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Nanoindentation-induced amorphization in silicon carbide
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The nanoindentation-induced amorphization in SiC is studied using molecular dynamics
simulations. The load-displacement response shows an elastic shoulder followed by a plastic regime
consisting of a series of load drops. Analyses of bond angles, local pressure, and shear stress, and
shortest-path rings show that these drops are related to dislocation activities under the indenter. We
show that amorphization is driven by coalescence of dislocation loops and that there is a strong
correlation between load-displacement response and ring distributi@d0®American Institute of
Physics [DOI: 10.1063/1.1774232

Silicon carbide(SiC) is a material of great scientific and sion, van der Waals interaction, electronic polarizability,
technological interedtfor the fabrication of electronic and charge transfer, and covalent bondings effects. Calculated
optoelectronic devices. Among many crystal structures ofattice constant, melting temperature, and elastic constants
SiC the most common is the cubizinc-blendg polytype  are in good agreement with experiments. This potential was
denoted as 3C-SiC. used earlier to predict a new mechanism for a reversible

Nanoindentation is a powerful and widely used tech-zinc-blende to rocksalt transformation of SiC under
nique to access the mechanical properties of matefials. pressure®
There has been a large number of experiméntaid The simulated system consists of 994 000 atoms in a
computationdl studies of the indentation-induced crystalline 308.3X 309.5x 107.9 A’ crystal in thex, y, andz directions,
to amorphougc— a) transformation. It has been suggestedcorresponding to thgl10], [001], and[110] crystallographic
that the nanoindentation load-displacemépi-h) response directions, respectively. Periodic boundary conditions are ap-
is correlated with the subsurface defect nuclealidhand  plied in thex andy directions, whereazis the indent direc-
experimental evidence was providéthat dislocation activ- tion. The SiC indenter is rigid and it has a flat square base of
ity leads to amorphization during indentation of silicon. dimensions 30.830.5 A2 and a height of~60 A. The in-
However, the microscopic mechanism of amorphization igeraction between the atoms of the indenter and the substrate
not known. Thec—a transformation is initiated on the IS purely repulsive. The indenter is inserted up~ta0% of
atomic scale and the need for its atomic-level description ighe substrate thickness at a rate of 100 m/s. Each 0.5 A
critical. Atomistic  simulations based on molecular d€pth increment is followed by a holding phase-at7.6 ps
dynamic® (MD) provide trajectories of all the atoms and t© allow the decay of transient forces. _
have been already employed in nanoindentation The calculated Ioad_—d!splaceme(lﬁi—h) curve is shown_
studied? > 7to bring atomistic insight into the mechanisms N Fig. 1(a). A characteristic feature of this curve is a series

of defect nucleation at the initial stages of plastic activity.Of sudden load drops, of which the first one occurshat

Therefore MD simulations are expected to shed light on thé 2-83 A and all the other are equally spaced-b§ A. The

atomistic pathway to amorphization via nanoindentation. drops_ of the load correspond to breaking Of. su_bsequent
In this letter we study by means of MD the atomic—scaleaftom'_c layers of the underlying substrate, which in the
mechanisms governing the indentation-induced amorphiz q![)gtcnon rz]ire Icsjepaarha_t%d8gy'&3.28 A T?}?h tcu:;:e alsto ex-f
tion of 3C-SiC. At a small displacement a reversible pop-in IS @ shoulder ab=0. - AN INsight Into the nature o
behavior in theP—h curve is observed, indicating a remark- this shoulder as well as of the first load drop is brought by

able elastic recovery of 3C-SiC. This is followed by the per_formmg two unloading S|mu_lat|on§ee Fig. )], in
. ) : . . which we gradually remove the indenter from the degths
plastic regime, in which we observe a series of load drops,
which are related to subsurface dislocation activities. We
characterize these structural deformations in terms of bon™ 08 —————r—v—r———— ——————
angles, local shear stress and pressure, spatial distribution o7 @ 28 *F RELE 1| ) 183 233
atoms, and shortest-path-ring distribution. We demonstrat s
how the ring analysis can be effectively employed to studyZ o5}
nanoindentation damage. Simulation results reveal that th o4f
defect stimulated growth and coalescence of dislocatiog 3

-0.17, 2.83

. . . . . @ loading
loops play an important role in indentation-induced amor- %2r . 1T O unloading 1 |
phization. oAt 1t O unioading 2 | |

The potential used in our study is a combination of two- O e 2 0 2 4 6 5 1012 M5 4 3 2 4 0 1 2 3 a
and three-body interaction terms, which include steric repul Indenter depth, A [A] Indentor depth,  [A]
FIG. 1. (@) Load-displacementP—h) curve. (b) Unloading curves from
¥Electronic mail: izabela@usc.edu depths(1) h=1.83 A (squaresand(2) h=2.33 A (circles.
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h=11.33 A

Side view

Side view

plane (4 12 7)

FIG. 3. (Color) Ring distribution analysis: atoms with non-threefold rings at
h=11.33 A.
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surface. In the zinc-blende crystal both of these distributions

exhibit a sharp peak at109° due to the perfect tetrahedral

- 1¢F . arrangements of atoms. The distributions are significantly

broadened in the amorphous phas&iC. In our simulation,

o ) ) ] y . bringing the indenter closer to the substrate results in distor-

il - T tion of the tetrahedral arrangements of atoms and in splitting
of the single peak in bond angle distributifgee Fig. 2e)].

FIG. 2. (Colon (a), (b) 3/4 cut showing atomic species under the indenter atR€markably, after the slip of atomic layers has taken place,

h=2.33 A andh=2.83 A (c), (d) 3/4 cut view of shear stress &t  the single peak structure in the bond angle distribution is

=2.33 A andh=2.83 A (e), (f) Bond angle distribution at indenter depths restored[Fig. 2f)]. Even though a similar behavior is ob-

h=2.33 A andn=2.83 A. served at higher indentation depths, in those cases the distri-

bution is noticeably broadened. This is once again due to a

h=1.8 A (squaresand (2) h=2.33 A (circles. Because the more complex subsurface deformation structure and thus
' ) i only partial relaxation of accumulated shear stress.

fi loadi ly the loadi h ) :
Irst unloading curve retraces exactly the loading pat The correlation between the drops in tReh response

(closed diamonds we confirm the elastic character of the . . . )
shoulder ah=0.83 A. The second unloading curve does notarld the subsurface deformgtlons_ 'S fur_ther mves_,tlgated by
follow the loading path, which indicates the onset of plasticmeans of the shortest-path ring distribution. In a zmc-blende
deformation at h=2.33 A. Correspondingly, the yield crystal the occurrence of structura] deform_anons is marked
strength of the crystal equals77 GPa ' by the presence of non-threefold rm’@sWe find that down
g ' to the depth oh=0.33 A there are only threefold rings in the
We analyze the relation between the-h response and substrate. The small amount of non-threefold rings that ap-

the structural changes in the substrate at every point along .
. ; ) ears at the shoulder A&=0.83 A disappears upon unload-
the P—h curve. Figures @) and 2b) show the side view of ing, which confirms the elastic character of the shoulder. Ir-

t_he atomic specigs under the indenterhatZ.SS A andh reversible non-threefold rings occur lat2.33 A, that is at
=2.83 A, respectively. As shown in the region marked by %he onset of plastic deformation. At=2.83 A, where both

yellow rectangle, pushing the indenter into the solid down tq : P :
the depth ofh=2.33 A results in bending of atomic layers. tthe atomic layers slipFig. 2b)] and the load drogFig. 1)

Thi i til finally the load b i ake place, we observe an outburst of dislocations and dislo-
IS process continues until finally the foad becomes Chiical. loops emitted from the corners of the indenter and
causing the atomic layers to slip h&2.83 A [Fig. 2b)].

The slip of atomic planes is repeatedtat5.83, 8.83, and disconnected from one another. During the further lowering

; ; Lo S of the indenter the dislocation loops slowly grow on the
é:-o::)z A, that is every time the load in Fig. 1 significantly {111} planes, which are the glide planes in the zinc-blende

: . crystal. In fact, every time the load drops in tRe-h re-
We also characterize thfe—h response by distribution of ) :
the local shear stress. As shown in Fige)Zor h=2.33 A, sponse, such outburst of non-threefold rings takes place. For

h=5.83 A and larger, these dislocation loops start to coa-

before the slip there is a high concentration of shear stress ilrésce Ath=8.83 A there is a dislocation 100

: . . . =8. p that appears
the region of interest, whereas after the dlifig. 2d)] a — ) :
considerable amount of the shear stress is released. SimilP the (22 1) plane. Lowering the indenter further causes

behavior is observed at higher indentation depths, howevepis 100p to grow until ah=11.33 A it coalesces with newly

due to the presence of more complex deformation structuregmitted deformations and forms a new loop on thel2 1)

(merging of dislocation loopshe relaxation of shear stress plane(see Fig. 3.

is not as dramatic. This also explains why in Fig. 1 the drops  Our analysis suggests that the coalescence of the dislo-

of the load at largé are smaller than a1=2.33 A cation loops is responsible for the broadening of bond angle
Structural defects are further analyzed by calculatingand a decrease of the magnitude of shear stress released at

C-Si—C and Si—-C-Sbond angle distribution in the se- h=5.83 A as compared th=2.83 A. In Fig. 4a) the bond

lected region under the indenték2—17 A below the initial angle distribution ah=11.33 A is compared with that of a
Downloaded 21 Jul 2004 to 128.125.4.122. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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& Ty 8 denter. Clearly, every time when the load drops, there is an
- indentation ) ¥ 1 . . . .
|-+ mmq amerphous @@ 1 - (b) | before indentation] increase in the number of non-threefold ringle vertical
o 12 T aher indentation § | dashed lines are added for emphgasRing analysis thus
' 7 F proves to be a powerful technique to study the nanoindenta-
s 32 Sgf tion damage.
% L

In summary, we performed MD simulations to study the
atomic-level mechanisms controlling the nanoindentation-
induced amorphization in SiC. In the elastic regime the cal-

] culatedP-h curve exhibits a shoulder, which is fully revers-

4 5 6 ible upon unloading. In the plastic regime tRe-h curve is
characterized by a series of load drops and their relation to

FIG. 4. (a) Bond angle distribution: solid line—substrate material under thethe subsurface CrySt.a”me s_tructure and dislocation dynamics

indenter ath=11.33 A: dashed line—melt-quenchéth—c) bulk amor- ~ Nas been shown. This relation has been analyzed by means of

phous.(b) Radial distribution function before and after indentation. bond angles, local shear stress, local pressure, and spatial

rearrangements of atoms. We have demonstrated how the

melt-quenched amorphous system. The two curves are vefhortest-path-ring analysis can be effectively employed to
similar, showing a wide bond angle distribution from 70° to Study the evolution of indentation damage and defect accu-
160°. This is a clear indication that the material beneath théulation beneath the indenter. These structural analyses re-
indenter became amorphous. In Figbywe plot the radial veal that the defect stimulated growth and dynamics of dis-
distribution function before and after indentation to show thelocation loops are responsible for the-a transition.
transition from crystalline to amorphous structure. ) _
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