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EDGE DISLOCATIONS IN BCC FE

F. Granberg®*, K. Nordlund*

“Department of Physics, P.O. Box 43, FIN-00014 University of Helsinki, Finland

Abstract

In this study we investigate how different obstacle nanostructures affect the edge dislocation movement in an iron matrix by molecular
dynamics simulations. We investigate the effect of temperature, nanostructure, size of the obstacle and composition of the obstacle on the
unpinning stress. We investigated three different obstacles of three different sizes at five different temperatures, and compared them with four
previously studied obstacles. All simulations were performed in the same system setup, with the same parameters, to ensure comparable results.
At the two smaller sizes 1 nm and 2 nm, the differences between different kinds of obstacles was not so large, but some variations could be
seen. For the 4 nm obstacles we clearly see four different groupings of unpinning stresses. This suggested that they did have different unpinning
mechanisms, which was also confirmed by visual analysis. The same mechanisms were also seen for most the smaller obstacles within the
same kind, even though the unpinning stresses did not differ too much. The effect of multiple interactions is also investigated, where the same
dislocation was passing through the same obstacles. Other general trends observed, were that a larger obstacle will require a higher stress for the
edge dislocation to unpin, and that an increase in temperature will lower the needed unpinning stress.
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1. Introduction Another important parameter to know is the mechanism that
is present when the dislocation is unpinning from the obsta-
cle. The unpinning stress will determine the immediate strength
of the obstacle. Different mechanisms will, on the other hand,
determine the evolution of both the dislocation and the obsta-
cle. Some interaction mechanisms will destroy the obstacle and
therefore make the material softer and some mechanisms will
make the material stronger, but also more brittle. Both of these
can have detrimental consequences, if the phenomenon is not
known or expected. These two parameters, which are related
to each other, are a result of the interaction of dislocations with
obstacles on an atomic scale, which is why molecular dynamics
simulations are well suited to study both of these. These results
can be used as parameters in higher scale models, such as dis-
location dynamics. The unpinning stress can be used to adjust
the strength of obstacles [1] and the obstacle can be adjusted so
that the right mechanism is present. The different mechanism
and setups to achieve these in dislocation dynamics have been
studied previously [2, 3, 4].

In this Article, we focus on the unpinning stress needed for
the edge dislocation to unpin from different kinds of obstacles
and how different factors, like size and temperature, will change

*Corresponding author. the pinning strength. The unpinning mechanism will also be de-
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In demanding environments, like nuclear power plants, the
mechanical properties of the structural materials is crucial to
know. These demanding environments can be due to the con-
stant radiation present or the loading and unloading of the struc-
tural materials. Most structural parts are made from some vari-
ety of steel, which has a complex nanostructure of precipitates,
grains, inclusions and alloying elements. The complex nanos-
tructure is the key to the good mechanical and other proper-
ties of steels, and therefore further improvements by informed
choices can probably be made. The mechanical properties of
metals are determined by the movement of dislocations and the
interaction of the dislocations with the different features. There-
fore it is important to know how the dislocations are interacting
with the different features, to be able to predict the properties
of the material.

The dislocations are usually pinned by the obstacles and
there is a certain stress at which the dislocation can unpin from
the obstacle. The unpinning stress is one of the parameters im-
portant to know to enable larger-scale dislocation modelling.
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termined to get a better understanding of how these two param-
eters relate to each other. We have investigated and compared
seven different obstacles in pure iron, to determine the unpin-
ning stress for edge dislocations, by means of classical molec-
ular dynamics (MD) simulations. The effect of obstacle size
and temperature on the unpinning stress is also investigated.
All simulations are conducted in the same system setup and
the same input parameters are used to ensure comparability be-
tween the results of the different obstacles.

2. Methods

The simulations were performed with the classical MD code
PARCAS [5, 6], with an interatomic potential, describing Fe,
Cr and C interactions, by Henriksson et al. [7]. The simulation
setup was according to the setup described in Ref. 8, by Osetsky
and Bacon. The x-, y- and z-axis were oriented along the [111],
[112] and [110]-directions, respectively, in the BCC structured
simulation cell. An edge dislocation with the Burgers’s vector
b = 1/2[111] was generated in the x—y slip plane. The disloca-
tion was generated by placing N layers in the top half and N — 1
layers in the bottom half, and then compressing and extending
the halves by the Burger’s vector divided by two to match the
two halves. This will introduce a perfect edge dislocation in
the middle of the cell. A few layers of atoms were fixed in the
top and the bottom-part of the z-direction, and a Berendsen type
thermostat [9] was applied on a few layers of atoms above the
fixed atoms at the bottom.

The fixed layers at the top were moved by a constant strain
rate of 5 x 107 s~! in the x-direction, to induce a glide force
on the edge dislocation. A schematic illustration of the system
setup can be seen in Fig. 1, where the gray boxes are the fixed
regions and the gray plane the slip plane where the dislocation
is moving in. The pristine box with the pre-existing edge dis-
location contained 542,700 atoms, which was the starting point
for the generation of the simulation cells with the different ob-
stacles. The box was 101 x 3, 30 x 6 and 30 X 2 atomic planes
in x-, y- and z-directions, respectively. This resulted in a box
size of 25 x 21 x 12 nm?>. Periodic boundary conditions were
applied in the x- and y-directions. Due to the periodic boundary
conditions, the distance between the obstacles was 21 nm — d,
where d,, is the diameter of the obstacle. The same box size and
strain rate have been used in previous studies, and some of the
results are taken from them, Refs. 10 and 11.

In the investigation of the size effect we used three differ-
ent obstacle sizes, 1 nm, 2 nm and 4 nm, and the temperatures
studied were 300 K, 450 K, 600 K, 750 K and 900 K. The used
potential and strain rate showed a temperature dependent stress
for steady-state glide of the dislocation. This value has been
subtracted from the numerical results, to get the contribution
of only the obstacles. The stress for steady-state glide was 90
MPa, 85 MPa, 80 MPa, 75 MPa and 70 MPa for the increas-
ing temperature. To visualize the interaction of the disloca-
tion with the obstacle the program OVITO [12], and the Adap-
tive Common Neighbor Analyzis implemented in the program,
were used.
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Figure 1. Schematic illustration of the system setup.

The investigated obstacles were: voids, coherent chromium
precipitates, amorphous cementite precipitates (amorphous Fe;C),
which are compared to previously studied cementite (Fe;C),
Fey3Cg, Cry3Cq precipitates and cementite rods [10, 11]. The
results for the unpinning stresses for spherical cementite, Fe;3Ce-
and Crp3Cg-precipitates and the cementite rods are taken from
Refs. 10 and 11. All obstacles except the cementite rods were
spherical, and the rods were cylindrical with the axis perpen-
dicular to the slip plane, and were almost as long as the height
between the fixed layers [10]. In the simulation of the voids and
coherent chromium precipitates the amount of atoms in the ob-
stacles were 44, 349 and 2775 vacancy/chromium atoms for the
1 nm, 2 nm and 4 nm obstacles, respectively. All simulations
were conducted with three different initial seeds, to investigate
the stochastic part of the unpinning events. The exceptions was
the amorphous cementite. For the amorphous cementite simu-
lations, three different amorphous structures were investigated,
in addition to three different initial seeds for one of the investi-
gated structures. All the unpinning stresses given in the Results
section are averages of three initial seeds/structures.

3. Results and Discussion

3.1. Unpinning stress and mechanism

The unpinning stresses for all obstacles can be seen in Figs.
2, 3 and 4, for the 1 nm, 2 nm and 4 nm obstacles, respec-
tively. The first general trend that can be seen is that an increas-
ing temperature has a lowering effect on the unpinning stress,
which has been seen in previous studies [13, 14, 15, 16]. An-
other general trend observed before is that a larger obstacle will
yield a higher unpinning stress [13, 14, 15, 16]. The only excep-
tion in the used potential is the coherent chromium precipitates,
where these two conclusions are not evident. The difference
between the different seeds for the same obstacles showed very
small differences. Mainly the difference was seen for the small
sizes and at low temperature, where the stochastic movement of
atoms that triggers the unpinning event is not present as often
as at higher temperatures [10].

In previous studies it was shown that three different car-
bides, cementite, Fe,3C¢ and Cry3Cg, of sizes 2 nm and 4 nm
showed similar unpinning stresses [10]. There were a larger
difference between the 1 nm spherical Fe,3Cg compared to the
others, which will be discussed later. As seen in Ref. 10 the
cementite rod did show a higher unpinning stress than all of the
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other carbides, which showed the importance of surface curva-
ture on the unpinning phenomenon. The absorption of vacan-
cies did in the case of the spherical obstacle lead to a smaller ef-
fective size of the obstacle, which explains the lower unpinning
stress for the spherical cementite compared to the cylindrical.

If the results for the amorphous cementite are compared
with spherical carbides previously studied [10, 11], cementite,
Fe»3Cg and Cry3Cg, we see that the amorphous cementite agrees
very well with the previous results. For the 2 nm and 4 nm ob-
stacles we see almost the same results, and all of them showed
the Orowan mechanism when unpinning [17]. The cementite
rod also showed the Orowan unpinning mechanism, but the rod
required a higher unpinning stress compared to the spherical ce-
mentite precipitates, due to the lack of surface curvature [10].
For the 1 nm amorphous cementite obstacles, the unpinning
stress is on average a little bit lower than the cementite and
Cry3Cg, but higher than the Fe;3Cg. At the two larger sizes the
difference between different amorphous regions did not affect
the unpinning stress any more than the difference in stress due
to different seeds. For the 1 nm amorphous region, the differ-
ent seeds did not affect the unpinning stress any more than for
other obstacles, but the different amorphous regions did drasti-
cally affect the results. This shows that some of the small obsta-
cles were more stable than others and this can explain the dif-
ference in unpinning stress between the amorphous cementite
obstacles and the other carbides. We saw that some of the amor-
phous cementites showed the Orowan mechanism and some of
them shearing. The results showed that those with the Orowan
mechanism showed a much higher unpinning stress compared
to those that showed shear. Those with the Orowan mechanism
showed the same unpinning stress as the crystalline cementite.

For the 1 nm Fey;Cg we saw shearing in all of the cases,
which explains why the unpinning stress is lower than for the
cementite. The unpinning stress for the 1 nm Fe,3Cg¢ is compa-
rable with that of amorphous cementite with the shearing mech-
anism. Also the 1 nm Crp3Cq were sheared, but still showed a
higher unpinning stress. This can probably be explained by the
weaker bonding between Fe-C than Cr-C and the larger distor-
tion created between the Cr atoms in the Fe matrix compared to
Fe atoms in a Fe matrix.

The results show that the void has about the same pinning
strength as the carbides for the 1 nm and 2 nm voids. For the
size of 4 nm, however, we see a significantly lower unpinning
stress for the voids compared to the 4 nm carbides, about 100
MPa to 200 MPa. All the voids had an attractive force on the
dislocation, which absorbed the dislocation. This can be ex-
plained by the minimization of the length of the dislocation.
This absorption then acted as an obstacle, because a new seg-
ment of the dislocation must be created before it can unpin from
the void. This means that the larger voids had a larger attraction,
but also resulted in a larger segment being created, hence the
larger voids acted as stronger obstacles than the smaller voids.

All the coherent chromium precipitates show similar unpin-
ning stresses independent of size, in some cases we even see
that the smallest precipitates are stronger than the largest pre-
cipitates, at low temperature, see Fig. 5. The almost inverse
size dependence of the chromium precipitates are in contradic-
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Figure 2. Unpinning stresses for 1 nm obstacles.

tion to other studies [18]. All of these unpinning stresses are
between 50 MPa and 150 MPa, which are much lower than all
other obstacles. All of the coherent obstacles showed a shear-
ing mechanism during unpinning in the used potential, which
means that the unpinning stress needed is determined by the
strength of the bonds. The difference between potentials is due
to how the potential is describing the Fe-Cr and Cr-Cr interac-
tion. Also the unpinning stress was quite small at the higher
temperatures and could vary quite a bit between different runs,
which make the numerical values only indicative, but the qual-
itative results are still valid.

The results show that there are clearly three different group-
ings for the unpinning stresses for the 4 nm obstacles. The hard
obstacles (which includes all the carbides), the voids and the
coherent obstacles. At the smaller sizes there is not as clear
separation of the unpinning stress as for the larger size. The
smaller obstacles did still show a similar trend. The smaller
obstacles did, in most of the cases, show the same mechanism
as for the corresponding large obstacle. The strongest obsta-
cles were those with the Orowan mechanism, and the second
strongest the void. The weakest mechanism was the shear, but
this mechanism is determined by how the potential is describ-
ing the strength of the chosen elements in the obstacle. The
other mechanisms are more independent of the obstacles, and
the stress required is determined by how the potential describes
the matrix. The strength of the shear mechanism is either deter-
mined by how strong the non-coherent obstacle is described by
the potential, or how the interactions of the coherent obstacle is
described. The obstacles of the same kind and with the same
unpinning mechanism, did still show some differences in the
unpinning stresses. This suggests that to understand the com-
plete unpinning mechanism we still need to account for some
other phenomena. These are probably dependent on the nanos-
tructure, and as we showed that some changes in structure or
composition can both change the unpinning stress and mecha-
nism.
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Figure 5. Unpinning stresses for the chromium precipitates.
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Figure 3. Unpinning stresses for 2 nm obstacles.
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3.2. Multiple interactions with obstacles

The coherent chromium obstacles were sheared at all tem-
peratures and sizes, which will lead to that after a certain amount
of interactions the obstacle will be destroyed. We saw an almost
inverse size dependence on the unpinning stress during the first
interactions, but during the next interactions we saw that the
larger obstacles became much stronger. During the next inter-
actions there is a much larger amount of interface between the
Fe- and Cr-atoms, which acted as an obstacle for the disloca-
tion, which led to a much higher unpinning stress for the large
obstacles. This indicates that for coherent obstacles the descrip-
tion of the interaction between elements will drastically affect
the results.

The evolution of the void during several interactions de-
pended on the amount of absorbed vacancies. For the small-
est obstacles the amount of absorbed vacancies was enough for
the dislocation to pass without interacting with the obstacles, in
form of absorbing vacancies, during the next interactions, lead-
ing to an almost pristine void even after several interactions.
For the larger voids, the total amount of absorbed vacancies
did increase during consecutive interactions, which lead to a
larger super jog, eventually large enough to pass without inter-
action. This also meant that the voids, at least in the beginning,
did change their shape at the height where the dislocation in-
teracted with them. The evolution of the unpinning stress did
depend mainly on how the dislocation and void was deformed,
if a steady state was obtained, a similar unpinning stress was
seen during the multiple interactions.

All the different carbides did shear after a few interactions,
the 1 nm already at the first interaction and the larger after a few
interactions. This means that the precipitates did not withstand
the force of the generated Orowan loop(s) plus the dislocation.
This shows that even if the obstacles are stronger than the others
investigated, they will be destroyed eventually. In most of the
cases for the largest obstacle the dislocation absorbed more va-
cancies/interstitials during consecutive interactions, leading to
a smaller effective diameter of the obstacle. For the two smaller
obstacles the absorption depended on how exactly the interac-
tion happened, so no clear trend could be seen. For all sizes the
carbides were sheared at some height of the obstacle, depend-
ing on the super jog magnitude, if the dislocation did not absorb
enough vacancies/interstitials to pass without interaction.

The results from multiple interactions with the same obsta-
cles show that it is almost impossible to predict exactly what
will happen when non-pristine obstacles will interact with a dis-
location with some induced features, like super jogs. In real ma-
terials there will be many different combinations of consecutive
interaction of perfect and imperfect dislocations with obstacles,
that are pristine and non-pristine.

4. Conclusions

In this Article we have investigated the needed stress for
edge dislocations to unpin from different kinds of obstacles.
The unpinning mechanism, and how it relates to the unpinning
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stress, was also determined. We studied and compared obsta-
cles of three different natures (eg. hard, void and coherent ob-
stacles), for some of them we studied several different types
(eg. shape, structure and composition). The effect of size and
temperature on the unpinning stress was also determined.

We found, as in previous studies, that for most of the ob-
stacles an increase in temperature will yield a lower unpin-
ning stress and that a larger obstacle will yield a higher unpin-
ning stress. The three different kinds of obstacles each showed
a different unpinning mechanism and also different unpinning
stresses, accordingly. The stress needed to unpin from obsta-
cles follows the mechanisms in the order of, highest to lowest,
Orowan, the absorption and generation associated with voids
and shear.

The results show that as a first approximation the obstacles
with the same unpinning mechanism will demonstrate similar
unpinning stresses. But to understand the full effect and to de-
termine the small differences in the unpinning stress the nanos-
tructure must be considered. We have shown that small changes
in the composition or structure can change both the unpinning
stress and unpinning mechanism.
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