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Atomistic mechanisms underlying the nanoindentation-induced amorphization in SiC crystal has been stud-
ied by molecular dynamics simulations on parallel computers. The calculated load-displacement curve consists
of a series of load drops, corresponding to plastic deformation, in addition to a shoulder at a smaller displace-
ment, which is fully reversible upon unloading. The peaks in the load-displacement curve are shown to reflect
the crystalline structure and dislocation activities under the surface. The evolution of indentation damage and
defect accumulation are also discussed in terms of bond angles, local pressure, local shear stress, and spatial
rearrangements of atoms. These structural analyses reveal that the defect-stimulated growth and coalescence of
dislocation loops are responsible for the crystalline-to-amorphous transition. The shortest-path-ring analysis is
effectively employed to characterize nanoindentation-induced structural transformations and dislocation
activities.
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I. INTRODUCTION

Silicon carbidesSiCd is a promising candidate for a vari-
ety of technological applications, e.g., in optoelectronic de-
vices and engineering materials. Its application is driven by
such outstanding physical and chemical properties as light
weight, high stiffness, and high hardness at high tempera-
tures; excellent high-temperature resistance to fracture, creep
and corrosion; chemical stability; and low thermal expan-
sion. The high barrier for electric breakdown, high electron
mobility, wide band gap, and high thermal conductivity make
SiC suitable for radar and microwave application under ex-
treme conditions.1 SiC is already used in gas turbines, heat
exchangers, and ceramic fans;2 it is also expected to improve
the design of high-voltage switching3–5 as well as sensors
and controls for cleaner-burning, more fuel-efficient jet air-
craft and automobile engines.6,7 SiC occurs in many different
crystal structures originating from differences in the stacking
sequence of the silicon-carbon bilayers.8,9 The most common
is the cubic polytypeszinc-blende structured denoted as
3CuSiC.

For reliability and durability of SiC in structural and de-
vice applications, testing of mechanical stability is essential.
Indentation is a unique local probe of mechanical properties
of materials,10–16 especially at surfaces and thin films, and it
is widely used to assess the mechanical stability of structural
components. When a sharp indenter is loaded into a solid, it
generates an extremely high stress, which often gives rise to
a solid-state amorphization. Since the first experimental re-
port by Clarkeet al.13 of indentation-induced crystalline to
amorphoussc→ad transition in silicon and germanium,
similar phenomena have been observed in other
experiments12,17–19 as well as in computer simulations.20,21

Despite these efforts, atomistic mechanisms of the
indentation-inducedc→a transformation are still not fully
understood.

Several experimental18,22–26 and theoretical27–31 results
suggest correlations between the nanoindentation load-
displacementsP-hd response and the deformation structures
in materials. Pageet al.22 noted a pop-in behavior in theP
-h curves of Al2O3 and 6HuSiC, which was related to the
nucleation of subsurface defects, i.e., dislocations and dislo-
cation loops. Recent transmission electron microscopy
sTEMd measurement by Tachiet al.18 provided evidence that
dislocation activity leads to amorphization during indenta-
tion of silicon. However, the atomistic mechanism of amor-
phization was not proposed.

The c→a transformation is initiated on the atomic scale
and hence, to fully characterize the onset of plasticity, one
cannot rely solely on continuum concepts, such as critical
shear stress, yield strength, or hardness. Though scanning
electron microscopysSEMd, scanning tunneling microscopy
sSTMd, atomic force microscopysAFMd, and TEM tech-
niques, used in nanoindentation experiments, are able to de-
tect dislocations, it is difficult to resolve detailed atomistic
structures and dynamics of defects.22 Atomistic simulations
based on the molecular dynamics32 sMDd method provide
trajectories of all the atoms and have been previously em-
ployed to study the subsurface structure deformations at the
onset of plasticity in indented metals27,31,33–37 and
ceramics.38 The MD method has also been combined with
continuum schemes, which allowed for the modeling of sys-
tems with dimensions of the order of microns. For example,
a hybrid MD–finite-element simulation approach to nanoin-
dentation by Shenoyet al.39 and Tadmoret al.40 brought a
great insight into the mechanisms of dislocation nucleation at
the initial stages of plastic activity. MD simulations are thus
expected to shed some light on the atomistic pathway to
indentation-induced amorphization.

In this paper we present MD study of the atomistic
mechanisms leading to amorphization of 3CuSiC via
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nanoindentation. We observe a reversible pop-in behavior in
the P-h response, which suggests an elastic recovery of
3CuSiC. In the plastic range of theP-h curve, we observe
a series of load drops and show their relation to subsurface
dislocation activities. The occurrence of the discontinuities at
particular indentation depths is explained in terms of atomic
spacing and strength of the crystal. We show that the defect-
stimulated growth and merging of low-mobility dislocation
loops play an important role in indentation-induced amor-
phization.

In our study the evolution of dislocations is characterized
by means of atomic positions, shear stress, local pressure,
bond angle, and shortest-path ring distributions. We show
how the bond angle distribution evolves with the increasing
indentation depth until it resembles that of a melt-quenched
amorphous state. Following an early experimental
observation22 of dislocation loops creating an indentation at
near to the theoretical strength, there was a number of theo-
retical studies in which the dislocations were visualized by
means of the centrosymmetry parameter27 and coordination
number.28 It has been long known that crystalline and disor-
dered structures may also be characterized by distribution of
rings defined by shortest-path analysis.41–43

II. METHODOLOGY

A. Molecular dynamics

In MD simulations the physical system is described by
sets of N atomic positionshrWi u i =1, . . . ,Nj and velocities
hvW i u i =1, . . . ,Nj. We discretize time into discrete intervalsDt
and numerically solve Newton’s equations of motion with a
potentialVshrWijd,

mi
d2rWistd

dt2
= −

]V

]rWi

. s1d

The nanoindentation simulation of 3CuSiC is performed by
means of isothermal MD method.44–46The equations of mo-
tion are integrated by a reversible symplectic algorithm44,47

with a time step ofDt=2.2 fs.
The essential ingredient of MD is a reliable interaction

potential. Our interatomic potential consists of two- and
three-body terms,48,49

V = o
i, j

Vij
s2dsr ijd + o

i,j,k

Vjik
s3dsrWi j ,rWikd, s2d

wherer ij = urWi j u andrWi j =rWi −rW j. The two-body potential is given
by

Vij
s2dsr ijd =

Hij

r ij
nij

+
ZiZj

r ij
e−ri j /a −

1

2

saiZj
2 + a jZi

2d
r ij

4 e−ri j /b −
Wij

r ij
6 ,

s3d

in which the four terms describe steric repulsion, charge
transfer between atoms, charge-dipole interactions, and van
der Waals interactions, respectively. In Eq.s3d, Hij , nij , and
Wij are parameters,Zi is the effective atomic charge,a andb
are screening parameters, andai is the polarizability. Cova-
lent effects are taken into account through three-body bond-
bending and bond-stretching terms

Vjik
s3dsrWi j ,rWikd = Bjik expS g

r ij − r0
+

g

r ik − r0
D

3
scosu jik − cosū jikd2

1 + Cscosu jik − cosū jikd2

3 Qsr0 − r ijdQsr0 − r ikd, s4d

whereBjik is the strength of the interaction,Qstd=1 stù0d

FIG. 1. A schematic view of the indenter-substrate system. The
substrate has dimensions 308.3 Å3309.5 Å3107.9 Å in thex, y,
and z directions, and has 994 000 atoms. Thex and y axes corre-

spond to thef1̄10g and f001g crystallographic directions, respec-
tively. The indent was done on thes110d surface.

FIG. 2. Load-displacementsP-hd response:sad Loading curve.
sbd Unloading curves fromh=1.83 Å ssquaresd and h=2.33 Å
scirclesd superimposed on the loading curve. Note different scales
on the horizontal axes insad and sbd.
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and 0st,0d, u jik =rWi j ·rWik / r ij r ik is the bond angle, andū jik, C,
r0, andg are parameters. Calculated lattice constant, melting
temperature, and elastic constants43,50,51 are in excellent
agreement with experiments.52,53 The same potential param-
eters were used earlier to correctly describe reversible struc-
tural transformation of SiC under pressure.50 In fact, our MD
study predicted a zinc-blende–to–rocksalt transition mecha-
nism, which was later confirmed by first-principles
calculations.54

B. Simulation setup and schedule

The simulated 3CuSiC crystal has lateral dimensions of
308.3 Å3309.5 Å in thex and y directions, corresponding

to the f1̄10g and f001g crystallographic directions, respec-
tively. The crystal has a thickness of 107.9 Å in thef110g
directionsthez axisd and consists of 994 000 atoms. Periodic
boundary conditionssPBCd are applied in thex andy direc-
tions. A schematic of the MD simulation is shown in Fig. 1.
Starting with an ideal zinc-blende structure atT=300 K, a
bulk of SiC is cooled down over 7200Dt to T=0 K, where
potential energy is minimized by means of the conjugate
gradient method. After removing PBC in thez directionsthe
indent directiond and freezing the bottom 12 Å of the crystal,
the conjugate gradient method is applied again, and then the

temperature is slowly raised to 300 K over 43 000Dt. The
SiC indenter has a cuboidal shape, i.e., it has a flat base with
a rectangular cross section of dimensions 30.8 Å330.5 Å
and a height of,60 Å. For simplicity, the indenter is held
rigid and only the steric repulsion is considered between in-
denter atoms and the substrate.

The indenter is inserted up to a maximum depth, which is
,10% of the substrate thickness, at a rate of 1 Å per 500Dt.
Each 0.5 Å increment of the indenter depth is followed by a
holding phaseson the average 6000Dtd. During this phase the
transient forces are monitored and allowed to decay. The
load P is calculated as thez component of the force exerted
on the indenter by the substrate averaged over one to two
periods of the force oscillations. The indentation depthh is
calculated as the difference between the lowest point of the
rigid indenter and the initial position of the substrate-free
surface. A total of 375 000 MD steps is performed during the
loading and unloading phases.

The simulation has been carried out on the 422-processor
Linux cluster connected via Myrinet and gigabit/fast Ether-
net switches at the Collaboratory for Advanced Computing
and Simulations at the University of Southern California. A
typical run uses 32 processors of the Linux cluster. The com-
munication is handled with the Argonne implementation of
the Message-Passing Interface, MPICH.

FIG. 3. sColord Structural changes at the elas-
tic shoulder:sa,bd Bond angle distribution of sub-
strate atoms down to 12 Å below the initial sur-
face at indenter depthsh=−5.67 Å, h=−0.67 Å,
h=0.33 Å, andh=0.83 Å. sc,dd Surface view of
shear stress ath=0.33 Å and h=0.83 Å. se,fd
Surface view of pressuresas defined in Sec. III Bd
at h=0.33 Å andh=0.83 Å.
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C. Characterization of structural correlations

The structure of the deformed material is analyzed in
terms of the shortest-path ring distribution. A ring is defined
here as the shortest closed path of alternating SiuC atomic
bonds. A bond is assumed to exist between two atoms whose
separation isø2.1 Å. In our studies, we search for rings up
to size 8. In a perfect zinc-blende crystal, each atom has 12
unique threefold ringssthree atoms of Si alternately con-
nected with three atoms of Cd, whereas the surface atoms
have five threefold rings each. Structure deformations are
reflected in occurrence of non-threefold rings. The amor-
phous phase for example was found to have two-, three-,
four-, and fivefold rings.43 In our studies we analyze the
relation between the sudden drops of the load in theP-h
response and the occurrence of non-threefold rings.

Structural defects are analyzed further by calculating
bond angle distributions in two regions under the indenter:
sid from the initial surface of the crystal down to 12 Å below
it; sii d 12–17 Å below the surface. In order to describe the
c→a transition, we examine the SiuCuSi and
CuSiuC bond angle distributions. Both of these angles
are peaked at,109° in the perfect zinc-blende structure and
are significantly broadened in an amorphous phase. Addi-
tionally, the amorphous SiC exhibits a small peak at 85° in
CuSiuC bond angle distribution, which is because of the
presence of twofold ringssedge-sharing tetrahedrad.43

III. RESULTS AND DISCUSSION

A. Load-displacement curve

Figure 2sad shows the load-displacement curve of
3CuSiC computed in our indentation simulation. The curve
exhibits a series of sudden drops of the load that occur at
depths spaced equally by,3 Å si.e., ath=2.83 Å, 5.83 Å,
8.83 Å, and 11.33 Åd. As it will be shown later, these load
drops are related to breaking of subsequent atomic layers of
the substrate, whose separation in the indentationszd direc-
tion equals 3.08 Å. The indentation pressure is calculated as
the loadP divided by the indenter’s cross-sectional area. For
the cuboidal indenterP is proportional to the indentation
pressure and for this reason the maximum load
sPmax<0.7 mNd reached at the curve peaks does not increase
with h fsee Fig. 2sadg. This is different from the case of a
diamond-shaped indenter,28 for which Pmax is an increasing
function of h due to the increased projected area. Another
notable feature of theP-h curve is a shoulder observed at
h=0.83 Å.

To understand the nature of this shoulder as well as of the
first peak in theP-h response, we perform two unloading
simulations: fromsid h=1.83 Å andsii d h=2.33 Å. During
unloading we pull out the indenter in the increments of 0.5 Å
over 500Dt; each of the increments is followed by a holding
phase of 6000Dt. The resulting curves are shown in Fig. 2sbd.
It is evident that the first unloading curvessquaresd retraces

FIG. 4. sColord Structural changes during load
relaxation ath=2.83 Å: sa,bd Bond angle distri-
bution of substrate atoms 12–17 Å below the ini-
tial surface at indenter depthsh=2.33 Å and
h=2.83 Å. sc,dd Atoms with non-three fold rings
at h=2.33 Å andh=2.83 Å. se,fd 3/4 cut show-
ing atomic species under the indenter ath
=2.33 Å andh=2.83 Å. Green spheres represent
atoms of Si; red ones, C; and magenta dots rep-
resent the indenter atoms. Bending and slip of
atomic layers are visible in the region enclosed
by the yellow rectangles.
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exactly the loading curvessolid diamondsd, and therefore the
shoulder ath= 0.83 Å is reversible. More evidence for the
elastic nature of this deformation will be given in Sec. III B.
The second unloading curvescirclesd does not retrace the
loading curve, indicating the onset of plastic deformation at
h=2.33 Å. The corresponding load equals,0.7 mN, and the
yield strength of the crystal is estimated by dividing the load
by the indentation area as,77 GPa. It is the cuboidal shape
of our indenter, which is responsible for yielding at relatively
low indentation depth compared to higher displacements
reached in experiments with a diamond-shaped indenter.

The shoulder and subsequent peaks in theP-h curve are
analyzed in the following sections in terms of bond angle
and ring distributions, atomic positions, local pressure, and
direction-averaged shear stress.

B. Load relaxation at h=0.83 Å

The pop-in behavior of theP-h curve ath=0.83 Å is fully
reversible, which is clear from the unloading characteristic
shown in Fig. 2sbd. This elastic recovery is confirmed by
ring-distribution analysis. Ath=0.83 Å we found atoms with
non-threefold rings, which occur in the underlying SiC be-
low the corners of the indenter. These rings indicate crystal
deformation, and, remarkably, they disappear when the in-

denter is withdrawn to the depth ofh=0.33 Å. Moreover,
complete unloading of the indenter leaves no impression in
the substrate.

More insight into the structural deformations is given by
the bond angle distribution. When the indenter is far from the
surface sh=−5.67 Åd there is single sharp peak at 109°,
which is characteristic of a perfect tetrahedral unit in the
zinc-blende crystalfsee Fig. 3sadg. Bringing the indenter
closer to the surfacesh=−0.67 Åd distorts the tetrahedral
atomic arrangements centered at C or Si, thereby splitting the
peak in bond angle distributionfsee Fig. 3sadg. Increasing the
indentation depthsh=0.33 Åd results in a larger separation
between the two peaksfsee Fig. 3sbdg. When the depth
reaches 0.83 Å, corresponding to the shoulder in theP-h
curve in Fig. 2, the single-peak structure is recoveredfFig.
3sbdg, which suggests the restoration of perfect tetrahedral
and at least partial relaxation of indentation pressure.

Figures 3scd and 3sdd show how this transition is reflected
in the local shear stress. Atomic shear stress and pressure are
calculated asssxy+syz+szxd /3 and ssxx+syy+szzd /3, re-
spectively, wheresab is theab component of the stress ten-
sor. A more quantitative description would include either the
maximum shear stress on a slip plane or a direction-invariant
octahedral shear stress; nevertheless, the definition of stress
presented here gives a good qualitative measure of the ma-

FIG. 5. sColord Changes of shear stress and
pressuresdefined as in Sec. III Bd during load re-
laxation at h=2.83 Å: sa,bd 3/4 cut of shear
stress under the indenter ath=2.33 Å and
h=2.83 Å. sc,dd Top view of shear stress at
h=2.33 Å andh=2.83 Å. se,fd Top view of the
pressure ath=2.33 Å and h=2.83 Å. Small
spheres represent atoms of Si; large ones, atoms
of C; and blue dots insad and sbd correspond to
indenter atoms.
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terials response to indentation. By definition, the absolute
value of shear stress is symmetric with respect tox and y
axes. In Fig. 3 the light blue and orange colors correspond to
the same absolute values and opposite signs, and one can see
that the shear stress is nearly symmetric. The slight asymme-
try is due to the particular alignment of the indenter over the
substrate crystalline lattice at the atomic scale. The nonsym-
metric alignment is also responsible for the difference of
shear stress alongx andy edges of the indenter and for the
shoulder in the elastic part of theP-h response. At depths
smaller thanh=0.83 Å, atoms are pushed down and/or out-
ward symmetrically in the ±x and ±y directions. Here atoms
are pushed out from under the indenter along thex axis, and
the displacements are larger in the negativex direction than
in the positive one. This can be deduced from the way the
local pressure is redistributed during the transitionfsee Figs.
3sed and 3sfd g. Local pressure in Fig. 3sed shows an addi-
tional feature, i.e., parallel lines of higher pressure formed
along thex axis ath=0.33 Å. This results from the aniso-
tropy of elastic properties in thexy plane because of different
atomic layer spacing 3.08 Å and 4.36 Å in thex and y di-
rections, respectively. Under the influence of the indentation
pressure, it is easier to stretch the bonds in they direction;
hence, the ratio of atomic spacings iny and x directions is
increased and the surface resembles a set of parallel lines.

C. Load relaxation at h=2.83 Å

Inserting the indenter beyondh=0.83 Å causes a distor-
tion of tetrahedral units, which is reflected in the reappear-

ance of two major peaks formed in bond angle distribution.
At h=2.33Å they occur at approximately 100° and 111°fsee
Fig. 4sadg. The first load relaxation in theP-h response takes
place ath=2.83 Å at the indentation pressure almost equal to
the yield strength, i.e., 77 GPa. As expected, the single peak
around 109° in the bond angle distribution is recovered in the
relaxed systemfFig. 4sbdg.

As discussed earlier, non-three fold rings, which appear
before the indenter reaches the depth ofh=2.33 Å, disappear
during unloading. The onset of plastic deformation at
h=2.33 Å is accompanied by creation of additional non-
three fold rings on atoms near the corners of the indenter
fFig. 4scdg. Some of these rings persist even when the in-
denter is completely removed from the sample, suggesting
that there is a correlation between ring distribution and
structural deformations. Therefore, it is not surprising
that the ring distribution after the load relaxation at
h=2.83 Å fFig. 4sddg shows an outburst of dislocations
and dislocation loops.

The side views of the atomic species under the indenter in
Figs. 4sed and 4sfd reveal that the observed load relaxation is
caused by the bending of atomic layers under the indenter
and their eventual slip and change of connectivity at the
critical loadssee the region enclosed by the yellow rectangle
in the figuresd. During the layers bending, the shear stress is
accumulated in the region of interest, as it is shown in Figs.
5sad and 5scd. After the slip, there is a considerable release of
the shear stressfFigs. 5sbd and 5sddg, which is correlated with
the restoration of a single peak in the bond angle distribution

FIG. 6. sColord Load relaxation ath=5.83 Å:
sa,bd Atoms with non-three fold rings ath

=5.33 Å andh=5.83 Å. scd Planes111̄d contain-
ing a dislocation loop shown in the ring distribu-
tion picture.sd,ed Bond angle distribution of sub-
strate atoms 12–17 Å below the initial surface at
indenter depthsh=5.33 Å andh=5.83 Å.
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discussed earlier. Figures 5sed and 5sfd show the local pres-
sure “before” and “after” the slip. Similarly to Figs. 3sed and
3sfd at h=0.33 Å, the asymmetric stretching of bonds before
the slip produces lines of higher pressuresgreen color in the
figured along thex direction. In the surface views of shear

stressfFig. 5sddg and the pressurefFig. 5sfdg, the dislocation
emitted after the slip is manifested as a diagonal line. There
is also a pile-up material that occurs on the surface along the
edges of the indenter, which are the regions of high compres-
sive pressure.21

FIG. 7. sColord Structural changes ath
=5.83 Å: sa,bd 3/4 cut view showing atomic spe-
cies ath=5.33 Å andh=5.83 Å. sc,dd 3/4 cut
view showing local shear stress under the in-
denter ath=5.33 Å andh=5.83 Å.se,fd Top view
of shear stress ath=5.33 Å andh=5.83 Å. Small
spheres correspond to atoms of Si, large ones to
atoms of C, and dots insa–dd represent atoms of
the indenter. The slip of atomic layers occurs in
the region marked by yellow rectangles. White
arrows point to a dislocation propagating in the
substrate and characterized by higher shear stress.

FIG. 8. sColord Atoms with non-threefold
rings at indenter depthsh¬ sad 8.33 Å, sbd
8.83 Å, scd 10.33 Å, andsdd 11.33 Å.
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D. Load relaxation at h=5.83 Å

After the first slip of atomic layers ath=2.83 Å, the dis-
locations and dislocation loops emitted from the corners of
the indenter slowly grow on theh111j planes, which are
the glide planes of a zinc-blende crystal.55 For instance, at
h=5.33 Å, we have identified two distinct planes containing

dislocation loops, i.e.,s111d ands111̄d. At h=5.83 Å another
slip of the atomic layers occurs, which is accompanied by a
sudden outburst of dislocations, as shown in the ring distri-
bution in Figs. 6sad and 6sbd. In contrast to the nonoverlap-
ping dislocation regions emanating from the corners of the
indenter ath=2.83 Å, the dislocation loops here begin to

merge, leaving one large loop on thes111̄d plane after the
load relaxationfsee Fig. 6scdg. The overlapping dislocation
loops generate a considerable strain under the indenter,
gradually leading to amorphization. The situation is analo-
gous to the case of irradiation-induced amorphization,56

where low-mobility dislocation clusters coalesce, inducing a
creation of amorphous domains in the crystal.

The overlapping of dislocations increases the disorder,
which is reflected in the broadening of bond angle distribu-
tion in Figs. 6sdd and 6sed. Before the load relaxationfFig.
6sddg the main peak of the distribution is shifted to approxi-
mately 112°, and there is a smaller peak at 105°, indicating a
distortion of tetrahedral atomic arrangements. After the sys-

tem relaxes through slipping of atomic layers, the bond angle
again is peaked around 109°, however, the distribution is
significantly broadenedfsee Fig. 6sedg.

Figures 7sad and 7sbd show the atomic layers before and
after the slip, respectively. The corresponding sidefFigs. 7scd
and 7sddg and surfacefFigs. 7sed and 7sfdg views show the
accumulation of shear stress under the indenter before the
slip and its release afterwards. The stress release here is not
as pronounced as ath=2.83 Å. The weaker stress relaxation
is also manifested in theP-h responsesFig. 2d as a smaller
drop of the load as compared toh=2.83 Å. This may be
related to the presence of the back stress because of disloca-
tions nucleated earlier, which acts as resistance to dislocation
motion.29 This back stress also prohibits a full recovery of
the perfect tetrahedral structure, resulting in a broader bond
angle distributionfFig. 6sedg. In the side view of shear stress
fFigs. 7scd and 7sddg the dynamics of dislocations and dislo-
cation loops is also reflected in the downward motion of the
regions of high local stresssindicated by a white arrowd.

E. Load relaxation at h=8.83 Å andh=11.33 Å
and amorphization

The load-displacement curve betweenh=5.83 Å and
h=8.33 Å is accompanied by gradual growth of dislocation
loops on the glide planes, such as that shown in Fig. 6scd. In

FIG. 9. sColord 3/4 cut view of shear stress at
h= sad 8.33 Å, sbd 8.83 Å, scd 10.33 Å, and
sdd 11.33 Å. White rectangles mark regions
of higher shear stress corresponding to disloca-
tions propagating in the substrate.se,fd Bond
angle distribution of substrate atoms 12–17 Å
below the initial surface at indenter depths
h=8.33 Å andh=11.33 Å. The scale of the bond
angle axis is different than in previous figures,
where bond angle was plotted between 90° and
130°. Here we marked that region with dashed
lines.
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this range ofh, there was no significant recovery of a single
peak in bond angle distribution. The next considerable load
relaxation takes place ath=8.33 Å, where the indentation
pressure reaches its critical valuesFig. 2d, leading to a slip of
atomic layers similar to those found at smaller depths.

At the indentation depths betweenh=8.33 Å and
11.33 Å, we observe remarkable dislocation activities in the
solid ssee Fig. 8d. At h=8.83 Å a dislocation line appears

along thef1̄11̄g direction on the surface, originating at one
corner of the indenter. Simultaneously, there is a loop formed

on thes221̄d plane as shown in Figs. 8sad and 8sbd. Further
increase in the indentation depth invokes the motion of dis-

location loops on thes221̄d planefFig. 8scdg until h reaches
10.33 Å. At this point the indentation pressure reaches its
critical value againsFig. 2d, and more dislocations are sud-
denly emitted from under the indenter. As shown in Fig. 8sdd,
these newly created dislocations are absorbed by an existing

loop to form a new one on thes4121̄d plane. At the same

time a second dislocation line in thef1̄11̄g direction is cre-
ated at another corner of the indenter and propagates on the
surface of the substrate.

In Figs. 9sad–9sdd we present changes of shear stress be-
tween h=8.33 Å and 11.33 Å. White rectangles mark the
region with increased dislocation activity, where the disloca-
tion loops are present in Fig. 8. One can clearly see that the
motion of the loops corresponds to a high-stress region mov-
ing downward.

Figures 9sed and 9sfd show bond angle distributions at
h=8.33 Å and 11.33 Å, respectively. Hardly any change is
observed in the distribution while the indenter’s position is
lowered down toh=11.33 Å fFig. 9sfdg. For comparison we
also plotted the bond angle distribution for a melt-quenched
bulk amorphoussa-SiCd system in Fig. 9sfd. The a-SiC con-
sisting of 5324 Si and 5324 C atomss10 648 particlesd was
simulated with MD method. PBC were applied in all direc-
tions, and the equations of motion were integrated using the
velocity-Verlet algorithm with a time step equal to 1.5 fs.
Starting at the crystalline zinc-blende structureswith a den-

sity r=3.2175 g/cm3d, the system was gradually heated until
the diffusion of each species was observed. At this tempera-
ture we expanded the volume by 10%sr=2.896 g/cm3d, and
the system was allowed to thermalize for 50 000 time steps.
The temperature of this well-thermalized liquid was lowered
by successive cooling and thermalization schedules, until an
amorphous phase at 300 K was obtained. The two curves for
a-SiC and the material under the indenter in Fig. 9sfd are
very similar, which suggests that the area under the indenter
has become amorphous. For both systems the bond angle is
widely distributed in the range from 70° to 160°, which is
associated with various configurations and bonds formed in
amorphous SiC.

In order to show the transformation from crystalline to
amorphous structure, in Fig. 10 we plot the radial distribu-
tion functiongSiCsrd in the region 12–17 Å below the initial
surface. The dotted curve corresponds to zinc-blende crystal
before indentation. The solid curve showsgSiuCsrd after in-
dentationsat h=11.33 Åd, which resembles the radial distri-
bution function of a bulk amorphous.43

F. Rings versus load-displacement response

We showed earlier that every time the load dropped in the
P-h curve, there was an outburst of new dislocations emitted
in the systemssee Figs. 4, 6, and 8d. The ring distribution
provides a clear picture of dislocation loops, allowing one to
identify their glide planes as well as to distinguish between
elastic and plastic deformationsduring unloadingd. To quan-
tify the correlation between the ring distribution and the
P-h curve, we calculate the numberNshd of atoms with non-
threefold rings as a function of indentation depth. The calcu-
lated number is an increasing function ofh with superim-
posed detailed structure. The linear increase of the curve is
due to atoms surrounding the indenter, whose area of contact
with the substrate is proportional toh. To study the correla-
tion between the subsurface deformations and the ring distri-
bution, we subtracted fromNshd a linear term Ah and plotted

FIG. 10. Radial distribution functiongabsrd beforesdotted lined
and afterssolid lined indentation in the substrate 12–17 Å below
the initial surface. FIG. 11. Load-displacement curvePshd ssolid lined and number

dNshd of atoms with non-threefold ringssdotted lined.
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the resulting curve,dNshd=Nshd−Ah, together with the load-
displacement functionssee Fig. 11d. Here the parameterA is
determined to best fit the linear part ofNshd. In the figure the
critical depths are marked with vertical lines to show the
high correlation between the two curves. Evidently, load
drops are accompanied by an increase in the number of at-
oms with non-threefold rings, and this correlation makes ring
analysis a powerful tool to study nanoindentation deforma-
tions.

IV. SUMMARY

We have performed MD simulations on a parallel com-
puter to study the atomistic mechanisms controlling the
indentation-induced crystalline-to-amorphous transition in
3C-SiC. The calculated load-displacement response shows a
shoulder, which is fully reversible upon unloading. We have
shown evidence that the defect-stimulated growth and dy-
namics of dislocation loops is responsible for the crystalline-
to-amorphous transition. We have also shown how the load

drops observed in the load-displacement response are related
to crystalline structure and to dislocation activities under the
surface. We have described the evolution of indentation dam-
age and defect accumulation in terms of bond angles, local
pressure, local shear stress, and spatial rearrangements of
atoms. Finally, we have employed shortest-path ring analysis
to characterize nanoindentation induced structure transfor-
mations.
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