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ABSTRACT

We present results of 3D molecular dynamic simulations in bcc single crystals with embedded cracks of different orientations.
The cracks are loaded in tension mode |. Our contribution shows that the temperature, crack orientation and various slip
processes at the crack front may have different consequences for crack stability in bcc iron. The results are compared with
continuum models, experimental observations and our previous plane strain simulations.

Introduction

The brittle-ductile behavior of cracks has long been an area of intensive study. In particular, the bcc iron has been studied
often in the recent past in the framework of continuum (e.g. Rice et. al. [1-3]) and atomistic models (e.g. Mullins et. al. [4-8]),
and as well in experiments (e.g. March et. al. [9], Smida and Bo$ansky [[10], Landa et. al. [11]). The models consider usually
plane strain conditions (2D) along the crack front and temperature of 0 K. However, free sample surface (where plane stress
conditions are expected in the normal direction) may influence the ductile-brittle behavior, as well as the thermal atomic
motion. Such studies require 3D atomistic simulations.

This paper is devoted to crack simulations by molecular dynamic (MD) technique in 3D bcc iron crystals. We use our new MD
codes for parallel processing in MPI and also classical single processing. Interatomic interactions in bcc iron are described
using an N-body potential of Finnis-Sinclair type from [12]. The 3D codes have been tested in perfect samples under simple
uni-axial tension and in thermal simulations. The simulated thermal expansion in bcc iron agrees well with experimental data
[13], as well as the phonon frequency spectra [12].

In the present work, two different crack orientations (crack plane/crack front) are treated: a pre-existing Griffith (through)
central crack (001)[010] and an edge crack (001)[110] (through, pre-existing). The relatively long cracks are embedded in
thin bcc iron crystals of different orientations and loaded in tension mode I. The simulations with the edge (001)[110] crack
have been motivated by our fracture experiments [11] on Fe-Si(3wt%) single crystals with edge crack performed at room
temperature and thus, the 3D-simulations were performed only at temperature of 300 K. The simulations with the Giriffith
central crack have been performed at temperature of 0 K and 300 K to see the influence of temperature on the brittle-ductile
behavior.

MD simulations

Interatomic interactions across free crack faces of the initial pre-existing cracks are not allowed. Surface relaxation has been
performed before a loading to avoid its influence on crack tip processes. The samples were loaded symmetrically in the <001>
directions by prescribing external forces Fex: distributed homogeneously at individual atoms lying in several surface layers,
similar to [7]. Newtonian equations of motion for the individual atoms have been solved by a central difference method using
time integration step h = 1x1 0™ s. Each time step t = n h we monitored the total number of existing interactions and global
energy balance in the system.

Central (001)[010] crack

The crystal with basic cubic orientation {100} consists of 1999 planes in the [100] direction, 100 planes along the crack front in
the [010] direction and 1999 planes in the [001] direction. The central pre-existing (through) crack has been placed in the
middle of the crystal. The crack is introduced by removing part of atoms from the central (001) plane. The initial half crack
length in the [100] direction is I, = 100 a,, where a, = 2.8665 A is the lattice parameter. The initial half crack opening is ¢, = ao.
The total number of atoms in the crystal is N = 98 892 298. Parallel processing in MPI has been used for these simulations.


mailto:pelikan@cdm.it.cas.cz
mailto:hora@cdm.it.cas.cz
mailto:machova@it.cas.cz
mailto:ml@it.cas.cz

The initial atomic velocities at temperature of 0 K were zero (i.e. Exin(0) =0 in the system) and the further thermal atomic
motion has not been controlled. The crystal was loaded with external forces gradually (linearly) according to scheme in
Figure 1 for 0 K. Crack initiation has been monitored shortly after time step 23000 and thus, the simulations were stopped at
time step 24000.

In simulations at temperature of 300 K, the crystal was heated gradually by prescribing random atomic velocities, until the
average kinetic energy in the system Ex, =3/2 kg T N corresponded to the average temperature T =300 K (here kg is the
Boltzmann constant). When this steady state was reached, the crystal has been loaded gradually with the same loading rate
as described above. When the slip processes and slow plastic crack growth were detected, the external forces have been kept
at a constant level from the time step 16514 - see Figure 1.

The crack tip processes in 3D were visualized initially along the crack front, i.e. in the atomic planes of the type {010},
perpendicular to the crack front. It enabled us to observe a crack advance and also some shear processes along the crack
front. In addition, at temperature of 300 K we have been visualized the shear processes also in {110} and {112} slip planes.
To recognize the slip patterns coming from the different slip planes, we have been performed also "block like shear" (BLS)
simulations in 3D perfect bcc iron crystals. During these simulations, the crystal is divided in two parts: one part is fixed and
the second part is shifted (displaced) gradually as a rigid body along a plane {110} or {112} in the slip direction <111> by the
Burgers vector b = a,/2 <111>.
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Figure 1. Scheme of loading at temperature of 0 K and 300 K. [14]

Edge (001)[110] crack

The simulated crystal has the same orientation and similar geometry as in the fracture experiments [11]: the edge crack lies
on a (001) plane, crack front is oriented along the [110] direction and the direction of potential crack extension is [-110].
The crystal contains 600 planes (001) (along the length L), 100 planes (-110) (along the width W) and 20 planes (110) along
the crack front (thickness B). The initial edge crack of the length I, = 30 a, / V2 was placed in the middle of the crystal and it
was created by cutting of interatomic bonds across the crack plane. Half of the initial crack opening is ¢, = a, / 4. The ratio I,/W
(crack length vs. sample width) and the boundary correction factor F; = 1.27 are similar in simulations and in experiments
according to linear fracture mechanics (LFM). We have verified that distribution of external forces at the sample borders satisfy
the constant displacements conditions at the loaded borders, similar to the experiment. The simulated crystal was initially
heated up to average temperature of 300 K during 1000 time steps. After that, the crystal was gradually (linearly) loaded
during 3200 time steps up to an applied stress level of 8.42 GPa. The crack advance and slip processes have been monitored
along the crack front, i.e. in individual {110} planes, perpendicular to the crack front. The total number of atoms in the system is
N = 600000 and single processing has been used in this case.

Results and discussions

Beside the stress and temperature, the microscopic processes at the crack front depend on the mutual orientation of the crack
and accessible slip systems (see e.g. [4-8], [15-16]) and so, we will discuss the two different crack orientations separately. Our
cracks are relatively long and the ratio I,/ ¢, > 20, i.e. according to our Goodier analysis for elliptical cracks (see also [17]), the
cracks are sufficiently narrow and thus, stress concentration at the crack can be treated according to fracture mechanics [18].

Central (001)[010] crack

Figure 2 displays lateral contraction (i.e. the strain component ¢;) along the crack front at temperature of 0 K in elastic region
of loading. Figure shows that at the left and right corners (where the crack front penetrates perpendicularly the free sample
surfaces), the contraction is large to obey the plane stress conditions at the free surfaces. The contraction is significant also in
the middle, i.e. the stress state in the middle of our thin crystals is neither plane stress (o, = 0) and nor plane strain (g, = 0),
but something between, as Figure 2 indicates.
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Figure 2. Lateral contraction along the left crack front; time step 8000, 0 K. [14]

At temperature of 0 K we observed brittle crack initiation at time step 23340 in the middle of the crystal. Since the crystal is
relatively large in the direction of loading, flight time correction [5] for the loading waves should be included to estimate the
stress intensity at the crack plane placed in the middle of the crystal. Using the elastic constants for our potential from [12], the
flight time correction corresponds to 2582 time steps, which reduces the value of the applied stress in the middle to 2.93 GPa
and the stress intensity to K, = 0.879 MPa m"2. The K, from MD exceeds only slightly the critical Griffith stress intensity
expected according to anisotropic LFM for cleavage mechanism of crack initiation: Kg = 0.817 MPa m"? for plane strain,
Ks = 0.793 MPa m"? for plane stress. Shortly after crack initiation the simulation at the temperature of 0 K has been stopped,
as already mentioned above.

At elevated temperature of 300 K, two different slip patterns have been observed at the crack front. The patterns more close to
the crack tip were inclined to the crack front under an angle 6 =~ 45°, the different patterns at larger distance from the crack tip
deviated from the original direction. We have verified by means of block like shear simulations (described in the previous
section) that the patterns under the angle 45° at the crack tip come from the slip processes on {101} planes. The deviated
second patterns come from the slip processes on {112} planes that lies under the angle 8 = 26.565° with respect to the crack
plane.

The two available slip systems at the left crack front are shown schematically in Figure 3. The slip system (101)[-1-11] is
inclined to the crack plane and contains the crack front. Dislocation emission in this slip system results in the two crystalline
block being shifted in the direction of Burgers vector b, which causes crack tip blunting (Figure 4b). The second slip system
(112)[-1-11] is oblique to the crack front and dislocation emission makes a jog in the crack front in the direction of b (Figure
4a).

[0o1]foa

[010]

Figure 3. Scheme of the slip planes at the left crack front.
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Figure 4. Slip patterns in the middle of the crystal coming from the <-1-11>{112} slip systems (a).
Crack blunting close to the free surface due to dislocation emission on {101} planes (b).
Time step 15820, 300 K, view (010)[010]. [14]

We have found that plastic processes on (101) planes arise in MD simulations already after time step 14000 (linear phase
of loading, oa ~ 2.04 GPa) near the free sample surface. Analysis of atomic displacements below and above the slip band
confirmed that the relative shear displacements correspond to the Burgers vector. The slip patterns along the crack front
disappear at a certain distance from the free sample surface. This behavior is explained in Figure 5. The figure shows atomic
configuration in two slip planes (101) containing the left crack front. The view (101)[101] (perpendicular to the slip plane)
in Figure 5a illustrates that a curved dislocation has been emitted on the (101) plane from the corner where the left crack front
penetrates the free sample surface. It is visible that the slip process disappears along the crack front at time step 14030
at a certain distance from the corner. Note that dislocation emission from the corner has been observed also in 3D crack
simulations with an EAM Cu-potential [19]. Emission of the curved dislocation loop agrees with the expectation following from
the continuum theory of dislocations, where curved dislocations loops have smaller strain energy in comparison with straight
(line) dislocations. No shear processes are visible on {112} planes at time step 14030. Further time development is following:
the dislocation loop on (101) plane expands under the shear stresses 1, oy (Figure 5b) and gradually changes its shape
to a straight screw segments (Figure 5c) that can change the slip planes to {112}. It explains the second deviated slip patterns
mentioned above. The slip stress 1, (acting in the direction of the Burgers vector b) and the shear stress oy derived [14]
according to anisotropic [18] and isotropic LFM for the plane strain and plane stress conditions are given below:

plane strain {110} e = 0.296 K,/ (27r)"?  (0.327 1SO),1 = 0.242 K, / (27r)' (0.267 1SO),

{112} oo =0.208 Ki/ (2nr)" (0.218 1SO),1 = 0.184 K, / (2nr)"? (0.201 1S0O),

plane stress {110} e = 0.302 K,/ (27r)"? (0.327 1SO),1 = 0.246 K, / (27r)' (0.267 1SO),

{112} oo =0.209 K/ (2rr)"™ (0.218 1SO), 1 = 0.366 K, / (2nr)"? (0.371 1SO).

It may be seen that larger stress intensity at the crack front can be expected near a free sample surface, where plane stress
conditions must prevail in the normal direction. It explains why the slip processes start at the free sample surface.

The jogs in the crack front (Figure 4a) coming from the <111>{112} slip systems later cause a slow plastic crack growth in the
middle of the crystal. Under the same conditions (time step and loading) the crack near the free sample surface remains stable
since it is blunted by the previous dislocation emission on the inclined (101) planes (Figure 4b).
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Figure 5. Slip patterns on two {101} planes for time step: a) 14030, b) 14100, c) 14670. 300 K, view (101)[101]. [14]

The critical shear stress needed for dislocation emission at temperature of 0 K on {112} planes is presented for our potential
in [7]. The stress barrier corresponds to t4isi = 16.3 GPa. The peak stress, i.e. the stress needed for dislocation emission
on {110} planes is t4isi = 14.5 GPa, as follows from our BLS simulations at 0 K. It may be seen that the stress barrier for
dislocation emission with the used potential is smaller on {110} plane in comparison with {112} planes. It explains why
dislocation generation in our MD simulations begins on {110} planes. As follows from [8], the stress barrier can be decreased
by the presence of T-stress acting along crack plane. According to Rice [20], the critical shear stress in a slip plane inclined
with respect to the crack plane under an angle 0 is reduced via a simple interchange tc — 1. + T sind cos6. For our large
crystal, the boundary correction factor is F| = 1 according to [21] and T ~ -ca. As mentioned above, the applied stress in MD
at the time of dislocation generation corresponds to ca = 2.04 GPa. It decreases the stress barrier for dislocation emission
on {110} planes at temperature 0 K by about 1 GPa to t4isi = 13.5 GPa. As follows from [16], further reduction of the critical
loading by about 10-15 % is expected due to tension-shear coupling, i.e. due to a small normal relaxation in the slip system.



The barrier should be smaller at elevated temperature of 300 K, since thermal atomic motion can assist dislocation generation
[2].

Edge (001)[110] crack

In this case, the slip systems <111>{112} are inclined to the crack plane under the angle 6 = 35.26°, contain the crack front
and they are oriented in the easy twinning direction, similar to plane strain simulations [7]. As follows from [7], in this case the
stress barrier for twin formation in the <111><112> slip systems at temperature of 0 K is much lower (twin = 9.3 GPa) than for
dislocation generation (16.3 GPa) with the used N-body potential.

Crack initiation has been monitored first in the middle of the sample at time step 3382 (ca = 6.27 GPa). Considering the flight
time correction (759 time steps) and the boundary correction factor F, = 1.27, it corresponds in MD to stress intensity at the
crack front K; = 0.749 MPa m"? It is close to Ki. = 0.835 MPa m'"? expected according to anisotropic LFM for plane stress and
the used potential with the surface formation energy 2yoo1 = 3.624 J/m>.

Similar to plane strain simulations [7], crack initiation was accompanied by generation of unstable stacking faults that later
transform to twins in the <111>{112} slip systems. Figure 6 shows twinning in the middle of the crystal at time step 3600, while
Figure 7 shows the crack and twin surfaces in 3D. This figure was extracted from the output file according to local number of
atomic interactions. Later (under higher applied loads), dislocation emission in the inclined slip system <111>{112} has been
monitored at the crack front, leading to crack blunting and to de-twinning at the crack tip -see Figure 8 at time step 4100. As
above, the emission of dislocations begins at the free sample surfaces. At time step 4200, the simulations were terminated to
avoid plastic damage of the loaded borders.

Note that de-cohesion along twin-matrix interfaces or crack deflections into the <111>{112} slip systems were observed in 3D
already before the dislocation emission during the twinning period. It is in a qualitative agreement with experimental
observations in bcc iron, where fracture surface consists of {100} cleavage facets and {112} tongues.

Unlike our previous plane strain simulations at 0 K (e.g. in [7]), at temperature of 300 K twinning in 3D simulations is sensitive
to loading rate - twins are observed only under faster loading. It complies with experimental observations, e.g. in [10].

Our results are also in a qualitative agreement with an experimental post-fracture SEM and TEM analysis, where twins and
dislocations in the <111>{112} slip systems have been observed [22] below fracture surfaces in the Fe-Si(3wt%) single
crystals under a faster loading ( for cross head speed 1mm/min in [11]).

Due to finite geometry of the sample with edge crack, more convenient stress analysis is possible in the framework of isotropic
LFM, where the T-stress for finite geometry is tabulated [23]. For our geometry (a/W = 0.3, (L/2)/W > 1.5), the T-stress is given
by the relation T = -0.5876 oa.

Twinning in MD occurred near the critical level of loading, where oa = cer = Ki o/ Fi/ (nlo)"? = 4.76 GPa, corresponding
T =-2.8 GPa and Rice correction is T sind cosb = -1.32 GPa. It decreases the stress barrier for twinning to twin = 7.98 GPa.
For our crack and slip geometry 1, = 6= 0.275 K,/ (21cr)”2 according to [1]. Taking the value K ; given above and the
distance from the crack tipr = b / 2, we obtain oy = 8.2 GPa > 1 win, i.€. twinning at the crack front is possible also according to
LFM.

Figure 6. Twinning in the middle of the crystal, time step 3600. The arrow denotes the original crack tip point.
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Figure 8. Dislocation emission below twin bands, time step 4100. The first (110) surface layer is shown.

As to dislocation emission in 3D continuum, Rice and Beltz in [2] analyzed influence of thermal activation on nucleation of
a dislocation loop from the crack front loaded in mode II. According to [2], the energy needed for dislocation generation
at room temperature in bce iron could be G ~ 0.8 - 0.9 Ggrit, where Ggrit = yus is the energy needed for nucleation of a straight
dislocation in mode Il at temperature of 0 K. The unstable stacking fault energy with our potential in the slip system



<111>{112} is yus = 1.14 J/m? [7]. The energy needed for generation of a straight edge dislocation from the crack front loaded
in mode | into the inclined slip system at temperature of 0 K is in our case Gaisi = 8 yus / (1+c0s0) sin’0 = 15.06 J/m? by Rice
model [1]. Assuming that in mode | Gerit = Gais and G(300 K) = 0.8 Gais, We obtain G(300 K) = 12.05 J/m® as a material
parameter according to continuum. Dislocation emission in MD occurred at time step 4100, which corresponds to applied
stress oa = 8.16 GPa and applied stress intensity Kup ~ Fica (nl)"? = 1.57 MPa m"?. It gives Gwp = C K’mp = 12.82 J/m?,
which exceeds the expected value of G(300 K), i.e. dislocation emission in MD at temperature of 300 K is possible also
according to this continuum approximation. A further decrease in the energy needed for dislocation nucleation in the
continuum model one can expect from the anisotropy, T-stress and normal relaxation in the slip system, as already discussed
above.

Conclusions

For crack orientation (001)[010], we performed the 3D simulations at temperature of 0 K and 300 K. The samples were loaded
in mode | slowly, gradually in time. While at the temperature of 0 K brittle crack initiation has been observed, at 300 K
dislocation emission and slip processes on {110} and {112} planes have been detected. The slip processes start at the free
sample surfaces, which is in a qualitative agreement with our stress analysis and MD simulations by Zhou et al. [19].
The process begins on {110} planes via emission of a curved dislocation (~ quarter circle loop) from the corners, where
the crack penetrates the free sample surfaces. MD simulations further show that slip processes on the inclined {110} planes
cause crack blunting and hinder crack growth. The slip processes on the oblique {112} planes make jogs in the crack front and
enable a slow plastic crack growth. It could be a micromechanism for the plastically induced fracture reported in experiments
on iron crystals of equivalent orientation by March et al [9].

The second crack orientation (001)[110] has been motivated by our fracture experiments [11] on Fe-Si(3wt%) single crystals
with edge crack, performed at room temperature. Here the 3D-simulations at 300 K under a faster loading monitored crack
initiation accompanied by twinning at the crack front and crack deflections into the <111>{112} slip systems along twin-matrix
interfaces. It complies with experimental observations in bcc iron, where fracture surfaces consist of {100} cleavage facets and
{112} tongues. Later (under higher loads), dislocation emission in the inclined <111>{112} slip systems has been monitored in
MD, causing crack blunting and slower crack growth. MD results are in a qualitative agreement with post-fracture SEM and
TEM analysis in [22], where twins and dislocations in the <111>{112} slip systems have been observed below fracture
surfaces in the Fe-Si single crystals. Twinning at the crack tip may precede dislocation emission as well according to a new
continuum model presented in [24].
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