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Magnetism-driven dislocation dissociation, cross slip, and mobility in NiAl
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We have examined the interplay between magnetism and dislocation core properties in NiAl alloys using
quantum mechanics/molecular mechanics simulations. We observe the magnetism-driven site preference of Fe
and Co impurities at the dislocation core. When occupying the Ni sublattice, Fe and Co impurities are found
to induce spontaneous dislocation cross slip. When occupying the Al sublattice, the impurities render the
originally undissociated dislocation to split into two partials. Finally we observe the magnetism-driven dislo-
cation mobility when Fe impurity occupies the Al sublattice, which has also been discovered experimentally.
The magnetic interaction between the impurities and the host atoms is responsible for the significant changes

in the dislocation core structure and mobility.
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It has been shown experimentally that an applied mag-
netic field can change the plastic behavior of crystalline ma-
terials, a phenomenon known as magnetoplasticity.? In a
series of theoretical papers, Molotskii and Fleurov have ex-
plained the phenomenon by assuming that a dangling bond
of a paramagnetic impurity forms a radical pair with a dan-
gling bond of the dislocation core. They showed that the
applied magnetic field could then induce transitions between
different spin states of such pairs characterized by different
binding energies, and thus facilitate dislocation depinning
from the impurity and enhance the crystal plasticity.> Despite
its physical significance, the magnetoplasticity phenomenon
becomes less relevant in most applications where materials
deform in the absence of an applied magnetic field. However,
a recent work combining theory and experiments*® has
shown that even in the absence of the magnetic field, mag-
netism plays an important role in the mechanical response of
materials. In particular, it is discovered that 3d transition-
metal impurities (Fe, Co, Ni, Cr, etc.) could profoundly
change the mechanical properties of B2-NiAl intermetallic
alloys; the origin of the impurity-induced solid solution soft-
ening in these alloys is due to the magnetic interaction be-
tween the impurities and the host atoms.® The experimentally
observed softening can only be reproduced by density-
functional theory (DFT) calculations if the magnetic interac-
tion (or spin polarization) is turned on. Similarly, the site
preference and lattice spacing changes would switch sign if
the spin polarization is turned off in the DFT calculations.
These results along with the magnetoplasticity effect, high-
light the important role that magnetism plays in the mechani-
cal response of materials, illustrating the cross fertilization
between two disciplines, magnetism and mechanical proper-
ties.

B2 intermetallic NiAl alloys have attracted a lot of atten-
tion recently owing to their potential applications as high-
temperature structural materials. One of the common prac-
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tices to improve the mechanical properties of materials is
alloying. For example, introducing substitutional elements
including Fe, Co, Ni, etc., in NiAl has been shown to en-
hance the strength and ductility of the alloy. These impurities
can strongly interact with lattice defects, in particular, dislo-
cations; it is through this interaction that the impurities affect
the mechanical properties of the material. On the other hand,
it is well known that the dangling bonds at the defect core
could introduce localized electronic states and magnetic
moments.>’® In some cases, these defects could eventually
lead to magnetic ordering. Therefore, the interplay between
magnetism and lattice defects-lattice defects could give rise
to magnetism and magnetism could affect the properties of
lattice defects, offers an intriguing perspective that could be
useful in the design of novel materials.

In this Rapid Communication, we explore the interplay
between magnetism and dislocation properties in NiAl in the
absence of magnetic field. Our first-principles based quan-
tum mechanics/molecular mechanics (QM/MM) calculations
show that by substituting Ni atom at the dislocation core, Fe
and Co impurities can lead to spontaneous dislocation cross
slip. On other hand, by replacing Al atom at the core, Fe, Co,
and Ni impurities can result in dislocation dissociation into
partials. In addition, we find that the site preference of Fe
and Co impurities at the dislocation core is magnetism
driven. Finally we observe magnetism-enhanced dislocation
mobility when the Al atom is replaced by Fe at the disloca-
tion core. Our calculations unambiguously demonstrate the
connections between magnetism and the mechanical proper-
ties of NiAl alloys.

In the QM/MM method, the simulated system is parti-
tioned into two regions (see Fig. 1). The region I is treated
with the quantum-mechanical density-functional theory
(DFT) and contains the dislocation core; the region II on the
other hand is treated with the empirical embedded-atom-
method (EAM) (Ref. 9) and contains the rest of system, in-
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FIG. 1. (Color online) Schematic partition of the computational
model into region I and II with a blown-up view of region I. The
slip plane is denoted by a dashed line. The substitutional sites are
labeled by numbers from 1 to 3.

cluding the long-range elastic field of the dislocation. The
two regions are mechanically coupled and the interaction
energy is computed by EAM. Therefore, the total energy of
the system can be written as

Er=ErgM+ EP - E7AY, (1)

where the three terms on the right-hand side represent the
energy of the entire system treated with EAM, the energy of
region I treated with DFT, and the energy of region I treated
with EAM, respectively. The technical details of the method
along with error analysis can be found in Ref. 10. We use the
VASP package'! as the DFT approach with the projected aug-
mentation wave method'? for the pseudopotentials under the
generalized gradient approximation.'® The screw dislocation
with the Burgers vector [001] which plays a central role in
the plastic deformation of NiAl is studied in the paper.'* The
entire system measures 600 A X200 AX2.894 A in X, Y,
and z directions, respectively. The fixed boundary conditions
are applied along x and y directions with the boundary dis-
placement determined by the elastic solution of the disloca-
tion. The dislocation line is along z axis in which the peri-
odical boundary condition is applied. Therefore, we are
simulating a row (or rows) of impurity atoms interacting
with a straight dislocation. The impurity atoms are separated
by 2.894 A apart in the z direction. In this Rapid Commu-
nication, we are interested to explore magnetism-driven site
preference, dissociation, cross slip and mobility of a straight
dislocation segment. The slip plane xoz is (110). The entire
system consists of 28 714 atoms with 104 atoms in region I
shown schematically in Fig. 1. The force convergence crite-
rion is 0.02 eV/A for all atoms.

Pure NiAl dislocation core structure. The dislocation core
structure can be characterized by either the relative displace-
ment density plot or the differential displacement field plot,
shown in Figs. 2(a) and 2(c), respectively, for the pure NiAl
screw dislocation. The former is defined as the derivative of
the relative displacement in the z direction across the slip
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FIG. 2. (Color online) Cross slip represented by the dislocation
displacement density plots (upper panel) and the differential dis-
placement plots (lower panel). (a) Before the relaxation: displace-
ment density in the (110) primary slip plane is shown in the solid
curve and in (110) cross-slip plane is shown in the dashed curve.
(b) After the relaxation: the caption is the same as (a). (c) Before the
relaxation: the z displacement is shown in blue and the y displace-
ment is shown in red. The magnitude of the differential displace-
ment is proportional to the length of the arrow. The solid and
dashed lines indicate the primary and cross-slip plane, respectively.
The horizontal and vertical axes (in A) correspond to x and y di-
rection, respectively. (d) After the relaxation: the caption is the
same as (c) except the x displacement instead of the y displacement
is shown (in red).

plane as a function of x. The latter is defined as the relative
displacement between a pair of atoms joined by an arrow.
The screw dislocation appears to be nondissociated with a
single peak in the density plot shown in Fig. 2(a). In addi-
tion, the screw dislocation core is found to be planar, i.e., the
displacement is primarily confined within the slip plane. The
in-plane displacement along the z direction (blue arrow) is
much larger than the out-of-plane displacement along y the
direction (red arrow).

Magnetism-driven site preference. Site occupation of sub-
stitutional impurities is an important factor that influences
the properties of multicomponent alloys.'>"!7 To examine the
site preference at the dislocation core, we calculate the cohe-
sive energy of the dislocation by substituting Fe, Co, and Ni
impurities for either Ni or Al sublattice, whose positions are
labeled by 1 and 2 in Fig. 1, respectively. In the following,
we use symbol A(B) to represent the substitution of host
atom B by impurity A. The cohesive energy is relative to the
pure NiAl dislocation and a negative cohesive energy indi-
cates that the dislocation is energetically more stable with the
impurities; however, this does not necessarily mean there is a
binding between the dislocation and the impurities. Both the
spin polarized and the nonspin-polarized DFT calculations
are performed for region I in which the energy difference
signifies the importance of magnetic interaction in determin-
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TABLE I. Cohesive energy with respect to the pure system. For
each impurity the results from the spin polarized and the nonspin-
polarized (in parenthesis) calculations are shown for comparisons.
AE is the site energy difference for occupying the Ni and Al sites.
AE,, is the spin-induced site energy difference. The energy unit is
electron volt.

Site
Impurity Fe Co Ni
Ni -0.73 (-0.82) -1.29 (-1.07) 0 (0)
Al -1.00 (-0.37) -1.25 (-1.10) -0.85 (-0.80)
AE 0.27 (-0.45) -0.04 (0.03) 0.85 (0.80)
AE i 0.72 -0.08 0.05

ing the site preference. From Table I, it is found that in all
cases, the presence of the impurities lowers the energy of the
dislocation. It is observed that the Fe impurity prefers to
occupy the Al site whereas Co prefers the Ni site. More
interestingly, the site preference of Fe appears to be magne-
tism driven—the spin-on and spin-off calculations predict
the opposite site preference, with a very large energy differ-
ence (0.72 eV). This energy difference is due to the fact that
there is a strong ferromagnetic interaction between Fe and
the neighboring Ni atoms, which is absent when the spin is
turned off. However, this spin-induced energy difference for
Co and Ni impurities is much smaller. Spin polarization
seems to enhance the binding of the impurities at the dislo-
cation core with the exception of Fe(Ni). We find that for
Fe(Al) and Co(Al), a magnetic moment of 2.8 up and
1.4 g is developed on Fe and Co site, respectively. There is
some small induced magnetic moment (0.1 ug) on each
nearest-neighbor Ni atom. No magnetic moment is observed
when the impurities occupy the Ni sublattice.
Impurity-induced spontaneous cross slip. Cross slip is an
activated process with an energy barrier that could be over-
come by either thermal excitation or external stress. To ex-
amine the impurity effect on dislocation cross slip, we intro-
duce an Fe impurity substituting a Ni host atom at the
dislocation core, labeled by 1 in Fig. 1. In the absence of the
impurity, the dislocation is spread onto the primary (110)
plane as indicated by a horizontal line in Fig. 2. There is a
negligible displacement field in the perpendicular slip plane

(110), hereafter referred to as the cross-slip plane indicated
by a vertical dashed line in Fig. 2. We should note that al-

though the (110) and (110) planes are crystallographically
equivalent, once the dislocation is introduced in the (110)
plane, the symmetry is broken and the dislocation is spread
onto the (110) plane. In other words, there is an energy bar-

rier for the dislocation to cross slip to the (110) plane in pure
NiAl. However, when the Fe impurity is introduced, we find
that the cross slip takes place spontaneously, as illustrated in
Fig. 2: there is a negligible displacement field left in the
(110) plane and the most of the displacement field has trans-

ferred to the cross-slip plane (110). Moreover, the cross-
slipped dislocation subsequently dissociates into two partial
dislocations indicated by the double peak in the density plot.
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FIG. 3. (Color online) (a) The vy surface of the pure bulk NiAl.
(b) Ay of cases (i) and (ii) with respect to the pure system; see text.

The partial dislocations here are of the generalized type!'®
and they are not necessarily associated with the stable stack-
ing fault as the Shockley partials are. More importantly, the
dislocation moves away from the Fe impurity. The spontane-
ous cross slip can be understood from the 7y surface'® of the
alloys. In particular, we focus on two configurations: (i) the
Fe impurity is placed right above the slip plane which corre-
sponds to the situation before the cross slip takes place. In
this case, the slip plane is (110). (ii) The Fe impurity is
placed at one atomic layer away from the slip plane which
corresponds to the situation after the cross slip takes place. In

this case, the slip plane is (110). We find that in the case (i),
the y energy has increased considerably for all planar dis-
placements on the (110) plane comparing to the pure system.
As a result, the dislocation core energy increases signifi-
cantly. On the other hand, in the case (ii), the y energy de-
creases. The relative y energy with respect to the pure sys-
tem is shown in Fig. 3(b) for both (i) and (ii). The y energy
difference between (i) and (ii) is essentially the driving force
for the spontaneous dislocation cross slip, i.e., the dislocation
tries to avoid the Fe impurity by changing its slip plane from

(110) to (110). The same phenomenon is also observed for
Co(Ni).

Impurity-induced dislocation dissociation. Next we exam-
ine the dislocation core structure when an Al host atom is
replaced by the magnetic impurities. We find that when Al is
substituted by Fe, Co, and Ni impurities at the dislocation
core, the original undissociated dislocation splits into two
partial dislocations. An example of the dissociated core
structure is shown in Fig. 4(a) for Co(Al) labeled by 2 in Fig.
1. The two partials are separated approximately 9 A apart.
Once again the impurity-induced dissociation can be under-
stood from the vy surface shown in Fig. 4(b). There is a

significant reduction in 7 energy in [110] direction in the
presence of the Co impurity, which renders the displacement

along the [110] direction energetically favorable. Therefore,
instead of slipping along [001]-the Burgers vector direction,

the dislocation also slips “sideways” along [110], resulting a
dissociation of the dislocation. This splitting mechanism is
similar to fcc materials.?’ There is a ferromagnetic interac-
tion between Co and the neighboring Ni atoms; a magnetic
moment of 1.4 up is developed on the Co atom and 0.1 up
on the nearest-neighbor Ni atoms. The same dissociation be-
havior is also found for the Ni(Al) system in which the dis-
location core becomes dissociated and wider. These results
are consistent with the experimental observations.?!
Magnetism-driven dislocation mobility. Dislocation mo-
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FIG. 4. (Color online) Dislocation density and y energy of the
Co(Al) system. (a) Dislocation density of the pure system (dashed
line) and the Co(Al) system (solid line). (b) The projection of Ay
the y energy of the Co(Al) system minus and the 7y energy of the
pure system onto the slip plane. The displacement field of the dis-
location core atoms is superimposed on the 7y energy projection.

bility is often characterized by its Peierls stress. Here, we
focus on the Fe(Al) system. The location of the impurity is
labeled by 3 in Fig. 1. A shear strain along the z axis is
applied to the top and bottom surface of the simulation box
in stepwise increments. For each increment of 2.5 X 1073, the
dislocation is fully relaxed. The dislocation is considered
moved when the center of the dislocation, the peak of the
dislocation density, translates by more than one lattice spac-

ing in [110] direction. We find that the Peierls stress for the
dislocation in the absence and presence of the Fe impurity is
900 MPa and 600 MPa, respectively. Thus the dislocation
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mobility is increased significantly; this is consistent with the
experimental observation that Fe can reduce the hardness of
Ni-rich NiAl alloy?? (Fe is known to occupy Al sublattice in
Ni-rich condition). Moreover, the enhanced dislocation mo-
bility appears to be magnetism driven. When the spin polar-
ization is turned off in the DFT calculation, the dislocation

core narrows and it cross slips to the (110) plane. This is
because when the spin is turned off, the ferromagnetic inter-
action between Fe and Ni is no longer possible, thus Fe
bonds with the neighboring Al atoms instead. As a result,
some Al atoms are attracted to the Fe impurity and the dis-

location core becomes narrower.
In summary, we have demonstrated the importance of

magnetic interactions in changing dislocation core proper-
ties. We find the magnetism-driven site preference of Fe and
Co impurities at the dislocation core. When occupying the Ni
sublattice, Fe and Co impurities induce spontaneous disloca-
tion cross slip. When occupying the Al sublattice, the impu-
rities render the undissociated dislocation in pure NiAl to
split into two partials. We observe the magnetism-driven dis-
location mobility when Fe impurity occupies the Al sublat-
tice, which is consistent with the experimental results. Fi-
nally, the observed magnetic interaction between the
dislocation core and the impurities confirms the hypothesis

of the magnetoplasticity theory.
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