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Abstract

We present the results of molecular dynamics simulations of nanoindentation of the Si-terminated (00 1) surface of cubic silicon carbide
(B-SiC) by a diamond tip. In particular, we investigate the dependence of the critical depth and pressure for the elastic-to-plastic transition
as a function of indentation velocity, tip size, and workpiece temperature. The nature of the deformation at higher indentation depths is also
considered. Our simulations were carried out using the Tersoff SiC potential, which accurately reproduces the lattice and elastic constants of
B-SiC. Over the range of indenter sizes used in our simulations, both the critical pressure and the indentation depth decrease with increasing
indenter size. Accordingly, the measured hardness is significantly higher than obtained experimentally for larger indenter sizes but decreases
with increasing indenter size. In contrast, the critical indentation depth for the elastic-to-plastic transition does not depend on the indenter
velocity over the range studied. For indentation depths beyond the critical depth, the pressure increases and saturates at 100 GPa, whicl
corresponds to the experimental pressure at wBiSiC transforms to rocksalt structure. Thus, we conjecture that the observed plastic
behavior is related to the onset of a phase transition from the cubic zinc-blende structure to the rocksalt structure under the indenter tip. This
is in reasonable agreement with experimental studies of pressure-induced structural transformation in bulk SiC.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The standard processes for machining SiC involve the
use of diamond grains as superabrasif2d. Generally,
Due toits thermal, chemical, and electrical properties, SiC in grinding, the material removal proceeds through a se-
is a good candidate for a variety of applications, including ries of controlled, localized surface fractures, leaving a
high-temperature electronics, short-wavelength optics, high-rough surface, which is unacceptable for most applications
power operations, and structural and protective components[20]. Accordingly, we would like to study in detail the
for use in nuclear fusion reactdy. Different polytypes of critical depth of cut for ductile machining as well as the
SiC exist at ambient pressure, which are differentiated by the dependence of the brittle—ductile transition on processing
stacking sequence of the tetrahedrally bonded Si—C bilayersparameters such as diamond grain-size, temperature of the
[1]. Among these polytypeB;SiC (cubic) is of muchinterest ~ workpiece, and grinding velocity. In particular, we are in-
forits electronic properties. In particular, in recentyears many terested in understanding the elastic—plastic transition and
theoretical and experimental studies have been carried out tovhat accompanies that transition. We note that there have
investigate the different properties and possible applicationsalready been a variety of experimental and theoretical stud-
of this materia[1-18,29] ies of nanoindentation in metallic and semiconductor ma-
terials [19,22—-28] As a first step towards understanding
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the cubic Si-terminated SiC (001) surface by a diamond reconstruction, in good agreement with density-functional

tip.

2. Molecular dynamics simulations

In order to study nanoindentation of SiC by a diamond tip,
we have carried out parallel molecular dynamics (MD) sim-
ulations using the Tersoff SiC empirical potentid]. This

theory prediction$32]. However, it should be noted that the
predicted energy difference per atom due topk2 x 1) re-
construction[32] is only a few meV and is thus relatively
small compared to the thermal energylat 300 K.

In our MD simulations, the workpiece consisted of three
types of atoms. The atoms in the bottom two layers were
fixed in order to keep the workpiece fixed during indenta-
tion. The atoms in the next two layers as well as on the sides

potential has been successfully used to describe grain boundof the workpiece were thermostat atof§,36]whose tem-

aries and antiphase boundaijiggin SiC, to study the native

perature is kept fixed in order to dissipate any heat produced

defects and primary damage states and statistics of defecby the indentation process. The remaining workpiece atoms

production in displacement cascadés8], as well as to in-

underwent constant energy molecular dynamics. In order to

vestigate the structural, mechanical, thermal vibration and speed up the molecular dynamics simulations, which are rel-

surface properties @-SiC[9,10].
The Tersoff interatomic potential involves both two- and
three-body terms:

1
=3 Z Vij  whereV;; = fc(ri))[ fr(rij) + bij fa(rij)]
i#]

)

Herei andj are labels for the atoms. The term wifh rep-
resents a repulsive pair potential due to electron overlap

with bonding. The functionfc is merely a smooth cutoff
function which limits the range of the potential. The coeffi-
cientb;; (bond order) corresponds to a many-body interaction
of the form,

bij = xij(L+ BUER) Y2 E = felrin)gig)

ki, j

)

where g(6;x) = 1+ ¢?/d? — ¢2/[d? + (hi — co%;)?] and

the constanty;;, 8, ni, ¢i, d; andh; depend on the atomic
specieqg4] andé;j is the angle between am bond and an

ik bond. The equations of motion were integrated using the
Verlet algorithm[30] with a timestep of 0.175 fs.

In our simulations, the workpiece was taken to have a
B-SiC cubic crystal structure (zinc-blende structure) with
a lattice constant of 4.32 corresponding to the room-
temperature lattice constant f@SiC obtained using the
Tersoff potentia[4]. The single crystal workpiece was made
from a stacking of close-packed layers with a free surface
corresponding to the Si-terminated (00 1) surface. Periodic
boundary conditions were assumed inxhandy-directions
(parallel to the surface) while the free surface was allowed to
relax in thez-direction.

We note that previous studies have shown that the silicon-
terminatedB-SiC (00 1) surface may have different recon-
structions depending on the stress level of the surfate
34]. For example, when the surface is under tensile stress
ac(4 x 2) reconstruction is observg8l], while in the case

of compressive stress no reconstruction is predicted to occur2496
[32]. In the absence of stress, which is the case considered3368

here, we find that the Tersoff potential leads tp(@ x 1)

atively slow due to the presence of many-body terms, we
have developed a parallel code based on atom-decomposition
[37]. Our simulations were carried out on the Ohio Supercom-
puter Center IA32 Beowulf Cluster consisting of 256 1.4 GHz
AMD Athlon MP processors. On 28 processors, a system of
34,496 atoms runs at a rate of aboutdsfatom/timestep.

In order to investigate the possible dependence of the crit-
ical depth and pressure for elastic-to-plastic transformation
on workpiece temperature, temperatures ranging from 100 to
450 K were studied. For each temperature the workpiece was

while fa represents an attractive pair potential as'Sociatedfwsteqwhbratedforapenod of 14 ps, which was much longer

than the time needed for the system to reach equilibrium. In
all simulations, the indenter was assumed to be rigid. This
is a reasonable approximation since diamond is significantly
harder than SiQ1]. The diamond indenter was assumed to
have a square pyramidal shape with a lattice constant of 3.57
A, and different tip areas as shownTable 1 As indicated,

six different indenter sizes were considered.

For each indenter size, runs were carried out with differ-
ent (increasing) workpiece sizes, in order to find the min-
imum size necessary to avoid finite-size effects during the
simulation. In particular, flve Workp|ece S|zes were consid-
ered: 18,000 atoms (@k A64.8x A43. 2A) 25,920 atoms
(77.8x AT77.8x A43.2A), 32,000 atoms (8@x A86.4x A
432A), 50, 000 atoms (10;8A 108x A 43.2A) and 67,280
atoms (125 A 125x A 43. 2A) In all cases, before indent-
ing the indenter was initially held at a distance larger than the
cutoff distance from the surface of the workpiece.

In order to study the dependence of the elastic-to-plastic
transformation on indentation speed, simulations were car-
ried out with both a ‘slow’ indentation speed (28.5 m/s) and

Table 1
Parameters describing diamond indenter used in simulations
Number of atoms Number of atoms Tip area Tip width
in indenter in tip layer (A?) A
760 13 5089 713

' 870 25 11451 1Q7
1968 41 2058 1426

61 3188 1783

85 458 21
5530 113 6234 250
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a ‘fast’ indentation speed (85.7 m/s). During unloading the of 300K. As can be seen, for this indenter size the force—
indentation velocity was the reverse of that during loading. displacement curve is reversible as long as the indentation
The total force on the substrate was calculated during inden-depth is less than a critical valug ~ 1.95+ 0.05A. How-
tation, by measuring the change in the total force acting on ever, indentation beyond this value leads to hysteresis, thus
the indenter atoms. The average applied pressure was alsindicating the beginning of plastic deformation. We note that
determined by calculating the total force divided by the pro- the critical depth obtained is essentially the same for both in-
jected contact area. Since the half-angle of the indenter useddentation speeds, thus indicating a rather weak dependence
in our simulations was 45 the projected contact area may of the critical depth on velocity. The negative force observed
be estimated using the simple expression, at positive displacement is due to the attraction of workpiece
2 atoms by the indenter during unloading. Upon unloading this
Aproj = (w + 2d) ®3) leads to neck formation between the indenter tip and work-
wherew is the tip width, and! is the indentation depth. We piece as has been observed in previous theoretical studies of

note that in our simulations, the zero of indenter displace- gold and silicon nan0|r_1dentat|¢ﬁil,22].. -
ment was defined as the point at which the force between We have also carried out simulations for significantly

the workpiece and the indenter becomes repulsive as the tipl"’llrge,r t(ijp withs up todapproxrimaﬁ;!y szat both f‘;‘?t and
approaches the surface. slow indentation speeds. As showrHig. 2for a much larger

indenter (v = 21.4,5\), we again find a very weak depen-
dence on the indentation speed. However, the value of the
3 R critical depth for hysteresisi{ ~ 1.75+ 0.0SA) is some-
. Results ;
what smaller than for the small indenter.
A summary of our results for the case of fast indentation
(v=2857m/s) atT = 300K is shown inTable 2 As can
be seen, the critical depth decreases weakly with increasing
tip width. We note that there is a slight deviation from this

Fig. 1shows the resulting force—displacement curves dur-
ing loading and unloading as a function of indentation depth
for the case of a small indenter (tip width = 7.1A) for
both slow and fast indentation with a substrate temperature
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Fig. 1. Force—displacement curve for small indenter (tip Width&].&nd Fig. 2. Force load and unload curves for large indenter (3368 atoms, tip
small workpiece (18,000 atoms, 84 A 64.8x A 43.2A). (a) Slow inden- width 21.4A) and large workpiece (50,000 atoms, 208 108x A 43.2A).

tation and (b) fast indentation. (a) Slow indentation and (b) fast indentation.
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Table 2 1510 . . . . | . |
Average critical pressure and critical depth of cut for elastic—plastic transition o Load
as function of tip-size for fast indentation at 300 K I — -Unload1.58 A
Indenter tip Average critical Critical depth £) 10 L B Un load 183? |
width (A) pressure (GPa) e--Unload 4.88 )
7.1 107 1.95+ 0.05
10.7 95 1.40+ 0.05 2 5
14.3 91 1.80+ 0.05 E” 510 i
17.8 93 1.79+ 0.05 u‘o:
214 73 1.75+ 0.05
250 68 1.55+0.05

monotonic behavior for a tip of widtly = 10.7 A. However, "
this is most likely due to small differences in the registry be- 120 RN S =(a)
tween the indenter and the substrate as the indenter tip width
is increased. As shown ifable 2 the critical pressure for
hysteresis also decreases with increasing indenter tip width.
It is interesting to compare these values with similar re-
sults obtained experimentally for larger indenters. Typically,
the hardnesHl is defined as equal to the peak force applied
during indentation divided by the projected contact §4€&
We note that the calculated hardnggs~ 68 GPa for our
largest (2.5 nm) indenter is approximately twice as large as
the valueH ~ 35 GPa obtained experimentally by Page et al.
[39] using a 100 nm indenter. However, since our measured
values for the critical pressure decrease with increasing in- 0 Moo
denter size, we expect that a simulation of a larger indenter 0 2 4 6 8
would lead to better agreement with this experiment. We also Displacement (A)
note that the existence of defects may also play an important
role in controlling the hardness for large indenter size. Fig. 3. (a) Force—displacement curve for large indenter (3368 atoms, tip
We have also investigated the dependence of the critical width 21.4A) an_d large \_Norkplece for |ndenta_t|on bgyond the critical depth.
. . (b) Corresponding applied pressure as function of indentation depth. Arrows
depth for hysteresis on the workpiece temperature by car-correspond to critical indentation depth.
rying out simulations for five different temperatures in the
range from 100 to 450 K. While the critical depth was ob- not surprising given the relatively small indentation depth.
served to decrease slightly with increasing temperature, theWe note that in X-ray diffraction studies, Yoshida et[al.
weakness of this effect suggests that it may in fact be due have reported a pressure-induced phase transitig+8iC at
primarily to thermal expansiof®,10,38] Since in our sim- 100 GPa from the zinc-blende to the rocksalt structure. They
ulations, we assumed a fixed system size corresponding toalso observed a big hysteresis in the pressure load—unload
the room-temperature lattice constant@®BiC. We there- curve due to these transformatidi2§. Since the saturation
fore conclude that there is at most a very weak dependencepressure observed in our simulations is very close to that ob-
of the critical indentation depth on both substrate temperatureserved experimentally for the pressure-induced phase transi-
and indentation velocity. tion in B-SIiC, this suggests that the deformation observed in
We note that at the critical depth the deformation already our simulations at large indentation depth may be related to
extends below the first few layers. However, at this depth the this pressure-induced phase transformation. In this connec-
main deformation corresponds to the breaking of bonds in tion, we note that in recent simulations of nanoindentation of
the top two layers around the edge of the indenter. In order Si[25,27]a phase transformation has also been observed.
to further understand the nature of the plastic deformation, In order to test for the occurrence of a phase transforma-
we have also carried simulations with a deeper indentation tion in our simulations, we have measured the pair-correlation
depth. As can be seenlfiig. 3, forthe case of alarge indenter, function in a rectangular region of size Asx 28A x 8A
the hysteresis increases with increasing indentation depth,surrounding the tip of the indenter both before indentation as
while the average pressure also increases. However, beyondvell as after indenting beyond the critical depth (arrows in
an indentation depth of approximately 5Aahe pressure  Fig. 3a and b). We note that the lattice constanBe8iC ob-
saturates at a value of approximately 100 GPa. tained using the Tersoff potential is in good agreement with
We now consider the nature of the elastic-to-plastic transi- the experimental value:(= 4.36A). Therefore, as shown in
tion observed in our simulations. While plastic deformation Fig. 4, before indentation we obtain pair-correlation func-
was observed for indentations beyond the critical depth, no tion peaks at 1.87 and 3.085s expected, corresponding to
clear evidence of dislocations was found. This is perhaps the nearest-neighbor and next-nearest-neighbor distances, re-
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Fig. 4. Pair correlation plots before and after indentation. Fig. 5. Bond-angle distribution function before and after indentation.

spectively. In contrast, for the experimentally observed rock-
salt SiC structureq = 3.68A), first, second, and third neigh-  larger than the experimental value. Accordingly, we expect
bor peaks are expected at 1.84, 2.60, andé,l@spectively. that while our simulations may accurately describedhset

As can be seen iRig. 4, after indentation to a depth of 4.9  of a phase transition due to indentation they cannot describe
A or higher, the first-neighbor peak is significantly reduced the full transition to the rocksalt structure. This interpretation
and widened while its location (1.99 is slightly shifted to ~ is supported by the fact that in our simulations the pressure
the left, in rough agreement with the expected first neighbor saturates at a value (approximately 100 GPa) which is in good
peak for the rocksalt structure. A broad peak at approximately agreement with that observed experimentally for the phase
2.5A is also indicated, again in rough agreement with the ex- transition fromp-SiC to the rocksalt structuffe].
pected second-neighbor peak atR ®r the rocksalt struc-
ture. Finally, while the amplitude of the third-neighbor peak
is reduced, its location (3;@) is also close to that expected 4. Conclusion
for the rock salt structure. Thus, these changes are consistent
with a phase transition to the rocksalt structure, although the  Using molecular dynamics we have studied the depen-
expected sharp peaks are not fully reproduced. dence of the elastic—plastic transition during nanoindenta-

We have also studied the bond-angle distribution as a func-tion of B-SiC by diamond, on indenter velocity, size, and
tion of indentation depth in order to further understand the workpiece temperature. We found that for indentation veloc-
structural changes due to indentation. In order to study theities ranging from 28.5 to 85.7 m/s, the critical depth for the
bond-angle distribution, we assigned a bond between any pairelastic-to-plastic transformation g£SiC during indentation
of workpiece atoms whose distance is less thard2Ince depends only weakly on the indentation velocity. In addition,
this distance is larger than the nearest-neighbor distancesve found that there is at most a very weak dependence of the
for the zinc-blende and rocksalt structures but significantly critical depth on workpiece temperature over the temperature
smaller than the second neighbor distance. We note thatin theange 100-450 K.
cubicB-SiC zinc-blende structure the angle between nearest- We have also studied the dependence of the critical
neighbor bonds is 109:5while the bond angle is 90n the pressure for the elastic-to-plastic transition on indenter size.
rocksalt structure. As can be seerfig. 5, after indentation In particular, we found that the critical pressure decreases
the dominant peak at 109emains although it is weakened with increasing tip width. Similarly, we found that the critical
and significantly broadened. At the same time, however, two depth decreases weakly and roughly monotonically with
new broad peaks appear which are centered at approximatelyncreasing indenter tip width. We note that the critical depth
56 and 77. While these values are somewhat different from obtained in our simulations (1.4—23() is less than twice
the expected peak values (45 and)d@r the rocksalt struc-  the layer spacing fop-SiC and corresponds essentially to
ture, they are suggestive of a transition to a structure which breaking the first two planes. This value is approximately
has some similarities to the rocksalt structure. three times smaller than that found in simulations of

We may interpret these results as follows. While the Ter- nanoindentation in metal[23,24] which is consistent with
soff potential may accurately describe the covalently bonded the fact that SiC is much harder than a typical metal.
B-SiC and 6H structures, it does not properly take into ac- We have also studied the nature of the deformation
count ionic bonding and so cannot accurately reproduce thecorresponding to indentation beyond the critical depth. In
rocksalt structure, as indicated by the fact that the lattice con- particular, we found that with increasing indentation depth,
stant of the Tersoff rocksalt SiC structuyrd is somewhat the pressure increases and then saturates at 100 GPa, which



240 A. Noreyan et al. / Materials Science and Engineering B 117 (2005) 235-240

corresponds to the experimental pressure at which a phasg10] L. Porter, J. Li, S. Yip, J. Nucl. Mat. 246 (1997) 53.
transformation from the zinc-blende to rocksalt structure [11] H. Yan, A.P. Smith, H. Jonsson, Surf. Sci. 330 (1995) 265.
occurs. As already noted, we believe that this indicates the [12] K. Karch, P. Pavone, W. Windl, O. Schutt, D. Strauch, Phys. Rev. B 50

i . (1994) 17054.
onset of a phase-transformation from f$SiC structure to [13] F. Gao, W.J. Weber, Nucl. Inst. Meth. B 191 (2002) 504.

the rocksalt structure. Such an interpretation is supported by[14] k. Karch, F. Bechstedt, P. Pavone, D. Strauch, Phys. Rev. B 53 (1996)
our results for the pair-correlation function and bond-angle 13400.

distribution after indentation, which suggest a transition to a [15] K. Karch, P. Pavone, A.P. Mayer, F. Bechstedt, D. Strauch, Physica B
structure which is similar to the SiC rocksalt structure. This 219/220 (1996) 448.

. . . . . [16] G. Galli, L. Pizzagalli, A. Catellani, F. Gygi, A. Baratoff, Appl. Surf.
is consistent with the fact that while the Tersoff potential Sci. 162/163 (2000) 1.

describes the covalently bondgeSiC and 6H structures ac-  [17] m.s. Miao, M. Prikhodko, W.R.L. Lambrecht, Phys. Rev. B 66 (2002)
curately, it does not properly take into account ionic bonding 064107.
and so cannot accurately reproduce the rocksalt structure[18] M. Prikhodko, M.S. Miao, W.R.L. Lambrecht, Phys. Rev. B 66 (2002)
Thus, we expect that even though the full transition to a 125201

ksalt struct . t | d d imulati [19] G.S. Smith, E.B. Tadmor, E. Kaxiras, Phys. Rev. Lett. 84 (2000) 1260.
rocksalt structure Is not properly reproguced, our simuiations [20] I. Marinescu, H. Tonshoff, I. Inasaki, Handbook of Ceramic Grinding

accurately predict the onset of a phase transition during and Polishing, William Andrews Publishing, Noyes, 2000.

indentation. [21] M.R. Sorensen, K.W. Jacobsen, H. Jonsson, Phys. Rev. Lett. 77 (1996)
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