massive subsurface defects; prism and pyramidal
dislocations are emitted on 共011̄0兲 and 共21̄1̄0兲 prism plane indentations, respectively, to cause
modest deformations. Stacking faults are also observed because these dislocations are extended to
Shockley partial dislocations. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2913016兴
Crystalline alumina 共Al2O3兲 is a highly insulating, optically transparent, chemically stable, hard material with applications in many industrial fields ranging from metallurgical
engineering to opto- and microelectronics. Nanoindentation
is widely used to examine mechanical properties of materials
at the nanometer scale,1 and there have been a number of
experimental studies2–6 of nanoindentation of alumina. These
studies have shown that alumina, which is normally regarded
as brittle 共with the brittle-to-ductile transition temperature
exceeding 1400 K兲, plastically deforms with discontinuous
“pop-in” behavior at the nanometer scale in the loaddisplacement curve at much lower temperatures 共even at
room temperature兲.2–4 These studies also reveal an indentation size effect, i.e., the indentation hardness increases with
decreasing penetration depth. Moreover, plastic deformation
processes have been found to be highly sensitive to the crystallographic orientation of the surface.5–7
Although scanning electron microscopy scanning tunneling microscopy, atomic force microscopy 共AFM兲,8 and transmission electron microscopy 共TEM兲 techniques have been
applied to nanoindentation experiments, it is difficult to resolve detailed atomistic structures and processes associated
with defects generated beneath the indenter. Atomistic simulations based on the molecular dynamics 共MD兲 method
have been previously employed to study subsurface deformations at the onset of plasticity,9 especially in indented
metal thin films with single crystal,10,11 bicrystal,12 and
nanopolycrystal13 structures. Recently, MD simulations have
also been applied to the study of nanoindentation in brittle
ceramics such as silicon nitride14,15 and silicon carbide.16,17
However, little is known about the atomistic processes during nanoindentation on alumina, especially mechanisms responsible for plastic deformation processes underlying crystallographic anisotropy and indentation size effects.
This letter reports MD simulation results on atomisticscale subsurface defect generation during nanoindentation of
a兲
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␣-crystalline alumina thin film for three indent surface orientations: 共0001兲 basal, 共011̄0兲 prism, and 共21̄1̄0兲 prism
planes. The hardness value estimated from the calculated
load-displacement curve is consistent with experimental values at large indentation depths 共h兲 but exhibits significant
dependence on the surface orientation at indentation depth
below h ⬃ 15 Å. Moreover, we observe distinct dislocation
activities, including the emission and motion of basal, prism
and pyramidal dislocations, beneath the indenter for the three
different surface orientations. These results suggest that the
nanohardness anisotropy is caused by the activation of different slip systems.
The interatomic potential used in our MD study consists
of two- and three-body terms, which account for the effects
of steric repulsion, charge transfer, electronic polarizability,
van der Waals interaction, and covalent bonding. The calculated lattice constant, cohesive energy, elastic constants, and
melting temperature are in good agreement with the experimental data. Similar potential forms have been used in MD
studies of nanoindentation on silicon nitride14,15 and silicon
carbide.16,17
The simulated ␣-alumina substrate is a 200 Å cube,
whose side surfaces are 共0001兲 basal, 共011̄0兲 prism, and
共21̄1̄0兲 prism, planes, and it contains approximately 1 ⫻ 106
atoms. We have performed three simulations, where 共0001兲,
共011̄0兲, and 共21̄1̄0兲 surfaces are indented, respectively. In
each simulation, periodic boundary conditions are only applied in two directions perpendicular to the indent direction.
The substrate thus has two free surfaces in the indent direction, where the bottom 10 Å of the substrate is frozen. The
rigid indenter has Berkovich shape with equilateral triangular
sides that are 204 Å long and the height is 28 Å. 共This indenter shape is frequently used in the experimental studies of
nanoindentation.兲 The interaction between the atoms in the
indenter and those in the substrate is made purely repulsive.
Initially, the indenter is placed 10 Å above the top surface of the substrate. The indenter is inserted up to 10% of
the substrate thickness at an average velocity of 8.33 m / s,
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FIG. 2. Number of disordered aluminum atoms as a function of the indenter
depth for 共0001兲, 共011̄0兲, and 共21̄1̄0兲 indentations.

FIG. 1. Load-displacement curves for the 共a兲 共0001兲, 共b兲 共011̄0兲 and 共c兲
共21̄1̄0兲 indentations, and 共d兲 hardness as a function of indentation depth.

where each 0.5 Å change of the indenter position is followed
by a holding phase of 6 ps to allow the decay of transient
forces. The temperature of the system is maintained at 300 K
by means of Nosé–Hoover method. The load P is calculated
as the indent-direction component of the force exerted on the
indenter atoms averaged over the last 0.1 ps of the holding
phase. The indenter depth h is calculated as the distance
between the indenter tip and the initial thin film surface.
The calculated load-displacement curves for the 共0001兲
basal, 共011̄0兲 prism, and 共21̄1̄0兲 prism plane are shown in
Figs. 1共a兲–1共c兲, respectively. When the indenter approaches
the surface, the indenter tip starts to interact with the thin
film surface, and the load monotonically increases as a function of h, until the maximum depth is reached 共see the solid
circles兲. During the subsequent unloading phase with decreasing indenter depth, the load monotonically decreases
and finally returns to zero 共open squares兲. The hardness H is
calculated as the load P divided by the projected area of the
indenter. For Berkovich indenter, the projected area A is estimated as A = 3冑3h2 tan2 , where  = 63.5° is the apex semiangle of the indenter. Figure 1共d兲 shows the hardness as a
function of h estimated from the data in Figs. 1共a兲–1共c兲. For
each plane, the hardness decreases with increasing indentation depth, which is in agreement with experimentally observed indentation size effects.5,7 The calculated hardness at
the maximum indenter depth is approximately 50 GPa,
which is likely to approach the experimental value for the
共0001兲 basal plane, 39 GPa,3 at larger depths. Figure 1共d兲
also shows large anisotropy of the hardness value below
h ⬃ 15 Å.
To quantify the extent of plastic deformations, we show
in Fig. 2 the number of disordered atoms, which are defined
as aluminum atoms whose coordination number is different
from that in the perfect crystal, as a function of h. For each
plane, the number of disordered atoms is almost zero for
h ⬍ 2 Å, indicating the absence of defects in the film. The
number of disordered atoms then rapidly increases as a function of h and, consequently, h = 2 Å is considered as the yield

point, i.e., the starting point of plastic deformation processes.
Figure 2 shows more rapid increase in the number of disordered atoms for the basal plane, indicating more plastic deformation activities, than those for the prism planes.
To more closely examine plastic deformation processes
for the 共0001兲 basal plane indent, Figs. 3共a兲–3共c兲 show snapshots of the atomic configuration under the indenter at
h = 11.0, 11.5, and 19.5 Å 共maximum indenter depth兲, respectively, where only disordered atoms are displayed. In
Fig. 3共a兲, we observe three prism dislocations emitted from
the three sides of the Berkovich indenter in the direction
perpendicular to the surface. Stacking faults are formed in
each of the prism planes because the prism dislocations are
extended to the Shockley partial dislocations. Because the
prism dislocations glide in the prism planes, accompanied by
the expansion of stacking faults until the indenter depth
reaches 11.0 Å, the number of disordered atoms increases
with increasing h, as shown in Fig. 2. At h = 11.5 Å, basal
and pyramidal dislocations are generated. This explains the
sudden increase in the number of disordered atoms between
h = 11.0 and 11.5 Å in Fig. 2, indicating changes in deformation mechanisms. In Fig. 3共b兲, we observe basal and pyramidal dislocations, as well as stacking faults in both the basal
and pyramidal planes caused by the expansion of the basal
and pyramidal dislocations. The number of emitted basal dislocations is greater than those of the other dislocations because the elastic energy per unit length of the basal dislocation is less than those for other dislocations according to the
theoretical analysis. These simulation results are consistent
with experimental TEM data, in which these three kinds of
dislocations have been observed.18,19

FIG. 3. 共Color兲 Disordered aluminum atoms beneath the indenter for 共0001兲
indentation at indenter depth of 共a兲 11.0 Å, 共b兲 11.5 Å, and 共c兲 19.5 Å. Blue,
red, and green colors represent coordination number of 3, 4, and 5, respectively. Note that the coordination number of an aluminum atom is 6 in an
␣-alumina crystal.
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FIG. 5. 共Color兲 Disordered aluminum atoms beneath the indenter at indenter
depth of 19.5 Å for the 共a兲 共011̄0兲 and 共b兲 共21̄1̄0兲 indentations.

In summary, we have performed MD simulations to
study nanoindentation on a basal plane and two prism planes
of an ␣-alumina crystal to examine the influence of surface
orientation on plastic deformation processes. The hardness
value estimated from the calculated load-displacement responses exhibits significant anisotropy and indentation size
effect. Through careful analyses, we have attributed the anisotropy to distinct plastic deformation processes under the
indenter due to the activation of different slip systems for
different indentation surfaces. It should be possible to observe such nanoindentation hardness anisotropy using ultrafine AFM tips.20
FIG. 4. 共Color兲 共a兲 A snapshot of the atomic configuration under the indenter at indenter depth of 19.5 Å. Blue and cyan spheres are aluminum and
oxygen atoms, respectively, whereas yellow spheres are indenter atoms. 共b兲
Magnification of the rectangular region in 共a兲. Only aluminum atoms are
displayed as blue spheres. The stacking orders along the red lines are denoted by capital letters, and purple spheres indicate unoccupied lattice sites.

Figure 4 shows snapshots of the atomic configuration at
the maximum indenter depth 共h = 19.5 Å兲 for the 共0001兲
basal indent. In Fig. 4共a兲, blue and cyan spheres are aluminum and oxygen atoms, respectively, whereas yellow spheres
are indenter atoms. We see surface bending due to indentation. The rectangular region in Fig. 4共a兲 is magnified in Fig.
4共b兲, where only aluminum atoms are displayed. At the central region in Fig. 4共b兲, the atomic configuration is disordered. The stacking orders along the red lines on both left
and right sides of the disordered region are denoted by capital letters, and purple squares indicate unoccupied lattice
sites. In a perfect ␣-alumina crystal, the stacking order of
aluminum atoms is ABCABC¯, as shown on the right hand
side of Fig. 4共b兲. The stacking order of the left hand side of
the disordered region deviates from that in the perfect
␣-alumina crystal, as shown in Fig. 4共b兲. This indicates that
a leading partial dislocation exists at the center in Fig. 4共b兲
and the stacking fault is formed on the left hand side of the
partial dislocation.
Figures 5共a兲 and 5共b兲 show plastic deformation processes for the two prism plane indents corresponding to the
共011̄0兲 and 共21̄1̄0兲 planes, respectively, where only disordered aluminum atoms are shown. In case of the 共011̄0兲 indent, two prism dislocations are emitted perpendicular to the
indented surface. In contrast, in the case of the 共21̄1̄0兲 indent, a pyramidal dislocation is observed beneath the indenter.
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