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ABSTRACT

The plastic deformation processes around a crack tip at an atomic scale level under cyclic loading are
examined using a molecular dynamics simulation. In this study, we deal with not only a specimen
including both a crack and grain boundaries but also a specimen including only a crack. For the
specimen including both the crack and the grain boundaries, we can observe the emission of edge
dislocations in order to relax stress concentration around the crack tip during loading. The
dislocations emitted from the crack tip return to the crack tip because of interaction between
dislocations during unloading. The crack propagates due to coalescence of the crack tip and the
vacancies caused by the repeat of the dislocation emission and absorption at the crack tip. For the
specimen including only the crack, the emission of edge dislocations from the crack tip is observed
during the first loading. Then, a slip deformation occurs in the specimen after the dislocations reach a
free surface. The crack does not propagate because of plastic blunting at the crack tip due to the
emission of the dislocations.

1 INTRODUCTION
The essence of fatigue crack growth is that this process includes the plastic deformation at a
micro scale level. In order to examine the fatigue crack growth accompanied by the plastic
deformation, many investigations have been carried out experimentally (Vehoff [1], Ohr [2],
Harvey [3] and Jono [4]). On the other hand, many computer simulations at an atomistic
scale have been performed to clarify the fracture mechanism under monotonic loadings.
Cleri et al. [5] dealt with crack-tip shielding by dislocations emitted from the crack tip at an
atomistic level under monotonic loadings using a molecular dynamics simulation. Large
scale molecular dynamics simulations by the use of three-dimensional model were
performed to investigate the emission of dislocation loops from the crack tip and
dislocation intersections (Zhou [6] and Abraham [7]). Moreover, a molecular dynamics
method has been applied to a system including both a crack and a grain boundary.
Nishimura and Miyazaki [8] reported the effect of a grain boundary on the brittle crack
propagation in o-Fe. As shown above, the molecular dynamics method has been
successfully applied to simulate the mechanical behaviors of materials under monotonic
loadings. However, few studies on the application of the molecular dynamics simulation to
the fatigue damage were reported because a fatigue simulation is a time-consuming task.
Chang [9] obtained relationship between the cyclic stress and number of cycles to failure
for nanoscale copper from the fatigue simulations of a system including vacancies. In the
present study, we perform the molecular dynamics simulation of systems with one million
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Figure 1: Relationship between a crystallographic orientation and a coordinate system of
a crack.

atoms using a pair potential developed by Johnson [10] for a-Fe to clarify the fracture of
materials including grain boundaries together with the process of plastic deformation under
cyclic loading.

2 METHOD OF ANALYSIS

In the molecular dynamics method, a material is modeled as a multi-particle system
governed by the classical mechanics. The particles or atoms move by summing up
inter-atomic forces exerted from other atoms, and the motion of the atoms is expressed by
the Newton's law of motion. It is considered that the use of a pair potential as a function of
a distance between two atoms is simple and convenient in order to describe the inter-atomic
forces in materials. We use the pair potential developed by Johnson [10] for a-Fe, from
which the lattice constant and elastic constants of o-Fe at the temperature of 0 K are
reproduced.

Fig. 1 shows the relationship between a crystallographic orientation and a coordinate
system of a crack. We deal with the in-plane opening or mode I deformation of the crack
due to the limitation of the number of atoms, although a fatigue crack propagates in the
mode II or mode III experimentally. The {110} plane is a close-packed plane for the bcc
structure, and the slip plane and the slip direction of the structure correspond to the {112}
plane and <111> direction, respectively. The close-packed (10 1) plane indicated by bold
lines in Fig. 1, which includes the slip direction, is used as an observation plane, at which
the results of the molecular dynamics simulation are shown. The crack direction is the [010]
direction in the (101) plane as shown in Fig. 1.

Schematic diagrams of specimens for the molecular dynamics simulation are shown
in Fig. 2. We deal with two specimens in this study. One specimen includes both a crack
and two grain boundaries and another specimen includes only a crack, as shown in Fig. 2
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Figure 2: Schematic diagrams of specimens for a molecular dynamics simulation.

(a) and Fig. 2 (b), respectively. The lengths of the x-direction and y-direction are 57 nm and
172 nm, respectively. Initially we allocate atoms at the bec lattice position and give the
velocity of the atoms which follows the Maxwell distribution at a prescribed temperature of
300 K. The specimens consist of about one million atoms. We apply twelve rectangular
cyclic loadings to the specimens. The specimen is stretched rapidly after relaxation at a
strain level of 0 %. After the strain is applied to the specimen, we use a canonical ensemble
which keeps the volume and temperature of the system constant. Then, the stain level
returns to 0 % and the calculation for relaxation is carried out. We repeat the same process
twelve times.

There have been a lot of studies using the molecular dynamics simulation on the
evaluation of grain boundary energy and on the grain boundary structure. Wolf [11]
calculated the grain boundary energy of a symmetrical tilt grain boundary in a-Fe by
changing misorientation angle. As a result, several local minimum points of grain boundary
energy appear with increasing the misorientation angle. The lowest grain boundary energy
is 200 mJ/m” around 110 degrees of the misorientation angle and the grain boundary plane
is the {112} plane. This grain boundary is considered in this study. The shape of the
structural unit of the grain boundary is almost the same as that in bulk region. Moreover,
the grain boundary shows good lattice consistency and coherency.

3 SIMULATION RESULTS AND DISCUSSION
3.1 In the case of a specimen including both a crack and grain boundaries
The time evolution of the distributions of the local stress o, between the crack tip and the
grain boundary during the first loading is shown in Fig. 3 (a) through Fig. 3 (d). A crack is
located at the corner of the lower left. In Fig. 3 (a), the phase transition from bcc to hep
reported by Nishimura [8] and Cheung [12] is observed. Moreover, we can observe an edge
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Figure 3: Time evolution of the distribution of the local stress o, between the crack tip
and the grain boundary in specimen 1 during the first loading.

dislocation at the upper right-hand side of the crack tip. The slip direction and slip plane of
the edge dislocation correspond to the [111] direction and the (12 1) plane, respectively,
which agree with the slip system of a-Fe. Then, the dislocation emitted from the crack tip
glides in the slip direction and is absorbed into the grain boundary after it reaches the grain
boundary, as shown in Fig. 3 (b). The emission of the edge dislocations from the crack tip
continues in Fig. 3 (c). We can confirm from this figure not only the shrinkage of the phase
transition domain caused by the emission of the edge dislocations but also the formation of
dislocation pile-up starting from the grain boundary because the edge dislocations cannot
move beyond the grain boundary after they reach it. Finally, the dislocation pile-up as a
stable structure is formed and the phase transition domain disappears, as shown Fig. 3 (d).

We can observe that the dislocations forming the dislocation pile-up near the grain
boundary return to the crack tip rapidly after unloading due to interaction between
dislocations, all dislocations return to the crack tip and dislocations disappear in the
specimen. When the loading and unloading are repeated, the emission and absorption of the
dislocations at the crack tip observed during the first cycle are repeated. We compare the
initial atom configuration before cyclic loading with the final atom configuration after
twelfth cycle in Fig. 4. The initial and finial crack fronts are shown in Figs. 4 (a) and (b) as
a solid line and a dotted line, respectively. We can observe not only crack propagation but
also vacancies generated around the crack tip in Fig. 4 (b). Moreover, we can find from this
figure that after twelfth cycle the crack growth length is 1.3 nm, hence the crack growth
rate is 0.11 nm/cycle.
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Figure 4: Atom configurations around the crack tip in specimen 1: (a) before cyclic
loading; and (b) after the twelfth cycle.

(a) (b)
Figure 5: Atom configurations around the crack tip in specimen 2: (a) after the first
loading; and (b) after the first unloading.

From what has been discussed above, we would like to propose the fatigue crack
growth mechanism for the initial phase of the fatigue fracture. From our simulation in this
study, plastic deformation such as dislocation emission from the crack tip during loading
and dislocation absorption into the crack tip during unloading are observed. Furthermore,
the repeat of both dislocation emission and absorption at the crack tip under cyclic loading
causes the formation of vacancies around the crack tip. As a result, the crack propagates due
to coalescence of the vacancies and the crack tip.

3.2 In the case of a specimen including only a crack

Figs. 5 (a) and (b) show atom configurations around the crack tip after the first loading and
the first unloading, respectively. As a result of dislocation emission, the generation of a slip
plane at the crack tip is observed after the first loading in Fig 5 (a). Indeed the crack
opening decreases, but the shape of the crack tip hardly changes and the slip plane remains
after the first unloading, as shown in Fig. 5 (b). Although five cyclic loadings are applied to
the specimen, we cannot observe either plastic deformation process such as dislocation
emission or crack propagation. Conclusively, the plastic blunting prevents both the plastic
deformation and the crack propagation because stress concentration does not occur at the
crack tip.



4 CONCLUSIONS

We have performed a molecular dynamics simulation of a-Fe to examine the plastic
deformation processes at an atomic scale level under cyclic loading. We dealt with not only
a specimen including both a crack and grain boundaries which have the lowest grain
boundary energy among all tilt grain boundaries but also a specimen including only a crack.
In the case of the specimen including both the crack and the grain boundaries, we can
observe the emission of edge dislocations from the crack tip during loading. During
unloading the dislocations emitted from the crack tip return to the crack tip because of
interaction between dislocations. The crack propagates due to coalescence of the crack tip
and vacancies formed by the repeat of the dislocation emission and absorption at the crack
tip. In the case of the specimen including only the crack, the emission of edge dislocations
from the crack tip is observed during the first loading. Then, a slip deformation occurs in
the specimen after the dislocations reach a free surface. The crack does not propagate
because of the plastic blunting of the crack tip due to the emission of the dislocations.
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