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ABSTRACT

We investigate how the magnetic state influences the interaction of Cr substitutional impurities with %2(111) screw dislocations in bcc Fe via
density functional theory (DFT). We compare the paramagnetic state, modeled with a non-collinear disordered local moment (DLM) model,
with the ferromagnetic state. In a previous work [Casillas-Trujillo et al., Phys. Rev. B 102, 094420 (2020)], we have shown that the magnetic
moment and atomic volume landscape around screw dislocations in the paramagnetic state of iron are substantially different from that in the
ferromagnetic state. Such a difference can have an impact in the formation energies of substitutional impurities, in particular, magnetic solutes.
We investigate the formation energies of Cr solutes as a function of position with respect to the screw dislocation core, the interaction of Cr
atoms along the dislocation line, and the segregation profile of Cr with respect to the dislocation in paramagnetic and ferromagnetic bce iron.
Our results suggest that with increasing temperature and connected entropic effects, Cr atoms gradually increase their occupation of dislocation
sites, close to twice the amount of Cr in the DLM case than in the ferromagnetic case, with possible relevance to understand mechanical prop-

erties at elevated temperatures in low-Cr ferritic steels in use as structural materials in nuclear energy applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0134935

1. INTRODUCTION

Iron has been of great technological importance, even more its
alloying with carbon that gave rise to steel and Cr that gave corro-
sion resistance. Iron alloys are used as structural materials in many
applications, and steels with a low-Cr content have shown resis-
tance to temper embrittlement’ and to neutron radiation induced
swelling;”™ therefore, they are currently the forefront candidates to
be used as structural materials for nuclear fusion and next genera-
tion fission reactors.”® As such, they are subjected to high opera-
tional temperatures. In these critical circumstances, reliability is a
paramount aspect; structural materials must possess high mechani-
cal stability;” thus, a fundamental understanding of the deformation
mechanisms at high temperatures is needed.” The phenomena of
dislocation nucleation and mobility are essential for understanding
plastic deformation and macroscopic mechanical properties of
materials. In particular, the plastic behavior in body centered cubic
iron is attributed to screw dislocation core effects.”'” The segrega-
tion of solute atoms to or away from dislocation cores is a phenom-
enon central to solid-solution hardening. It is known that the

addition of solute atoms to a base metallic element may cause an
increase or a decrease in the yield strength, which phenomenon is
referred to as solid-solution hardening or softening, respectively.
Solutes can impact the dislocation core structure.”''~'* Long-range
interactions are dominated by elasticity, but elasticity fails to
describe the core region where solutes might have a pronounced
effect, as such ab initio calculations are suitable for dislocation core
structure determination and interaction with point defects.'”'>~"”
One of the consequences of high temperature is an increase in
magnetic disorder. Magnetic materials such as iron possess a spon-
taneous magnetization, but as the temperature increases, the mag-
netic moments start to become disordered until the critical
temperature, in bcc Fe 1043 K, when the system no longer exhibits
any long-range magnetic ordering, yet the local spin polarization of
the atoms is still present and are often critical for mechanical prop-
erties.'” It can be noted that diffusion in materials is higher at ele-
vated temperatures while that typically distinctly suppressed at
room temperature; furthermore, a dramatic change in the activation
energy of diffusion near the Curie temperature occurs in o-iron,
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meaning that atomic and defect structures can be determined in
the high temperature paramagnetic state.'” '

Theoretical dislocation studies are computationally demand-
ing, requiring large supercells or complex simulation setups, even
more so including dislocations with magnetism.””~** Similarly, the
simulation of magnetic disorder by first principle calculations is
challenging and is sometimes mistakenly approximated by the non-
magnetic state, but this approach leads to incorrect results’>*® as
has been demonstrated in several materials’ systems.”’~*"The mag-
netic state has an impact on point defect formation energies, and
recent studies in bce iron have shown that there exists a difference
in point defect formation energy between the ferromagnetic and
paramagnetic regimes where a better agreement with the experi-
mental results is obtained when the relevant magnetic state is
chosen.””*”*" Thus, the magnetic state can alter the interaction of
point defects with dislocations, leading to different segregation
profiles.

The present paper investigates the effect of magnetic disorder
on the energetics of Cr solute interactions with a dislocation in bcc
iron. We have chosen Cr for its relevance in steels and for its
known peculiar mixing behavior with Fe in the perfect bulk. In a
previous study,”’ we have found that the magnetic moment and
atomic volume landscapes in the paramagnetic state in bcc iron are
substantially different from the ferromagnetic case. We investigate
the effects of this difference on how solutes decorate the 1/2(111)
screw dislocation core, and we compare and contrast their behavior
in the paramagnetic and ferromagnetic states.

Il. METHODS

In order to describe the paramagnetic state, we employ the
disordered local moment (DLM) approach.”” The high temperature
paramagnetic case can be viewed as a disordered distribution of
local magnetic moments with no long-range order. In the DLM
also, the short-range order (SRO) is approximated as zero, an
approximation that is good far above the critical temperature.
However, it is a robust limiting case that together with the knowl-
edge of the ordered ferromagnetic state, brackets all real magnetic
states with temperature-dependent SRO. The DLM approach allows
us to formulate a consistent electronic structure based thermody-
namic theory that accounts for the interplay between the configura-
tional and magnetic degrees of freedom.” In the DLM simulations,
the direction of the magnetic moments is assigned randomly and
can be easily implemented in a supercell approach.'*"*

To model screw dislocation with ab initio methods, we utilize
a quadrupole periodic array of dislocation dipoles.'” This approach
allows the utilization of fully periodic boundary conditions and
stable dislocations since the dislocation arrangement cancel the
stress field to a first order.”” The dislocation dipole is introduced
into the simulation cell by applying the displacement field of each
dislocation as given by anisotropic linear elasticity using the Babel
code.” It has been shown that this methodology is able to obtain
converged dislocation core structures and energies.'”

The DFT calculations are performed using the projector
augmented wave method’” as implemented in the Vienna Ab initio
Simulation Package (VASP)*>” with the Perdew-Burke-
Ernzerhof generalized gradient approximation’ to model the

ARTICLE scitation.org/journalljap

exchange-correlation effects. Only the 4s and 3d electrons of Fe
and Cr are treated as valence, while the remaining electrons are
part of the PAW potentials. All calculations are performed using a
400 eV kinetic-energy cutoff, a Methfessel-Paxton 0.2 eV broaden-
ing, and with a convergence criterion on all forces of 0.01 eV/A for
structural relaxations. Introducing a Cr atom in the supercell
creates a row of solute atoms along the [111] direction. To assess
the Cr-Cr interaction, we used an 8b (8 Burgers vector) supercell
with two Cr atoms. Assessing the Cr-Cr interaction by using a slab
with one Cr atom and using its periodic images to assess the Cr-Cr
interaction with different supercell sizes are problematic due to the
different Cr concentrations of the supercells. From our 8b cell cal-
culations, we found that 3b is a big enough supercell size for con-
sidering Cr atoms distant and used it for the DLM calculations.
Calculations were performed on supercells with 405 and 1080
atoms using 1x2x6 and 1x2x2 k-point grids for the 3b and
8b-cells, respectively.

Ill. RESULTS
A. Relaxations in the DLM state

Geometric relaxations can have an important contribution on
the formation energy of point defects. In the case of vacancies in
bee iron, a ~0.1eV difference in formation energy between the
geometries obtained in the FM and in the paramagnetic state was
found.”” To relax structures in the magnetic disordered state is very
costly in both computer and real time. This is because the magnetic
disordered moments in real paramagnetic materials are dynami-
cally fluctuating on a timescale much faster than the diffusion of
atoms. This means that in calculations, it is not enough to relax a
structure with one frozen disordered magnetic cell. Instead, the
relaxation must be done taking many different magnetic configura-
tions into account in a procedure modeling a real time-averaging
process. Previously, we have obtained the relaxed screw dislocation
structure in the DLM state of pure bec Fe.”' Introducing a Cr atom
in the system will produce displacements to the atoms around it,
being more pronounced on its nearest neighbors. We have analyzed
the effect of relaxations due to the presence of a Cr solute in bulk
bce iron in the DLM state and in the dislocation system in the FM
case. The relaxation methodology for the DLM state is described in
Ref. 27 in which atoms are partially allowed to relax according to
different disordered magnetic configurations in sequence until a
steady displacement of the atoms from the initial positions is
achieved. The equilibrium positions of each atom are obtained by
averaging the atomic positions of several configurations once the
relaxation is in the steady state. The convergence criteria and
the displacements for the non-equivalent atomic positions in the
supercells are shown in Fig. 1, with the largest displacement of
0.014 A corresponding to the first nearest neighbors to the Cr
atom. Since displacements are small, we do not perform explicit
DLM relaxations when we add the Cr solute and start from the
pure iron DLM relaxed dislocation structure. In the FM calcula-
tions, we compare both including and not including specific
Cr-induced relaxations. In Fig. 3, we include the results for an
unrelaxed and relaxed system with a Cr solute and observe that
there is no qualitative change and only small effects on the quanti-
tative energies that will not change the overall trends of the study.
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FIG. 1. (a) Cumulative average displacement as a function of simulation step number. (b) Cumulative displacement of the symmetrically distinct atomic positions in the

supercell.

B. Cr in bulk bcc iron

We assess the formation energies of Cr in bulk bcc iron (dislo-
cation free) and compare between the ferromagnetic state and the
DLM state. We have used a 128 atoms cubic supercell where we
have introduced two Cr atoms with different separation distances
along the [111] direction. The formation energies in the DLM case
are obtained by averaging the results of 20 different magnetic con-
figurations. For the formation energy, the reference states are DLM
bee Fe and nonmagnetic bee Cr for the DLM case, since the latter
is the magnetic result when we start with a DLM bcc Cr. For the
alloys in the FM state, FM bcc Fe and AFM bcc Cr are the reference
states. Using NM bcc Cr as the reference lowers the curve by
0.02 eV. From Fig. 2, it can be observed that in the FM case, Cr
wants to be as far away as possible from other Cr atoms and their
solution energy into Fe is negative favoring solubility. The mag-
netic moment direction of the Cr atoms is pointing in the oppo-
site direction to Fe atoms. In the DLM state, the solution energy
is positive. In addition, the lowest energy corresponds to the Cr
atoms being next to each other, while the largest energy corre-
sponds to the case where they are the farthest apart. The differ-
ences in formation energies as a function of Cr separation are,
however, an order of magnitude lower than in the FM case. This
suggests in any case a clustering tendency in the DLM case, oppo-
site to the FM behavior. Fe-Cr alloys display strong solubility
tendency also at low temperatures for concentrations below 6%
Cr;*"** in this situation, Cr atoms like to be surrounded by Fe
atoms. When the concentration increases, Cr atoms have to be
close to each other and the mixing enthalpy becomes positive. In
Fe-Cr alloys, it has been shown that the magnetic disorder
removes the specific mixing trend with negative mixing enthalpy
at a low-Cr content but also decreases the magnitude of the posi-
tive mixing enthalpy at a higher Cr content.”” Qur results are,

thus, fully in line with the previous findings for Cr-poor Fe; ,Cry
alloys in the defect free bcc bulk.

C. Cr-Cr interaction along the dislocation line in FM
iron

Next, we consider the case of a Cr impurity in a system con-
taining dislocations in the ferromagnetic case. In this way, we
assess the Cr-Cr interaction to determine the required cell size to
approximate the dilute limit. We employ a supercell with 8b thick-
ness to avoid comparing systems with different Cr concentrations.
We use the easy core configuration since it has the lowest energy
for both FM and disordered magnetic states in pure bcc Fe.”' In
contrast with interstitial carbon,'® Cr does not lead to a dislocation
core reconstruction from the easy to the hard core.” We placed the
Cr in the position closest to the dislocation core. Figure 3 shows
the energies and magnetic moment magnitudes for the different
Cr-Cr separation distances along the [111] direction, where we
have taken the largest separation Cr—Cr energy as a reference. From
this, we conclude that a 3b supercell in thickness is a good choice
for the dilute limit calculations.

D. DLM calculations

Finally, we perform DLM calculations for the system contain-
ing the dislocations. Figure 4 shows the energies for a Cr solute as
a function of distance to the dislocation core comparing the FM
and disordered magnetic moments state. The solute-dislocation
interaction energy per solute atom is defined as the energy differ-
ence between the case when the solute atom is in the dislocation
core or infinitely separated from the dislocation core. In this sense,
negative energies correspond to an attraction to the dislocation. In
practice, in our case, we have set the reference energy as the farthest
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FIG. 2. Comparison of the formation energy of Cr substitutional impurities in bulk bce iron in the ferromagnetic and DLM states.

possible position from the dislocation core in the supercell. For
both FM and DLM states, Cr atoms have an energetic preference to
avoid the dislocation core as the energy of the position furthest
away from the core is the lowest. However, among the three consid-
ered dislocation sites close to the core, the energy is the lowest for
the position closest to the dislocation core. The FM results are in
agreement with the ones previously reported by Odbadrakh et al.”
In the DLM calculations, approximating the paramagnetic state,

the energy difference between the sites is smaller, and the positive
values of the dislocation core sites are lower in magnitude as com-
pared to the FM calculations. Thus, the energetic preference to
avoid the dislocation core seen in the FM case is still present in the
DLM state but much weakened.

If we go into the details of our simulations and compare the
individual different disordered magnetic configurations, they have a
significant effect on the segregation profile energy value. To best
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pendicular to the page.

compare among the different Cr positions in the DLM state, we
used the most similar magnetic configuration, and this means we
used the same magnetic moment template for the different Cr
positions and averaged over 40 different configuration templates.
The error of the mean value P(op), shown as an error bar for
the DLM curve in Fig. 4, is calculated as the standard error +205p
= 20p/v/N giving a confidence interval of 95%, where N is the
number of employed configurations. We also assessed the cluster-
ing tendencies along the [111] direction in the DLM case using a
supercell with 4b thickness and calculating the energies for
Cr atoms separated 1b and 2b, obtaining a value of
E? — E'%* = 0.009 eV, indicating, in contrast to the FM case, a very
weak repulsion for Cr-Cr along the dislocation line. This further
contributes to a larger possibility for Cr to occupy positions along
the dislocation line in the DLM state as compared to the FM state.

E. Segregation profile

Based on the energetic profiles obtained above, we can
perform a mean-field analysis*>** to study the segregation tenden-
cies of Cr to or from the dislocation core as a function of tempera-
ture. This is done using the methodology of Ventelon et al,"
which studied carbon interstitials in iron. This approximation
accounts for configurational entropy but neglects local chemical
environment effects, vibrational, and electronic entropy. We con-
sider only nearest neighbor interactions between solute atoms. The
concentration for a specific site close to the dislocation core Cy is
given by

G _ Coun ex  Eoeg(Ca) )
1-C;  1—Cpu P kgT '

The segregation energy Ei, is given by

8Eint _ Eo

Eseg(cd) =Ep +Cy 6Cd int

+ zcd Vcc: (2)

where the interaction energy is defined as the energy difference
between the case when the solute atom is in the dislocation core or
infinitely separated from the dislocation, which is approximated by
the farthest position from the core (see Fig. 4). Vi is the first
neighbor repulsion energy between solute atoms. The solute con-
centration is connected to nominal concentration C,,, by matter
conservation, N,Cpux + NgCqy = NoCyor. The number of solute
sites in the dislocation core is N; = pVn/b, and the total number of
sites Ny = 2V/a®, where p is the dislocation density, V is the
volume of the system, a is the lattice constant, b is the Burgers
vector, and 7 is the number of sites in the core. In Fig. 5, the segre-
gation profile as a function of temperature for a system with 5% Cr
is presented, modeled using our energetics from our dilute Cr mod-
eling above. The analysis shows, that at low temperatures, there is
little Cr content in the dislocation core since the solute-dislocation
interaction is repulsive and Cr atoms would prefer to be in the
bulk. Raising temperatures will allow for Cr to occupy dislocation
sites due to entropic arguments. As an example, we can discuss
1000 K, which is close to the Curie temperature of Fe, at which one
can see the FM and DLM states as bracketing the real magnetic
state that should display an intermediate degree of short-range
magnetic order. At 1000 K, the amount of Cr at the dislocation
core calculated for the FM state is only about 25% of the bulk
value, while the DLM calculations suggest a Cr concentration in
the dislocation core of around 60% of the bulk value. This differ-
ence originates in the reduced repulsion by the dislocation in the
DLM case, and the ability to cluster together along the dislocation

SO:LYEL €202 1SNBNY bz

J. Appl. Phys. 133, 125103 (2023); doi: 10.1063/5.0134935
© Author(s) 2023

133, 125103-5


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

ARTICLE scitation.org/journalljap

0.06 T T T T T T T
0.05
Bulk ——
3.53A FM1.33£—
c | FM267A —— =)
"%0.04 FMa,m— —’_::::;:-——
DLM 1.33A - - - - EREeE =
’ 2‘67A. E DLM 2.67A - - - et e
G 003 | DMASARERS  _e2= y
9 22
g o
O @ 134 @ ° 7
S 002 .2 .
O o o 001 |/ -
0.00 —1 1 1 1 1 I 1 L
200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature (K)

FIG. 5. Cr concentrations on sites closest to the dislocation core as a function of temperature using a mean-field approach. Both results from ferromagnetic and paramag-

netic DLM and simulations are shown.

line. However, regardless of the magnetic state chosen in the mod-
eling, Cr is found to, in various degrees, avoid the dislocation line.
A reminiscence of this effect is seen even at 2000 K, above the
experimental melting point of Fe, where the DLM modeling sug-
gests a Cr content in the dislocation core corresponding to 80% of
the bulk value.

IV. CONCLUSION

In this work, we have assessed the effect of disordered magne-
tism, modeling the paramagnetic state, on the interaction of dilute
Cr solutes with %(111) screw dislocation in bec iron. We compared
and contrasted this interaction between the ferromagnetic and
paramagnetic states. In the FM state, Cr in both the bulk and the
dislocation system wants to be as far away as possible to other Cr,
in contrast with the DLM case that favors Cr clustering. The behav-
ior of Cr solutes in the presence of a dislocation is qualitatively
similar between the FM and DLM states, displaying a repulsion
tendency of Cr atoms from the dislocation core. However, the
extent of this repulsion is much weaker in the disordered magnetic
state than in the FM state, exhibiting almost no Cr-Cr repulsion
along the [111] direction, allowing for a larger presence of Cr
atoms along the dislocation line in the DLM case. The segregation
profile given by the mean-field approximation shows that at low
temperature, Cr avoids the dislocations. With increasing tempera-
ture and connected entropic effects, Cr atoms gradually increase
their occupation of dislocation sites, with around twice the amount
of Cr in the DLM case than in the FM case, but still lower than the
bulk limit. Although a direct comparison with experiments is diffi-
cult to establish, particularly in this idealized dislocation settings,
radioactive tracers’” and high temperature TEM could be a
pathway to make the connection with theory. As the segregation of
solutes to or away from dislocations can influence dislocation

mobility and is connected to mechanical properties, the present
work highlights the importance of understanding magnetic order-
disorder effects in steels and other alloys with magnetic
components.
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