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a b s t r a c t

Oxide dispersion strengthened (ODS) steels are promising candidates for applications in fusion and fis-
sion rectors. Y2O3 particles dispersed in an iron matrix drastically improve the strength without adverse
effects on ductility. We investigate here details of the dislocation core structure in Y2O3 precipitates, and
at the interface between the iron matrix and the Y2O3 precipitate. We also simulate dislocation interac-
tion with nano-size Y2O3 precipitates. It is shown that the c-surface energies on planes between oxygen
atoms and metallic atoms are extremely high, and that dislocations in an iron matrix cannot penetrate
into Y2O3 particles. Three-dimensional parametric dislocation dynamics simulations of the interaction
between an edge dislocation and an Y2O3 particle are carried out. The results show that the critical
resolved shear stress (CRSS) has a strong dependence on the lattice mismatch Y2O3 particles and the iron
matrix, and that it is lower than analytically calculated values of the Orowan stress.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Oxide dispersion strengthened (ODS) steels are promising can-
didates as structural materials for applications in fusion and fission
reactors. In ODS steels, Y2O3 particles dispersed in an iron matrix
drastically improve the strength, without adverse effects on ductil-
ity. Y2O3 particles work as obstacles to dislocation motion, result-
ing in an increase in the flow stress for plastic deformation.
Despite the important effects of Y2O3 precipitates on the mechan-
ical properties of ODS steels, a mechanistic understanding of the
interaction between dislocations and such precipitates is not avail-
able yet.

In this work, we first model the dislocation core structure in
Y2O3 particles and at the interface between the iron matrix and
these precipitates on the basis of the information on c-surface
energies. We then simulate the dislocation penetration from the
iron matrix to the Y2O3 particle through the interface using a com-
bination of 2-dimensional dislocation dynamics (DD) and general-
ized Peierls-Nabarro (GPN) model [1]. This hybrid method is
capable of resolving the dislocation core structure, and was pre-
sented by our groups in a number of publications [1–3]. We will
show, on the basis of the hybrid method, that the possibility of dis-
location penetration through Y2O3 particles is negligible. We devel-
op a 3-dimensional parametric dislocation dynamics (PDD)
simulation model [4] for investigation of the interaction between
an edge dislocation and Y2O3 particles. Using PDD simulations,
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dislocation behavior in the vicinity of Y2O3 particles and the critical
resolved shear stress (CRSS) for dislocations to overcome Y2O3 pre-
cipitates are investigated.

2. c-Surface energies in Y2O3 particles and interfaces

To investigate the interaction between dislocations in iron with
Y2O3 precipitates, we first investigated possible types of interfaces
between an iron matrix and Y2O3 particles, and found that {1 0 0}
planes of both the iron matrix and Y2O3 particles provide the best
matching. Therefore, the interaction between dislocations and the
{1 0 0} interface will be determined in order to discuss dislocation
behavior in the vicinity of the interface. One possible slip system in
Y2O3 precipitates is {1 0 0} h1 1 0i, which differs from those in the
iron matrix, namely {1 1 0} h1 1 1i. Therefore, if a dislocation meets
the interface, it would have to change its slip system in order to
penetrate the Y2O3 particle. To understand the dislocation core
structure at the interface, c-surface energies, which represent
interplanar atomic misfit energies and are responsible for deter-
mining the dislocation core structure in the Y2O3 particle and the
interfaces were calculated using ab initio methods with the Vienna
Ab initio Simulation Package (VASP) code [5,6]. Here, we assumed
two different interfaces. The first is the iron–oxygen interface,
where the oxygen atoms are placed at the bonding surface of
Y2O3. Similarly, the second is the iron–yttrium interface, where
there are yttrium atoms at the bonding surface of Y2O3. The results
are shown in Fig. 1, where the maximum c-surface energy at the
iron–yttrium interface is less than 1 J/m2. However, when the slip
plane contains oxygen atoms, the c-surface energy rises up signif-
icantly to approximately 4 J/m2 at the iron–oxygen interface and,
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Fig. 1. c-Surface energies of interfaces between iron and oxygen and between iron
and yttrium and Y2O3. The disregistry vector is the displacement vector making the
atomic misfit plane. In this figure, the vector is taken as the Burgers vector, and the
plane is the slip plane of dislocations.

Fig. 2. Snapshots of the dislocation–interface interaction process. The applied shear
stress is 150 GPa. The interface is composed of iron–oxygen. The slip system of the
interface is (0 1 0) [1 0 0], and in the Y2O3 is (1 0 0) [0 1 1].
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in Y2O3, the c-surface energy increases drastically to 20 J/m2. The
main reason for such high energy barriers to slip is that the dislo-
cation must break ionic bonds between oxygen and metal atoms,
which results in very strong resistance to dislocation motion.

3. Dislocation-interface interactions

When dislocations meet the interface, they must change their
slip system in order to penetrate the Y2O3 particle. The {1 1 0}
h1 1 1i dislocation in the iron matrix may dissociate into a {1 0 0}
h1 0 0i dislocation on the interface and a {1 0 0} h1 1 0i dislocation
in the Y2O3 particle. The lattice constants of iron and Y2O3 are
aFe

0 ¼ 0:28865 nm and aY2O3
0 ¼ 1:0605 nm, respectively [7]. To sim-

plify the dislocation reaction at the interface, we take the lattice
constants of iron and Y2O3 to be aFe

0 ¼ 0:275 nm and aY2O3
0 ¼

1:100 nm. Using these approximate lattice constants, 8 disloca-
tions in the iron matrix can create one dislocation in the Y2O3

particle.
The interaction between the dislocation and the Y2O3 particle is

simulated using a hybrid of 2-dimensional DD and the GPN model.
The method can simulate not only the dislocation structure at rest,
but it can also determine the dislocation core structure during the
interaction with precipitates or other defects. Details of the hybrid
DD–GPN model can be found elsewhere [1]. Fig. 2a shows a sketch
of the simulation model used for the present investigations. Since
the simulation model is similar to the structure of bi-material, it
is difficult to account for the influence of elastic constant mismatch
in the hybrid DD–GPN model. However, the difference in the elas-
tic constants between the two materials is not substantial [6] so
that we ignore here the influence. The x and y axes are along the
[1 1 0]- and ½1 �10�-directions, respectively. Initially, 8 mixed dislo-
cations are discretized with 80 fractional dislocations for the GPN
model, and are then introduced into the iron matrix. The interface
lies along the (0 1 0) plane, and its trace has an angle of 45� with
the x-axis. In the simulation, two different types of interfaces are
considered: (1) iron and oxygen and (2) iron–yttrium. The disloca-
tions in the iron matrix have a aFe

0 =2½111� Burgers vector, and dis-
sociate into two different dislocations on the interface and inside
the Y2O3 particle. The applied stress tensor is rx ¼ ry ¼ ryz ¼
rxz ¼ �r, rz ¼ rxy ¼ 0, where �r is a prescribed stress value. The se-
lected stress state facilitates dislocation glide in the iron matrix, at
the interface and inside the Y2O3 particle.

Fig. 2 shows snapshots of fractional dislocation distributions
(which represent the distributed dislocation core in the GPN model
[1–3]), for an applied shear stress of �r ¼ 150 GPa. In the simulation
(Fig. 2), the interface is composed of iron and oxygen atoms, and
the dislocations in the iron matrix dissociate into two dislocations
with Burgers vectors of aY2O3

0 =2½100� (on the interface) and
aY2O3

0 =2½011� (in the Y2O3 particle). It is shown in the figure that
the dislocation core in the iron matrix moves toward the interface,
and successfully dissociates into two different dislocations in the
interface and in the Y2O3 particle. Finally, the dislocation core in
the iron matrix penetrates the Y2O3 particle. As a result, the critical
stress necessary for dislocations to completely pass the iron–yt-
trium interface is found to be 21 GPa, while, for the iron–oxygen
interface, it is 128 GPa, which is large compared to the case of
iron–yttrium interface. The trend coincides with the magnitude
of the c-surface energies. However, most importantly, the required
stress is unrealistically large in all cases, exceeding the shear mod-
ulus of both Fe and Y2O3. This leads us to conclude that dislocations
in the iron matrix cannot penetrate Y2O3 particles under realistic
shear stresses, and thus must form Orowan loops around the
precipitates.
4. Critical resolved shear stress for dislocation-Y2O3 particle
interactions

In this section, we determine the CRSS for dislocations to pass
Y2O3 particles by the Orowan mechanism, using self-consistent
3-dimensional PDD and boundary element methods (BEM), as
developed by Takahashi and Ghoniem for the elastic interaction
between dislocations and precipitates [3]. In the present simula-
tions with the self-consistent PDD–BEM technique [3], the disloca-
tion is allowed to stop at the interface, which will naturally provide
the well-known Orowan mechanism. Moreover, the elastic interac-
tion between the dislocations and the Y2O3 particle arising from
differences in the elastic constants and the lattice mismatch are
all accounted for. As explained in the previous section, although
the influence of the elastic constants must be negligibly small,
we account for the influence to get more precise solution of the
interaction. The lattice mismatch strain is calculated from the lat-
tice constants of iron and Y2O3, and is found to be �0.0752 [7].

Fig. 3 shows a sketch of the simulation model, where the x, y
and z axis are along the ½11�2�, [111] and ½1�10� orientations,



Fig. 3. Simulation model for the interaction between an edge dislocation and an
Y2O3 particle in iron.
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respectively. The size of the simulation volume is 25 � 15 � 30 nm.
In the simulation model, a spherical Y2O3 particle with a diameter
D = 5 nm is located at the center of the simulation volume. Because
the diameter of the particle is small, the particle is assumed to be
coherent with the iron matrix. The particle is represented with
boundary and volume elements in the simulations. An edge dislo-
cation is also located in the simulation volume. The slip plane of
the dislocation is the ð1�10Þ plane, and the position is advanced
along ½1�10� to determine the dependence of the CRSS on the dislo-
cation position.

Fig. 4 shows snapshots of the dislocation configuration during
its interaction with the nano-size precipitate, for a slip plane posi-
tion of z/D = �0.6. The Y2O3 particle has a negative coherency
strain, which provide tension stress in the Y2O3 particle. At the
beginning of the interaction, the dislocation is attracted to the pre-
cipitate, because most of the Y2O3 particle volume is on the com-
pression side of dislocation. Then the dislocation contacts the
front of the Y2O3 particle, and starts to form an Orowan loop. How-
Fig. 4. Snapshots of the dislocation-Y2O3 particle interaction process. The position
of slip plane is z/D = �0.6.
ever, the dislocation cannot complete forming the Orowan loop,
because the character of the elongated part of dislocation sur-
rounding the Y2O3 particle differs from that of the initial edge dis-
location, which changes the type of interaction from attractive to
repulsive. This repulsive interaction is a strong impediment to
the formation of the Orowan loop.

Fig. 5 shows snapshots of the dislocation configuration, where
the slip plane position is z/D = 0.6. In this case, most of the Y2O3

particle volume is on the tension side of the dislocation so that
the dislocation and the Y2O3 particle initially have a repulsive
interaction. As a result, the dislocation cannot contact the front
of the Y2O3 particle. As the dislocation moves further, it can form
a full Orowan loop around the Y2O3 particle, as shown in the figure.
In contrast to the z/D = �0.6 case, the character of the elongated
part of dislocation changes from that of the initial edge dislocation,
and the interaction changes from repulsive to attractive. Such
attractive interaction of the elongated dipole around the precipi-
tate should accelerate the formation of the Orowan loop. This
can be clearly seen in the shape of the Orowan loop around the
Y2O3 particle (Fig. 5d).

Fig. 6 shows the dependence of the CRSS on the vertical distance
off the precipitate mid-plane. Also, the Orowan stress calculated as
lb=L0 is plotted in the figure, where l is the elastic shear modulus
of iron, b is the Burgers vector and L0 is the spacing between the
Y2O3 particles on the slip plane of dislocation. In the figure, the
CRSS at all slip planes is lower than that calculated analytically
by 10–100%, depending on the slip plane location. The Orowan
stress is inversely proportional to L0 so that the maximum Orowan
stress appears when the position of the slip plane is z/D = 0. How-
ever, the simulation results indicate that the maximum CRSS ap-
pears at z/D = �0.2, which differs from the analytically estimated
position for the maximum CRSS. As can be seen in the snapshots
of the simulations (Figs. 4 and 5), the dislocation has a strong elas-
tic interaction with the Y2O3 particle, mainly caused by the lattice
mismatch. The results shown in Fig. 6 indicate that the CRSS is an
asymmetric function of the dislocation position relative to the slip
plane, which is explained as follows. When the position of slip
plane z/D is negative, the dislocation has an attractive interaction
Fig. 5. Snapshots of the dislocation-Y2O3 particle interaction process. The position
of slip plane is z/D = 0.6.



Fig. 6. Critical resolved shear stress for dislocations to clear Y2O3 particles. The
dashed line is an analytically calculated Orowan stress.
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with the Y2O3 particle. However, at later stages of the Orowan
mechanism, the interaction changes to a repulsive one, rendering
it difficult to complete the Orowan mechanism. Therefore, the
repulsive interaction increases the CRSS compared to the original
Orowan stress. On the other hand, as the position of slip plane
z/D becomes positive, the CRSS decreases rapidly. This must also
be the influence of the lattice mismatch on the interaction. When
the slip position is positive, the interaction is initially repulsive,
and then changes to attractive at a later stage of the Orowan mech-
anism. The attractive interaction should assist the formation of
Orowan loops around Y2O3 particles. Thus the CRSS becomes smal-
ler as a consequence of the influence of the lattice mismatch.
5. Conclusions

We first performed ab initio calculations of c-surface energies in
an iron matrix, for the interface between Fe and Y2O3 precipitates
and for slip planes inside Y2O3 particles. Based on the results of ab
initio calculations, 2-dimensional DD simulations of dislocation
core structure and penetration through interfaces and precipitates
were carried out. Finally, 3-dimensional PDD simulations of the
interaction between a dislocation and a spherical Y2O3 particle
were performed to investigate dislocation interaction and configu-
ration in the vicinity of Y2O3 particles, and to determine and the
CRSS. Through these studies, we conclude the following:

(1) The c-surface energies of the iron–oxygen interface and on
slip planes in Y2O3 precipitates are extremely large, resulting
in pronounced resistance to slip at the interface and inside
the nano-size precipitates. This is a consequence of the ionic
bond between oxygen and metallic atoms.

(2) The stress necessary for dislocations to penetrate the inter-
face is unrealistically large. This is attributed to the large
c-surface energies of the iron–oxygen interface and in
the Y2O3. Therefore, dislocations will stop their motion at
the interface of the Y2O3 particle, and perform Orowan loop-
ing to go over Y2O3 particles.

(3) The CRSS for the interaction is a function of the slip plane
position with respect to the precipitate mid-plane, as a con-
sequence of the lattice mismatch between the iron matrix
and the Y2O3 particle. Orowan looping becomes easier when
most of the Y2O3 particle volume is located on the tension
side of the dislocation, because the lattice mismatch strain
assists the formation of the Orowan loop around the Y2O3

particle. Unlike analytical estimates for the Orowan stress,
the present results show an asymmetry in the CRSS as a
function of the vertical position of the slip plane from the
precipitate mid-plane.
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