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We investigate the mechanisms of fatigue behavior in nanocrystalline metals at the atomic scale using
empirical force laws and molecular level simulations. A combination of molecular statics and molecular
dynamics was used to deal with the time scale limitations of molecular dynamics. We show that the main
atomistic mechanism of fatigue crack propagation in these materials is the formation of nanovoids ahead
of the main crack. The results obtained for crack advance as a function of stress intensity amplitude are
consistent with experimental studies and a Paris law exponent of about 2.
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Introduction.—Fatigue of metallic materials is an im-
portant issue in the field of mechanical behavior. Nano-
crystalline materials are especially susceptible to fatigue
failure [1,2]. This behavior is attributed to the large volume
fraction of grain boundary material. The details of fatigue
failure and the mechanisms by which it occurs are not well
understood. Theoretical models have generally been lim-
ited to the macroscopic and mesoscales, and no studies
have been performed at the atomistic level to the best of
our knowledge [3—6]. The two basic reasons why fatigue
has not been studied atomistically relate to the length and
time scales. In this Letter we show that with current
computing power we can approach the experimental fa-
tigue length scale of nm/cycle crack extension. The key
issue of MD time scale (ns) vs experimental fatigue time
scale(s) is addressed in the present work using a combina-
tion of molecular statics and molecular dynamics. The
combined results of these two techniques are shown to
allow basic understanding of the essential processes of
crack advance under cyclic loading.

The simulations we present here utilize an embedded-
atom method (EAM) potential for Ni that is based on first
principle calculations [7] and has been tested as part of our
previous work dealing with fracture under monotonic load-
ing [8]. In this Letter, we report the first simulations under
cyclic loading performed on a digital sample with a co-
lumnar grain structure with random misorientations and a
6 nm grain size. We demonstrate that we can reach the
Paris regime, and we analyze the detailed mechanism of
fatigue crack advance in nanocrystalline materials.

Simulation technique.—The simulation of fracture is
performed introducing a semi-infinite crack loaded to a
given stress intensity K. In both molecular dynamics and
molecular statics the loading is introduced by using dis-
placement fields obtained from the elasticity theory for the
given value of the stress intensity. The introduction of the
crack is also performed using continuum solutions based
on the linear elasticity theory. The role of the continuum
solution is twofold. First, it serves as an initial guess for the
relaxed atomic configuration in all the regions of the
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simulation. Second, it serves as boundary conditions that
are kept fixed in the regions far from the crack tip. Based
on continuum fracture mechanics, the elastic solution
should be valid far from the crack tip. The atomic positions
far from the crack tip are held fixed according to the elastic
solution during the conjugate gradient routine used in
molecular statics or during a certain number of time steps
in the molecular dynamics technique. As the simulation
proceeds, the loading can be increased or decreased super-
posing corresponding displacement given by linear elas-
ticity, updating the fixed boundary conditions to those
representative of a crack with a higher or a lower loading
level. These displacements can be used to simulate cyclic
loading by applying a load to a certain stress intensity K
max for the first part of the cycle and then superposing
displacements corresponding to reach a lower stress inten-
sity K min in the second part of the cycle. The cyclic
process between maximum and minimum stress intensities
can be simulated with either molecular dynamics or mo-
lecular statics. The latter technique simulates an equilib-
rium configuration in the crack tip area at both the
minimum and maximum loading points of each cycle.
Alternatively, molecular dynamics represents the response
of the crack tip at extremely high cycling rates. In the work
reported here we used both techniques.

The initial atomic configurations used in our studies
were generated using a Voronoi construction [9]. The
columnar grains in the sample were generated by using a
common [110] axis for all grains and a random rotation
angle around this axis for the various grains. The sample
contains 36 grains with an average grain size of 6 nm. The
periodicity along the [110] axis common to all grains is
kept at the lattice periodicity along that direction. The grain
boundaries present in these samples are of pure tilt char-
acter and have random misorientation angles. After their
initial creation, the samples were fully relaxed using a
conjugate gradient technique. The initial relaxation in-
cluded the simultaneous energy minimization with respect
to the total sample volume. The relaxed configuration is
then used as a starting configuration in both the molecular
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statics and the dynamics techniques to study crack propa-
gation using the same EAM interatomic potential and
cyclic loading.

Results.—The samples were subject to cyclic loading
with an average stress intensity, K. of 0.96 MPa,/m. Four
values of the stress intensity amplitude were consid-
ered, namely, 1.28, 1.6, 1.76, and 2.9 MPa./m. For the
molecular dynamics simulations 2000 MD steps per cycle
were used with a time step of 1 X 107!3 s and a tempera-
ture of 300 K. Simulations using molecular statics were
also carried out where the crack is allowed to reach a local
equilibrium configuration at both the low and the high
loading points of the cycle. These simulations are therefore
representative of low cycle fatigue where the system has
enough time to reach equilibrium as the cycle proceeds.
Most importantly, the comparison of these two techniques
gives an assessment of the importance of the fast time scale
in the MD simulations in the mechanisms observed and in
the rates of crack advance. The simulations reported here
follow the crack using this technique for 30 cycles. The
threshold stress intensity amplitude observed is about 1 to
1.1 MPa/m.

Crack advance is shown in Fig. 1, where the position of
the crack tip is plotted as a function of the number of
cycles. The slopes in this type of plot were computed for
each of the stress intensity amplitudes considered. Figure 2
shows the resulting rates of crack advance calculated using
molecular dynamics for the three values of the stress
intensity amplitude. The figure also shows the results of
molecular statics and the available experimental data for
nanocrystalline Ni by Hanlon, Kwon, and Suresh [10].

The results show that crack advance rates are not very
sensitive to the technique with molecular dynamics and
molecular statics giving similar results. This suggests that
the molecular dynamics results do not have major spurious
effects due to the unrealistically high loading rates. To
further establish confidence in these results, we studied
the basic mechanisms of crack advance using both tech-
niques. For both cases, we see a continuous increase in the
number of dislocations present in the crack tip region as the
crack advances, and the formation of nanovoids or vacancy
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FIG. 1. Crack advance as a function of the number of cycles

observed in a static simulation with AK = 1.28 MPa/\/m.

clusters ahead of the main crack. Figure 3 shows the
number of dislocations and nanovoids observed as the
cyclic deformation proceeds. Figure 4 shows crack tip
configurations corresponding to cycles 1, 12, and 20. The
simulations shown in Figs. 3 and 4 were conducted using
molecular statics at a stress intensity amplitude of
1.28 MPa,/m. Frames on the left side of Fig. 4 are for
maximum loading conditions, whereas frames on the right
show the minimum loading configurations. The visualiza-
tion in Fig. 4 is carried out using the local hydrostatic stress
calculated for each atom. The gray scale shows areas under
tension as light gray and areas under compression in darker
shades. The visualization technique requires an assumption
regarding the local atomic volume for each atom, which we
considered constant. The technique allows the visualiza-
tion of the damage, including stacking faults that are the
result of the emission of partial dislocations from the grain
boundaries.

In Fig. 5 we show greater detail of the configuration of
the tip as the crack is loaded to the maximum stress
intensity after 26 and 31 cycles. The main mechanism of
crack advance is the formation of vacancy clusters ahead of
the crack tip that result from the plastic deformation in the
tip region. The results in this figure are obtained using a
static technique where the crack reached local equilibrium
at both the high and the low loading points of each cycle.
The results obtained using molecular dynamics are similar
in nature, also showing the formation of nanovoids ahead
of the main crack. This mechanism of the crack advance
was also observed in the monotonic fracture simulation
studies of Ni that we carried out previously [8]. We note
that crack advance and the formation of the nanovoids
under monotonic loading occurred at stress intensity am-
plitudes that are 2 to 3 times higher than those used here as
the maximum loading. The formation of nanovoids in a
grain boundary ahead of the main crack seems to be a
general failure mechanism in nanocrystalline materials. In
the present simulations we find that these nanovoids are
created by the presence of dislocations emitted from the
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FIG. 2. Rate of crack advance for both molecular statics and
dynamics simulations together with experimental results by
Hanlon, Kwon, and Suresh [10].
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FIG. 3. The number of dislocations and nanovoids present in
the crack tip region as the cyclic loading proceeds.

crack tip. In Fig. 5 we can see nanovoids both within the
grain where the crack tip is located and at the grain
boundary. The nanovoids within the grain are related to
the presence of two or more dislocations in adjacent
planes. The arrival of the dislocations to the grain boundary
region also causes the formation of nanovoids, when the
dislocations cannot cross into the adjacent grain. We ob-
serve a distribution of these nanovoids that is essentially
confined to the grain where the crack tip is located, with
most of the dislocations being unable to continue to glide
across the grain boundaries.

It is encouraging to note that our results yield four points
in the curve of crack advance versus stress intensity am-
plitude that are very consistent with the experimental

FIG. 4. Crack tip configurations for cycles 1, 12, and 20.
Molecular statics with AK = 1.28 MPa/./m. Left frames are
for maximum loading and right frames for minimum loading.

measurements in nanocrystalline Ni. The results shown
in Fig. 2 show that our simulations are in the Paris regime.
This can be related to the small size scale of the micro-
structural features in our sample. The size of our cyclic
plastic zone is comparable to the grain size, as shown in
Fig. 4, the point where a transition to a Paris regime
typically occurs [11]. Our results imply a Paris law expo-
nent of about 2, indicated by the line in Fig. 2. This
exponent is expected from deformation controlled geomet-
rical models that are based on crack tip opening displace-
ment which is related to the square of the stress intensity
amplitude [11]. We can analyze in more detail our results
in the light of models that have been proposed for a Paris
law exponent of 2. One model is described by Weertman
[12] for fatigue crack growth controlled by crack tip blunt-
ing. In this model, the crack growth rate is given by
da/dN = b(AK/2gK.)* (Eq. 10.37 in Ref. [12]), where
da/dN is the crack growth rate per cycle, b is the Burgers
vector, g is the ratio between critical stress intensity factors
for dislocation emission and cleavage, and K. is the critical
stress intensity for cleavage. Using a value of 0.9 for the
ratio g, the Burgers vector of a Shockley partial dislocation
of 0.144 nm and a value of 0.96 MPa,/m for K, we obtain
da/dN = 0.087AK?, with da/dN in nm per cycle and the
stress intensity in MPa/m. This compares well with the
best fit line obtained from our four data points which is
da/dN = 0.095AK? in the same units. This good agree-
ment suggests that the crack advance process observed
here is controlled by crack tip blunting caused by disloca-
tion emission. Alternatively, one can use a simpler for-
mulation also described by Weertman [13] for a similar
model which gives da/dN of the order of (AK/G)?. This
for Ni would imply da/dN = 0.173AK? in the same units,
which is again of the order of our best fit values. The
models that give da/dN of the order of (AK/oyieq)* or
AK?/G X O yieia Would significantly overestimate the cur-
rent results. To further support our conclusion that the
crack advance is controlled by blunting caused by dislo-
cation emission, Fig. 6 shows a plot of the crack tip
position versus the total cumulative blunting caused by
dislocation emission. The total cumulative blunting values
in this figure were obtained from the total number of
dislocations observed in the sample, multiplying by the

FIG. 5. Crack tip configurations for 26 (left) and 31 (right)
cycles. Molecular statics with AK = 1.28 MPa/./m. Frames
show maximum loading.
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FIG. 6. Crack tip position plotted as a function of the total
cumulative blunting caused by dislocation emission.

projected Burgers vector. We assume that all dislocations
emitted from the crack tip caused blunting of the crack.
The data in Fig. 6 indicate that the total crack advance is of
the order of the total cumulative blunting that can be
attributed to the dislocations observed in the sample.
Regarding the threshold stress, the values we obtained
(about 1 MPa,/m) also compare very well with the model
estimate of Gb'/? [13] which gives 0.91 MPa/m. The
threshold value found here also is of the order of the
estimates based on dislocation dynamics models [3—6] of
3 X 107°E./m, which for a value of the Young modulus E
of 200 GPa gives 0.6 MPa,/m. For stress intensity ampli-
tudes just above the threshold value we obtain crack ad-
vance rates that are of the order of an interatomic distance,
consistent with the analysis given by Weertman [13].
Although we see evidence of damage accumulation in
the sample, as shown in Fig. 4, the predicted Paris law
exponent based on damage accumulation models is 4 [11]
which does not agree with our results. This can be related
to the presence of grain boundary material in the immedi-
ate vicinity of the source of dislocation emission. For the
nanocrystalline materials studied here, the dislocations that
are emitted from the crack tip interact with the grain
boundaries present in the crack tip zone at very short
distances from where they are emitted. Typically, many
dislocations travel to a nearby grain boundary and are then
absorbed. The grain boundaries themselves contribute to
the accommodation plasticity, as has been shown in many
studies of deformation of nanocrystalline materials [1].
The models based on damage accumulation are based on
calculations of the field of a distribution of dislocations, as
in the model by Weertman [14], or on a calculation of the
energy balance necessary for crack advance, as in the
model by Rice [15]. The particularities related to the
very small grain sizes and large fraction of grain bounda-
ries of the nanocrystalline materials discussed above are
not taken into account. The very small grain sizes also

promote a more homogeneous distribution of the damage,
as discussed by Misra and co-workers [16].

In summary, these first atomistic studies of fatigue be-
havior in nanocrystalline materials show a Paris exponent
of two and a mechanism that is dominated by the role of the
dislocations emitted from the crack tip, with a crack ad-
vance that is of the order of the blunting caused by the
emitted dislocations. Our results are consistent with ex-
perimental measurements of crack advance rates [10].
Regarding the mechanisms of crack advance, nanovoids
created during the deformation process were found, in
agreement with simulations and experimental transmission
electron microscopy results obtained for monotonic frac-
ture [1].
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