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Crack propagation in amorphous Si;N, films is investigated with large-scale molecular-dynamics
simulations on parallel machines. We observe a correlation between the speed of crack propagation and
the morphology of fracture surfaces. Initially, as the crack propagates slowly, the roughness exponent
for fracture surfaces is found to be 0.44. However, beyond a certain speed of crack propagation, the
exponent crosses over to 0.8. This crossover behavior is similar to the recent experimental finding by

Bouchaud and Navéos.

PACS numbers: 61.43.Bn, 61.20.Ja, 62.20.Mk

The morphology of fracture surfaces has drawn a great
deal of attention in recent years. It is now well estab-
lished that a fracture surface z(x,y) is a self-affine ob-
ject in that it remains invariant under the transforma-
tion (x,y,z) — (ax,ay,a?), where « is known as the
roughness exponent. A decade ago, Mandelbrot and co-
workers reported the first measurements of the roughness
exponent for metallic surfaces [1]. Since then there has
been a great deal of controversy regarding the value of
«. Bouchaud, Lapasset, and Planes carried out measure-
ments of a for four aluminum alloys with different heat
treatments, and in each case they obtained a = 0.8 [2].
Maélgy et al. made measurements on six different brit-
tle materials and found « to be 0.87 = 0.07 [3]. This
led them to conjecture that fracture surfaces of brittle
and ductible materials had a “universal” roughness ex-
ponent, independent of material characteristics and the
mode of fracture. Milman et al. questioned the validity of
the “universality” of «, especially at microscopic length
scales, by pointing out that their scanning tunneling mi-
croscopy data for MgO, Si, and Cu revealed the roughness
exponent to be around 0.6 [4]. Measurements on tung-
sten and graphite also indicated a low value of a (=0.4)
[4]. However, recent molecular-dynamics (MD) simula-
tions for such disparate systems as porous silica [5] and
two-dimensional Lennard-Jonesium [6] found a = 0.8.

In this Letter we report the results of a MD study
of crack propagation and the morphology of fracture
surfaces in amorphous silicon nitride films. In these films,
we find the primary crack propagates slowly at a speed
of 640 m/s for the first 12.1 ps of the MD simulation
and the corresponding fracture surfaces have a roughness
exponent of 0.44. After 12.1 ps we observe considerable
secondary fracture ahead of the primary crack, with the
crack accelerating to a speed of 1630 m/s. The resulting
fracture surfaces of the amorphous film are found to have
a much higher value (= 0.82) of the roughness exponent.
Such a crossover behavior has also been observed in a
recent experiment by Bouchaud and Navéos [7], and it
is consistent with a model in which a fracture surface is

3138 0031-9007/95/75(17)/3138(4)$06.00

considered the trace of a line propagating in a random
medium [8]. The model predicts the roughness exponent
to be 0.75 for high-velocity and 0.5 for low-velocity
fracture surfaces [9].

MD study of fracture in Siz;N, films involved sys-
tems with 100352 atoms (typical dimensions of a film
were 220 X 220 X 20 A3), interacting via a combination
of two- and three-body potentials. The two-body poten-
tial includes steric repulsion, the effect of charge trans-
fer via Coulomb interaction, and the large electronic po-
larizability of anions through the charge-dipole interac-
tion [10]. Three-body interactions with bond-bending and
bond-stretching terms were introduced to include covalent
effects [10]. Using highly efficient multiresolution algo-
rithms [11], the MD simulations were performed on the
128-node IBM SP computer at Argonne National Labora-
tory. (This MD implementation has a parallel efficiency
of 92%, communication overhead of only 8%, and it exe-
cutes a 4.2 X 10° particle simulation of Si;N at the rate
of 10.3 s per time step on 64 nodes.)

To evaluate the quality of the interaction scheme, vari-
ous structural and dynamical correlations and elastic con-
stants in the bulk Si;N, were computed and the results
were compared with available experimental measurements

TABLE I. Elastic moduli of «-Si;N,. The MD results
for the hydrostatic bulk modulus ,8;1, the inverse linear
compressibilities parallel to the a and ¢ axes 8, ' and B!, and
the elastic moduli along the directions with angles 5°, 64.2°,

and 83.1° from the ¢ axis are compared with experiments.

MD (GPa) Experiment (GPa)
B! 287 2822
B! 824 8474
B! 943 8702
E(5°) 419 456°
E(64.2°) 375 3780
E(83.1°) 386 488"

*Reference [12].
bReference [13].
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[10]. In the crystalline state, the MD results for interparti-
cle separations (Si-Si, Si-N, and N-N) and bond angle dis-
tributions (N-Si-N and Si-N-Si) are in excellent agreement
with experiments. Not only that, the MD static structure
factor for the glass agrees well with neutron-scattering
measurements over the entire range of wave vectors. The
specific heat of crystalline a-Si3Ny4, obtained from the
phonon density of states, is also in excellent agreement
with experimental measurements over a wide range of
temperatures. The MD results for various elastic moduli
are also in reasonable agreement with experimental values
[12,13]; see Table 1.

As a precursor to the study of crack propagation in
SisN,, we investigated the response of well-thermalized
crystalline and amorphous films to uniaxial tensile loads.
Crystalline films were obtained by removing periodic
boundary conditions on well-thermalized bulk a-Si3zNg4
crystals and then relaxing the systems with MD and
conjugate-gradient schemes. (The a and ¢ axes were
parallel to the x and z axes, respectively, and the
film was perpendicular to the z axis.) In the case of
amorphous films, we first prepared well-thermalized bulk
systems by quenching the molten state and then periodic
boundary conditions were removed and the systems were
relaxed with MD and conjugate-gradient methods. These
well-thermalized crystalline and amorphous Si;N, films
were subjected to uniaxial tensile loads by displacing
atoms uniformly in the uppermost and lowermost layers
(thickness ~5.5 A each) along the x direction. The strain
was applied at a constant rate while maintaining the
temperature at 300 K.
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FIG. 1. Tensile stress o,,, in the x direction as a function
of the uniaxial strain &,, in the x direction for (a) a-crystal
and (b) amorphous Si3N, films at various strain rates between
0.0192 and 0.0767 ps~ .

Figure 1 shows the strain-stress curves for crystalline
and amorphous films at various strain rates between
0.0192 and 0.0767 ps~!. The response of crystalline
films to tensile strain follows Hooke’s law until the strain
reaches a critical value of ~8% where the films fail cat-
astrophically [see Fig. 1(a)]. In the case of amorphous
films, Fig. 1(b) shows that the peak in the strain-stress
curve, i.e., the theoretical tensile strength without macro-
scopic defects, is much smaller than that for crystalline
films. Furthermore, in amorphous films Hooke’s law ap-
plies over a much narrower range than in crystalline
films because of the presence of microstructures. Outside
the regimes where Hooke’s law applies, the strain-stress
curves exhibit a strong strain-rate dependence due to the
slow rearrangement of SiN, tetrahedral units [14].

The difference between the strain-stress curves of the
crystalline and amorphous films results from different
microstructures in these systems. Figure 2 shows 5.6-A-
thick slices of «a-crystal and amorphous films before
failure (strain ~3.3%). Crystalline films respond to
tensile load by uniformly rearranging the tetrahedral units
[see Fig. 2(a)] whereas in amorphous films micropores
develop and they coalesce to release the stress [see
Fig. 2(b)].

To investigate crack propagation in an amorphous
SisNy film by MD simulations [15], we insert a crack
in a uniaxially stretched film (strain ~4%) by removing
particles within a region whose projection onto the xy
plane is 4 X 50 A2, and we use a strain rate of 0.01 ps~ L.
The crack plane is parallel to the yz plane, and the crack
propagates along the y direction.

Figure 3 shows snapshots of the amorphous Si;N, film
projected onto the xy plane. Initially the crack propagates
straight along the y direction, as shown in Fig. 3(a), for
the first 4.5 ps. At 9.7 ps, we observe the formation of
voids in front of the crack tip [see Fig. 3(b)]. These
voids grow and form a secondary crack, and eventually
the secondary crack and the primary crack coalesce, as
shown in Fig. 3(c) at 12.3 ps. The resulting crack surface
is very rough, as evident from the snapshot in Fig. 3(d) at
t = 164 ps.
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FIG. 2 (color). 5.6-A-thick slices of (a) a-crystal and (b)
amorphous Si3;N, films under 3.3% uniaxial strain. Lines
represent Si-N bonds. The cyan and magenta colors represent
bonds emanating from Si and N atoms, respectively. The
figures show film segments (39 X 36 A).
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FIG. 3 (color).
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Snapshots of crack propagation in an amorphous Si;N, film at time (a) 4.5 ps, (b) 9.7 ps, (c) 12.3 ps, and (d)

16.4 ps. The color code represents the particle density. These figures show the formation and coalescence of secondary cracks.

We have calculated the height-height correlation func-
tion [5]

g(y) = ([h(y + yo) = h(y0) ' (1
of the crack surface using the height profile A(y). In
Eq. (1), the bracket denotes the average over yo. For a
self-affine surface, the height-height correlation function is
expected to obey the scaling relation g(y) ~ y* [1-4,16].

Figure 4 shows a log-log plot of the height-height
correlation function for the crack surface in the amor-
phous film. There are two well-delineated regimes in this
figure. For smaller length scales, we observe a rather
smooth crack surface with a smaller roughness expo-
nent. By linear fitting we obtain a roughness exponent of
0.44 *+ 0.02 for y < & < 25 A. Beyond this crossover
length &, the surface is rougher with a larger exponent
a = 0.82 = 0.02.

To relate the morphology of the crack surface to the
crack dynamics, we show in Fig. 5 the crack tip position
as a function of time in the amorphous film. Initially the
crack propagates slowly and continuously. At 12.1 ps the
crack tip jumps suddenly as the primary and secondary
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FIG. 4. Log-log plot of the height-height correlation function

g(y) (open circles). The solid lines represent the best fit
g(y) ~y%, with @ = 044 * 0.02 for y < & = 25 A, and
a = 0.82 *0.02 for y > £. The inset shows g(y) (open
circles) within the primary and secondary cracks at 12.0 ps
before they coalesce. The best fit (solid line) gives a =
0.40 = 0.04.
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cracks coalesce. The distances between this and each
of the subsequent jumps are between 20 and 40 A,
which are close to the crossover length of the height-
height correlation function. We thus conclude that the
smaller roughness exponent (o« = 0.44) corresponds to
slow crack propagation inside microcracks, and the larger
exponent (@ = 0.82) corresponds to the intermicrocrack
propagation associated with the coalescence of microc-
racks [17]. The average propagation speed in the second
regime (1630 m/s) is much larger than in the first regime
(640 m/s).

The above conclusion is further confirmed by the cal-
culation of the intramicrocrack height-height correlation
function. Before the primary and secondary cracks co-
alesce, g(y) is calculated separately for the two cracks
at 12.0 ps. The results are then averaged as shown in
the inset of Fig. 4, and we obtain a roughness expo-
nent o = 0.40 = 0.04, corresponding to intramicrocrack
propagation. This result is close to the smaller exponent
(a = 0.44) of the fracture surface.

A similar crossover from quasistatic to rapid fracture
was observed in recent experiments by Bouchaud and
Navéos [7]. For titanium aluminum alloys, they observed
a crossover of the roughness exponent from 0.45 to 0.84.
They also found that the crossover length scale decreases
when the local stress intensity factor, or correlatively, the
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FIG. 5. Crack tip position as a function of time (solid curves)
in an amorphous Si;N, film. Linear fits (dashed lines) before
and after 12.1 ps give the average crack tip velocities of 640
and 1630 m/s, respectively.
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crack velocity increases. In MD simulations, the very
large tensile stress results in a small crossover length on
the nanometer scale.

This crossover phenomenon is consistent with a model
in which a fracture surface is considered the trace of a
line propagating in a random medium [7,8]. The model
predicts the roughness exponent to be 0.75 for high-
velocity and 0.5 for low-velocity fracture surfaces [9].

In summary, we have observed a crossover from slow
to rapid fracture in MD simulations of amorphous silicon
nitride films. The morphology of the crack surfaces
correlates with the crack dynamics: The slow propagation
creates smooth crack surfaces with a roughness exponent
of 0.44; on the other hand, the rapid propagation creates
rough surfaces with an exponent of 0.82. This crossover
behavior is in agreement with recent experiments by
Bouchaud and Navéos [7].
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with the Equipment Enhancement Grants awarded by the
Louisiana Board of Regents through Louisiana Education
Quality Support Fund.

[1] B.B. Mandelbrot, D.E. Passoja, and A.J. Paullay, Nature
(London) 308, 721 (1984).

[2] E. Bouchaud, G. Lapasset, and J. Planés, Europhys. Lett.
13, 73 (1990); E. Bouchaud, G. Lapasset, J. Planes, and
S. Navéos, Phys. Rev. B 48, 2917 (1993).

[3] K.J. Malgy, A. Hansen, E.L. Hinrichsen, and S. Roux,
Phys. Rev. Lett. 68, 213 (1992); 71, 205 (1993).

[4] V.Y. Milman, R. Blumenfeld, N. A. Stelmashenko, and
R.C. Ball, Phys. Rev. Lett. 71, 204 (1993).

[5] A. Nakano, R. K. Kalia, and P. Vashishta, Phys. Rev. Lett.
73, 2336 (1994).

(6]

(7]
(8]

(9]
[10]

(11]

[12]
[13]
(14]

[15]

[16]

(171

(18]
[19]

[20]
[21]

F.F. Abraham, D. Brodbeck, R.A. Rafey, and W.E.
Rudge, Phys. Rev. Lett. 73, 272 (1994).

E. Bouchaud and S. Navéos (to be published).

J.P. Bouchaud, E. Bouchaud, G. Lapasset, and J. Planes,
Phys. Rev. Lett. 71, 2240 (1993).

D. Etras and M. Karder, Phys. Rev. Lett. 69, 889 (1992).

P. Vashishta, R. K. Kalia, and I. Ebbsjo, Phys. Rev. Lett.
(to be published); A. Omeltchenko, A. Nakano, R.K.
Kalia, and P. Vashishta (to be published).

R.K. Kalia, S. W. de Leeuw, A. Nakano, D.L. Greenwell,
and P. Vashishta, Comput. Phys. Commun. 74, 316
(1993); A. Nakano, P. Vashishta, and R. K. Kalia, ibid. 77,
302 (1993); A. Nakano, R.K. Kalia, and P. Vashishta,
ibid. 83, 197 (1994).

L. Cartz and J.D. Jorgensen, J. Appl. Phys. 52, 236
(1981).

A.A. Mukaseev, V.N. Gribkov, B. V. Shchetanov, A.S.
Isaikin, and V. A. Silaev, Poroshk. Metall. 12, 97 (1972).

R. Ochoa, T.P. Swiler, and J. H. Simmons, J. Non-Cryst.
Solids 128, 57 (1991).

Microscopic mechanisms of crack propagation in two-
dimensional and bulk crystalline systems have been
studied by MD simulations in Refs. [6] and [18-20].

At vertical coordinate y the height profile A(y) is
calculated as the largest (smallest) horizontal coordinate of
the lower (upper) crack surface in the x direction. Because
of small system size, it is difficult to establish self-affinity
and associated correlation length. However, the exponent
a is useful to quantify the surfaces at different length
scales.

It should be noted that disorder plays an important role
in the observed crossover behavior. In MD simulations on
crystalline films, we found that cracks propagate straight
along the y direction in a cleavage manner. Because of
a dynamic instability, higher crack velocities have been
shown to lead to rougher fracture surfaces even in crystals
[6] and homogeneous materials [21]. We are performing
simulations for large crystalline films to investigate the
nature of such a dynamic instability.

W.T. Ashurst and W.G. Hoover, Phys. Rev. B 14, 1465
(1976).

A. Paskin, A. Gohar, and G.J. Dienes, Phys. Rev. Lett.
44, 940 (1980).

K.S. Cheung and S. Yip, Phys. Rev. Lett. 65, 2804 (1990).
J. Fineberg, S.P. Gross, M. Marder, and H.L. Swinney,
Phys. Rev. Lett. 67, 457 (1991).

3141



FIG. 2 (color). 5.6-A-thick slices of (a) a-crystal and (b)
amorphous Si;N, films under 3.3% uniaxial strain. Lines
represent Si-N bonds. The cyan and magenta colors represent
bonds emanating from Si and N atoms, respectively. The
figures show film segments (39 X 36 A).
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FIG. 3 (color). Snapshots of crack propagation in an amorphous Si;N, film at time (a) 4.5 ps, (b) 9.7 ps. (c) 12.3 ps, and (d)
16.4 ps. The color code represents the particle density. These figures show the formation and coalescence of secondary cracks.



