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Crack propagation in a Tantalum nano-slab
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Abstract. Using molecular dynamics with an accurate many-body potential for metallic Tantalum, we studied
crack propagation in a pre-notched nano-slab under uniaxial strain in a [100] direction. We study dislocation
emission from the crack tip for various strain rate and temperatures, focusing on the influence of the local temperature at the crack tip on the propagation of the crack. We find a close connection between the local temperature at
the crack tip and dislocation emission.
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1. Introduction
Understanding crack propagation and failure is one of the problems facing materials science
with mayor technological importance. A complete understanding of the atomistic processes
involved in crack propagation is still lacking despite the great efforts done in this field during
the last decades.
Molecular Dynamics (MD) simulations using realistic interatomic potentials can provide
important insight and a detailed understanding of the several atomistic processes involved in
failure. MD has been used in several studies of crack propagation in fcc [1–7] and bcc [8, 9]
metals as well in several non metallic systems such as silicon, see for example [10]. Atomistic simulations allow one to study temperature and strain rate effects on crack propagation,
brittle to ductile transition, details of the dislocation emission for the crack tip. They also
provide a natural link between the atomistic interactions and continuum modeling of failure,
leading to the possibility of simulating macroscopic systems for long times to study processes
such as failure under cyclic loading or fatigue. The mayor limitations of MD simulations of
crack propagation are the short time scales (nanoseconds) and small length scales (millions
of atoms). Short time scales lead to high strain rates and small length scales cause dislocation
pile-ups and reflection of the sound waves emitted by the crack in cell boundaries. Combined
atomistic and continuum modeling is a promising avenue and has been used to study crack
propagation [11].
We use an Embedded Atom Model many-body potential for Ta (named qEAM) based
on ab initio quantum mechanical (QM) calculations [12, 13]. The qEAM potential correctly
reproduces QM data of zero temperature Equation of State for bcc, fcc, and A15 phases of
Ta, elastic constants, vacancy formation energy and energetics of a shear transformation in
the twinning direction [12]. We have previously used the qEAM with MD to study a variety
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Figure 1. Initial configuration for crack propagation simulations. The simulation cell sizes are 135.81 Å × 66.57 Å
× 29.95 Å and it contains 14328 atoms.

of materials properties such as melting temperature as a function of pressure, dislocation
properties, and spall failure [14].
In this paper we study mode I crack propagation in a Ta nano-slab. We use the uniaxial
expanding boundary conditions technique [1] to simulate the region near the crack tip of a
sample under uniaxial load. We performed simulations for various strain rates and temperatures T = 300 K and T = 600 K. We study the influence of the local temperature of the crack
tip on dislocation emission.
The paper is organized as follows. In Section 2 we explain the MD simulations performed
to study mode I crack propagation. Section 3 shows our results regarding strain rate and
temperature influence on crack propagation in nano slabs. Finally, in Section 4 we present
a discussion of our results.
2. MD simulations of mode I crack propagation
The initial configurations for our crack propagation simulations consists of a pre-notched slab,
shown in Fig. 1. We build a simulation cell containing N = 14400 atoms by replicating the
bcc 2-atom unit cell 40 times in the x = 100 direction, 20 in y = 010 and 9 in the
z = 001; this leads to a cell with lengths 135.81 Å × 66.5735 Å × 29.958 Å, using the
zero pressure lattice parameter at T = 300 K. Eight rows of atoms along the z direction
are removed in order to build the initial notch; we are thus left with N = 14328 atoms, see
Fig. 1. We impose free boundary conditions in the direction of crack propagation (y direction)
and periodic boundary conditions in the x and z directions. The initial configuration for the
crack propagation simulations is obtained by straining the system by 2% in the x direction
and performing a thermalization using constant temperature and volume (TVN) MD.
In order to simulate mode I crack propagation (uniaxial loading) we start with the prenotched and thermalized slab and impose uniaxial expanding boundary conditions [1]. The
cell length in the x direction Lx (t) is continuously increased with time:
Lx (t) = Lx (0) + vexp t = Lx (0) + Lx0 η̇t,

(1)

where Lx (0) is the initial cell size in the x direction (2% strained), Lx0 is the unstrained cell
length, vexp is the expansion velocity, and η̇ is the strain rate. The cell parameter is increased
at every time step during the MD simulation which leads to a continuous uniaxial expansion
of the system.
Most of the atoms in the system are evolved using adiabatic MD during the expansion,
the atoms with positions 0 < x < δ and Lx (t) − δ < x < Lx (t) are thermalized in order
to avoid overheating of the sample. We took δ = Lx (t)/10; in this way around 20% of the
atoms are thermalized. The thermalization is done by re-scaling the velocities of the atoms
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Figure 2. Snapshots of the system expanding with a velocity of vexp = 0.4 Å/ps at T = 300 K. (a) 5% strain;
(b) 5.6% strain, (c) 8.9% strain, and (d) 15.5% strain. At 5.6% strain the crack starts to emit dislocations; the
dislocations then move towards the free surface and annihilate making steps on the surface (c).

once the local collective motion is taken into account. In practice the thermalization is done
in the following way. We divide the system in n = 10 slices in the direction of the load. We
define the collective velocity of region i (ui ) as:
ui (t) =

Ni
1 
vj (t),
Ni j

(2)

where the sum runs over the Ni atoms (j) in region i and vj (t) is the velocity of atom j. The
total kinetic energy of the slice i can be written as a sum of two terms: one related to the
collective or center of mass motion and one involving velocity fluctuations around the mean
collective velocity:
Ni
1
1
mj (vj − ui )2 ,
Ki = Mi u2i +
2
2 j

(3)

where Mi is the total mass in region i and mj is the mass of atom j. The local temperature is
related to the internal kinetic energy. The local temperature of slice i is defined by:
Ki = 12 Ndf kTi ,

(4)

where k is Boltzmann’s constant, Ndf is the number of degrees of freedom in region i and
Ti is its local temperature. The number of degrees of freedom is Ndf = 3Ni − 3 since the
c.m. velocity of the system has been zeroed. Once the local temperatures are calculated the
thermalization is accomplished by the following modification of the velocities:

(5)
vjnew = (vjold − ui ) T /Ti + ui ,
where T is the desired temperature. This procedure thermalizes the system without modifying
the collective motion.

154 A. Strachan et al.

Figure 3. Local temperature of the crack tip for vexp = 0.4 Å/ps as a function of time. The marked points
correspond to the panels in Fig. 2. The local temperature of the crack tip reaches high values during dislocation
emission.

Figure 4. Snapshots of the system expanding with a velocity of vexp = 0.8 Å/ps at T = 300 K. (a) 8% strain; (b)
9.2% strain, (c) 12.2% strain, and (d) 20% strain. Dislocations are emitted by the crack and later annihilated in the
surface.

More sophisticated methods of thermalization, designed to damp the sound waves emitted
by the crack motion and minimize the finite size effects, have been proposed, see for example
[1].
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Figure 5. Local temperature of the crack tip for vexp = 0.8 Å/ps as a function of time. The marked points
correspond to the panels in Fig. 2.

Figure 6. Snapshots of the system expanding with a velocity of vexp = 0.2 Å/ps at T = 300 K. (a) 3.5% strain; (b)
3.8% strain, (c) 4.4% strain, and (d) 4.85% strain. The crack propagates in a brittle fashion, i.e. by bond breaking
along a cleavage plane.

3. Strain rate and temperature effects on dislocation emission from the crack tip
We performed various simulations of crack propagation with expansion velocities in the range
0.1 Å/ps = 10 m/s ≤ vexp ≤ 1 Å/ps = 100 m/s, leading to strain rates in the range 0.075% 1/s
to 0.75% 1/s. The simulations were done at T = 300 K and T = 600 K.
Fig. 2 shows the results of the MD simulations for vexp = 0.4 Å/ps = 40 m/s,  ∼ 0.3%/ps
at T = 300 K; we show different snapshots of the system at different times. We find that the
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crack starts to propagate in a brittle fashion, i.e. by bond breaking in a cleavage plane; Fig. 2a
shows the configuration of the system at 5% strain (t = 10 ps) where we can see that the crack
has advanced ∼ 3 lattice parameters. At 5.6% strain we see, Fig. 2b, that a dislocation is being
emitted from the crack tip. Several dislocations are emitted following this first one at 45 and
−45 degrees from the propagation direction. The dislocations move towards the upper, free,
surface and annihilate leaving steps on the surface, see Fig. 2c. At this point (8.9% strain)
the system has relaxed back to its perfect bcc order. More dislocations are emmitted at longer
times to accomodate the deformation, Fig. 2d.
In order to gain a better understanding of the atomistic processes going on at the crack tip,
we studied the time evolution of the local temperature of the crack tip. To calculate this local
quantity we divide the system with a rectangular grid in the x and y directions. We divide the
system in 10 regions along x and in 6 regions along y. For each region we calculate the local
temperature as explained in the previous section [Eqs 3-4]. Fig. 3 shows the time evolution of
the local temperature of the crack tip for vexp = 0.4 Å/ps; the points marked (a), (b), (c), and
(d) correspond to the panels in Fig. 2. We can see that the local temperature of the crack tip
reaches very high values (∼ 700 K) before emitting dislocations. The processes of dislocation
emission, their motion towards the surface and annihilation occurs between points marked (b)
and (c); throughout this period of time the the crack tip temperature ranges from ∼ 700 K to
∼ 1000 K. The emission of dislocations generates the necessary plastic deformation (slip) to
relax the system, consequently, the local temperature at the crack tip decreases.
Fig. 4 shows four snapshots of the process at a higher strain rate, vexp = 0.8 Å/ps = 80 m/s,
 ∼ 0.6%/ps, also at T = 300 K. The behavior is very similar to the one described above for
vexp = 0.4 Å/ps. We can also see dislocation emission from the crack tip, their annihilation at
the surface and the recovery of the perfect bcc structure. Fig. 5 shows the local temperature of
the crack tip; again, very high temperatures are obtained at the crack tip during the dislocation
emission.
From Figs. 2–5 we can see that the temperature of the crack tip remains rather constant
until it starts to advance. During its initial brittle-like propagation energy builds up in the
crack tip, until this energy is high enough to emit dislocations.
Fig. 6 shows snapshots for vexp = 0.2 Å/ps = 20 m/s at 300 K; in this case the crack
propagates throughout the slab without emitting dislocations. The full line in Fig. 7a shows
the corresponding local temperature of the crack tip (for vexp = 20 m/s). At this lower velocity the crack reaches the free surface before accumulating the necessary energy to emit
dislocations. Notice that at 4.85% strain the crack has almost reached the free surface and
its local temperature is ∼ 600 K. The dashed line in Fig. 7b shows the time evolution of the
crack tip temperature for vexp = 0.1 Å/ps = 10 m/s at 300 K; for this strain rate we also find
that no dislocations are emitted. Fig. 7b shows the time evolution of the crack position for
vexp = 0.2 Å/ps (full line) and vexp = 0.1 Å/ps (dashed line). It is very interesting to see that
the crack moves in steps. The process consists of periods of time in which the crack advances
fast (5 Å/ps) leading to a large increase of the local temperature, followed by times of no
advance of the crack at which the local temperature of the crack tip decreases.
From Figs. 3, 5 and 7a we expect dislocations to be emitted from the crack for the lower
velocities (vexp = 0.1 Å/ps and vexp = 0.2 Å/ps) had we used a thicker slab. Instead of a
larger system we performed a simulation at a higher initial temperature (T = 600 K), for the
same velocity vexp = 20 m/s. Fig. 8 shows different snapshots of the process at different times
for vexp = 20 m/s and T = 600 K; as expected at this higher temperature the crack emits
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Figure 7. (a) Local temperature of the crack tip for vexp = 0.2 Å/ps (full line) and vexp = 0.1 Å/ps as a function
of time, for T = 300 K. (b) Position of the crack tip for vexp = 0.2 Å/ps (full line) and vexp = 0.1 Å/ps as a
function of time. We can see that the crack moves in steps; while the crack moves the local temperature grows;
this motion is followed by periods of time in which the crack stays motionless and the local temperature of the
crack tip decreases.

dislocations. Fig. 9 shows the time evolution of the temperature of the crack tip; as in previous
cases dislocations are emitted when the crack tip reached temperatures around 700 K.
4. Discussion
We studied via MD the process of crack propagation in a pre-notched Tantalum nano-slab
under uniaxial deformation in a [100] direction. We studied a wide range of strain rates
(0.075% 1/s to 0.75% 1/s) and temperatures T = 300 K and T = 600 K.
In all our simulations we find that the crack starts to advance in a brittle fashion, i.e. by
bond breaking in a cleavage plane. While the crack moves energy builds up in the crack tip,
this leads to high values of the local temperature at the crack tip. This accumulation of energy
at the crack tip leads, eventually, to the emission of dislocations; the plastic deformation the
relaxes the system causing a decrease of the local temperature. For our small slabs, we find
that for expansion velocities of 0.1 Å/ps and 0.2 Å/ps the crack propagates through the whole
sample without emitting dislocations; this is because not enough energy is concentrated in the
crack tip. For the same expansion velocities, higher initial temperature (such as T = 600 K)
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Figure 8. Snapshots of the system expanding with a velocity of vexp = 0.2 Å/ps at T = 600 K. (a) 3.5% strain;
(b) 4.85% strain, (c) 5.6% strain, and (d) 6.5% strain. At 5.6% strain the crack emit dislocations; the dislocations
then move towards the free surface and annihilate making steps on the surface (c).

Figure 9.

leads to dislocation emission. We find that dislocations are emitted when the temperature of
the crack tip is around 700 K.
We also find that during brittle propagation the cracks advance step wise. When the crack
moves the temperature of its tip increases; then the crack stops propagating leading to a
decrease of the local temperature. In order to have brittle propagation, low temperatures of
the crack tip are needed.
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