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Crack propagation in a graphite sheet is investigated with million atom molecular-dynamics simula-
tions based on Brenner's reactive empirical bond-order potential. For certain crystalline orientations,
multiple crack branches with nearly equal spacing sprout as the crack tip reaches a critical speed of
0.6V, whereVy is the Rayleigh wave speed. This results in a fracture surface with secondary branches
and overhangs. Within the same branch the crack-front profile is characterized by a roughness expo-
nent,a = 0.41 = 0.05. However, for interbranch fracture surface profiles the return probability yields
a = 0.71 = 0.10. Fracture toughness is estimated from Griffith analysis and local-stress distributions.
[S0031-9007(97)02755-5]

PACS numbers: 62.20.Mk, 61.20.Ja, 61.43.Hv, 81.40.Np

Instabilities in crack-front propagation have been thevalue of the roughness exponent (close to 0.5) is found on
focus of many recent experimental [1,3], theoreticalnanometer length scales or in the case of slow crack propa-
[4-6], and numerical studies [6,7]. Experimental inves-gation [14,15]. The crossover between these two differ-
tigations of fracture dynamics in brittle materials haveent regimes of fracture has been observed in experiments
revealed that the flow of energy into a system increasesn Ti;Al-based alloys [14] and MD simulations of silicon
the crack-front speed until it reaches a critical valug, nitride [10]. Recently, self-affine behavior has been ob-
where local crack branches sprout to facilitate the dissipaserved in branched cracks, and their roughness exponents
tion of energy. The experimental value ¥f is found to  are consistent with the universal values [13].
be 0.36Vg, whereVy is the Rayleigh wave speed in the  The purpose of this Letter is to describe the results of a
material [1]. Marder and Liu [6] have investigated this MD simulation dealing with morphological and dynamic
issue in a model 2D system of coupled springs which snapspects of fracture in a real brittle system, namely, a
beyond a critical displacement to mimic brittle behavior.single graphite sheet (graphine). Molecular dynamics
In this model system, local crack branches appear whesimulations on d.1 X 10° particle graphite system show
the crack-front speed exceedsb6Vg. Back in 1951 multiple crack branches sprouting off the primary crack
Yoffe [8] had found from linear elasticity that straight- front when its speed exceefi$Vy. The spacing between
line crack-front propagation in a nondissipative 2D sys-adjacent local crack branches is nearly constant, and the
tem was unstable at crack-front speeds alibo®x. number of branches grows with time as more energy flows

There is an alternative scenario of energy dissipatiornto the system. Most of the local crack branches die
during crack-front propagation [9]. Experimental studiesafter propagating for a short while. Fracture profiles of
indicate that stress fields around the crack front causidividual branches have a roughness exponent of 0.4,
the growth and coalescence of preexisting microvoids irwhereas the return probability for interbranch fracture
the path of the crack front. Recent molecular-dynamicsprofiles yields a roughness exponent of 0.7.

(MD) simulation studies [10] of fracture in amorphous Our molecular-dynamics simulations are based on reac-
silicon nitride also find that an increase in the externative bond order potentials for hydrocarbons developed by
strain causes micropores to grow and coalesce into larg&renneret al. [16] In this model, the potential energy is
entities until one of the pores percolates through the entiraritten as

system. N N
Another aspect that has drawn a great deal of atten- E, = Z Z[qsg(r,»j) - bijqbgj-(rij)], @
tion in recent years is the morphology of fracture sur- i j>i

faces. The pioneering work of Mandelbettal. [11] and  where ¢*(r) is the repulsive part of the potential and
many subsequent experimental studies have established'(r) is an attractive pair potential which represents the
that rough fracture surfaces are self-affine objects witlthemical bonding between atoms&nd j. The attractive

a typical roughness exponent of 0.8 for 3D and 0.7 forpart is modified by a bond-order teri,;, which accounts
2D fracture. Careful experimental studies [12—14] indi-for different strengths of single, double, and triple bonds.
cate that for rapidly moving crack fronts or above a cer-The bond order depends on local coordination and bond
tain crossover length these roughness exponents do nabgles. Additional terms are included #p; to describe
depend on material characteristics. However, a smalldsonds which are part of a conjugated system or have

2148 0031-900797/78(11)/2148(4)$10.00 © 1997 The American Physical Society



VOLUME 78, NUMBER 11 PHYSICAL REVIEW LETTERS 17 MRcH 1997

radical character as well as the energetics of rotation For both G(1,1) and G(1,0) orientations, the initial
around dihedral angles for carbon-carbon double bondsiotch of length 30 A does not propagate for applied
The parameters of the model have been fitted to astrains less than 12%. In the case 6f(1,1), the
extensive database of experimental values abdnitio  notch inserted in the graphite sheet under 12% strain
calculations. This potential has been successfully used foropagates at an average speed of 6.2«kmThis is
investigate various carbon and hydrocarbon systems [17b0% of the calculated Rayleigh wave speed for the
Dynamic fracture is studied in a singleS00 A X graphite sheet. It is evident in the inset in Fig. 2 that
2000 A graphite sheet containingl X 10° atoms. (Dan- the graphite sheet in th&(1,1) orientation undergoes
gling bonds at the boundaries are terminated with hydroeleavage fracture.
gen atoms.) The simulations are run with a time step of We have also estimated the fracture toughness of
1 fs at 300 K. While the initial configuration is com- the graphite sheet in thé&(1,1) orientation using the
pletely two dimensional, the dynamics of atoms is fol-MD approach. The system with a notch of 50 A has
lowed in three dimensions. Fracture in the graphite shedieen subjected to different strains. Applying the Griffith
is studied under constant applied strain after inserting ariterion with the surface energy determined from the
small triangular notch of length 30 A. The morphology final fracture surface, the critical stress is estimated to be
of fracture surfaces and crack-front dynamics is analyzedl GPa [19]. The crack starts propagating at a stress of
by converting atomic configurations into two-dimensional66 GPa, which corresponds to a critical strain of 10%.
images with pixel size of 3 A. Roughness exponents ar&rom these results, the value of the fracture toughness
calculated from the height-height correlation function and(defined asor./c, where o is the critical stress at
alternatively, from return probability histograms of frac- which the crack starts propagating, ands the length
ture surfaces [13]. The crack-front dynamics is deter-of the notch) is found to bé.7 MPam!/2. We have also
mined from shapshots of the system taken every 0.05 pscalculated the local-stress distribution around the notch
We consider two possible orientations of the graphitgust before the onset of crack propagation. The data
sheet with respect to the applied strain. The geometry imre well described byi/,/r dependence with a stress
which the applied strain is parallel to some of the covalenintensity factor of6 MPam!/2. The angular dependence
bonds [Fig. 1(a)] is referred to @(1, 1). However, when of the local stresses is also in good agreement with the
some of the bonds are perpendicular to the direction of thpredictions of the elasticity theory.
applied strain [Fig. 1(b)], we call this orientati@n(1, 0).
In both cases, after applying a given strain we insert
a notch and then monitor the behavior of the system
keeping the external strain fixed. Two million-particle
simulations are performed for th&(1, 0) configuration at
external strains of 12% and 16% [18].

(a)
(b) G(1,0)

15000 A

FIG. 1. Orientations in fracture simulations of the graphite
sheet: InG(1,1) orientation the applied strain is parallel to FIG. 2(color). Branched crack in a graphite sheet witti, 0)
some of the C-C bonds and in tiig 1, 0) orientation the strain  orientation and 12% strain. Inset: cleavage fracture¥6r, 1)
is perpendicular to some of the bonds. orientation.
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Figure 2 shows that fracture in th&(1, 0) orientation Crack tip positions X and Y) determined from snap-
is quite different from that observed in the case ofshots of the crack are plotted in the inset of Fig. 4. For a
G(1,1). After propagating for 2 ps, the crack front branched crack, multiple crack tips corresponding to dif-
splits up into two nearly symmetric branches, orientedierent branches are shown so that the crack-tip trajectories
30° relative to the primary crack front. Each branchdirectly correspond to the final shape of the crack (com-
now propagates in the same crystallographic directiopare Fig. 3 and the inset in Fig. 4). Figure 4 also shows
as in the case o6(1,1) and quickly accelerates to the the time evolution of various local crack branches. It is
same terminal speed of 6.2 Ks1 Subsequently they evident that they all maintain nearly the same velocity un-
give rise to more branches, which are oriented® 60til some of them slow down and stop. The speed along
relative to the “mother” branches. Most of the “daughter”the direction of propagation is found to be 7.2 jen—
branches propagates for less than 10 ps and then theiearly two-thirds of the Rayleigh wave speed. Most of
motion completely subsides. In contrast, the mothethe local branches have a lifetime ef5 ps; however, a
branches continue to propagate maintaining the samfew local branches survive much longer and one of them,
speed until the sample completely fractures. After 18 psin particular, has a sufficiently long lifetime of 20 ps.
the mother branches are reflected by the boundaries. We have also examined the morphology of fracture
Although crack branching increases the amount of energgurfaces by calculating their roughness exponents. For
dissipated due to surface creation, we do not find anypranched cracks, the roughness exponent is calculated
significant differences in the critical stress from that in thefrom the return probabilityP(z,r), where r denotes
case ofG(1,1). the coordinates parallel to the fracture surface and

Figure 3 shows various crack branches in thd,0) is measured perpendicular to the surfacB(z,r), the
orientation of the graphite sheet after it fractures undeprobability that the pointry + r,zo + z) belongs to the
an applied strain of 16%. In this case also, the notcHracture surface given thét, zo) is on the surface, scales
almost immediately splits up into two secondary branchesasP(z, r) ~ r~%, wherea is the roughness exponent. In
which give rise to almost equally spaced local brancheshe absence of branching, the roughness exponents may
(the spacing is~200 A). The branching occurs more be calculated from the height-height correlation function,
frequently than in the previous case (12% strain) and, 2
in addition, the fracture surface contains much smaller [8(r)F = <h(r)h(O)), (2)
branches with a spacing 6f50 A. wherer is measured along the direction of crack propaga-
tion, & is the height perpendicular to the fracture surface,
and the average is taken over the whole surface. For self-
affine surfacesg(r) scales as-*. For branched cracks,
the average in Eq. (2) is restricted to correlations within
the same branch. Figure 5(a) shog(g) calculated for a
long single branch in the graphite sheet under 16% strain
in the G(1, 0) orientation. From these data, we find the
“intrabranch” roughness exponest= 0.41 = 0.05.
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FIG. 4. Crack-tip positions along the axis as a function of

time; the geometry isG(1,0) and the applied strain is 16%.

FIG. 3(color). Fracture in a graphite sheet subjected to 16%he inset is a cumulative plot of all the crack-tip positions in
strain in theG(1, 0) orientation. the XY plane recorded every 0.05 ps.

2150




VOLUME 78, NUMBER 11 PHYSICAL REVIEW LETTERS 17 MRcH 1997

LI B B N L L LI Y RS}

(a)_g

mated to bet.7 MPani/2 from Griffith analysis. This is
consistent with the stress intensity facter6 MPam/2)
extracted from the local-stress distribution.
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