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Abstract—Oxide dispersion strengthened ferritic/martensitic alloys have attracted significant attention for their potential uses in future nuclear reac-
tors and storage vessels, as the metal/oxide interfaces act as stable high-strength sinks for point defects while also dispersing helium. Here, in order to
unravel the evolution and interplay of interface structure and chemistry upon irradiation in these types of materials, an atomically sharp FeCr/MgO
interface was synthesized at 500 �C and separately annealed and irradiated with Ni3+ ions at 500 �C. After annealing, a slight enrichment of Cr atoms
was observed at the interface, but no other structural changes were found. However, under irradiation, sufficient Cr diffuses across the interface into
the MgO to form a Cr-enriched transition layer that contains spinel precipitates. First-principles calculations indicate that it is energetically favorable
to incorporate Cr, but not Fe, substitutionally into MgO. Our results indicate that irradiation can be used to form new phases and complexions at
interfaces, which may have different radiation tolerance than the pristine structures.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Metal/oxide interfaces have played a critical role in a
variety of industrial fields with significant ramifications
for structural composites, electroceramic devices, and envi-
ronmental coatings especially with nuclear-energy applica-
tions [1–6]. The unique properties of such interfaces rely
on the transition from the delocalized metallic bonding to
ionic or covalent bonding in oxides. How the crystallogra-
phy of metals orients with oxides and especially how the
first metal layer bonds with the adjoining oxide layer at
the interface will, to a large extent, determine the properties
of the whole composite, and thus have become the focus of
extensive study [1–6].

Because of commercial viability, high purity single-crys-
tal MgO has been widely used as a model substrate to syn-
thesize epitaxial metal films and to investigate the atomic
configuration of heterointerfaces. Generally, when face cen-
tered cubic (fcc) metals are epitaxially grown on MgO
(100), the preferred orientation relationship is (100) metal
|| (100) MgO & [001] metal || [001] MgO (referred to here
as OR-I) [7,8]. The orientation relationship changes to
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(111) metal || (111) MgO & [110] metal || [110] MgO
(OR-II) when metals are synthesized on MgO (111) sub-
strates [9,10]. In both cases, fcc metals prefer to bind on
top of oxygen. These features seem to be independent of
the lattice mismatch between metals and MgO, since the
general relationship applies equally well for a variety of sys-
tems, such as Ag/MgO (3%), Pd/MgO (7.6%) and even Cu/
MgO (14.2%). In order to accommodate the lattice mis-
match induced strain, misfit dislocations tend to dissociate
into partials for these interfaces, in particular 1/2ametal

h100i for OR-I and 1/6ametal h112i for OR-II [11,12].
Bollmann’s O-lattice theory accurately predicts the interfa-
cial misfit dislocation network [12,13]. Atomic and elec-
tronic-structure calculations have explored the structural
features in detail for the Ag/MgO system: (i) for the
MgO surface, the most favorable adsorption site of Ag
atoms changes depending on the coverage of the metal
atoms on the surface [14,15]; (ii) the distance between the
first Ag plane and MgO surface is expanded with respect
to both Ag and MgO (001) inter-planar distances [16].

The situation becomes more complicated when body
centered cubic (bcc) metals are deposited on MgO sub-
strates. Wang et al. uncovered the interface orientation
relationship of single crystal Cr epitaxially grown on
MgO – Cr (100) || MgO (100) & Cr [110] || MgO [100]
(OR-III) – and they reported that the misfit dislocation
spacing is less than the theoretical prediction [17]. Their
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experimental analysis revealed that Cr atoms reside on top
of O atoms. First principle calculations [18] explored the
preference of the bcc metals Fe, Cr and V on top of O
atoms on the MgO (001) surface. However, Ikuhara
et al. found that, for the interface structure of V/MgO,
although the orientation relationship follows the same rule,
the V atoms locate themselves directly on top of the Mg
atoms [19,20]. Meanwhile, the distribution and Burgers
vectors of misfit dislocations may be influenced by the
interface morphology [21,22]. In the Nb/MgO system,
due to interfacial faceting, the orientation relationship
may change to Nb (110) || MgO (100) & Nb [111] ||
MgO [011] (OR-IV) [21].

Recently, new applications of metal/oxide interfaces
focusing on the enhancement of radiation tolerance, where
the interfaces act as stable high-strength sinks for point
defects by assisting the recombination process between
interstitials and vacancies, have been reported [23].
Containing widely distributed nanosized oxide particles,
oxide dispersion strengthened (ODS) ferritic/martensitic
alloys exhibit high temperature creep strength [23] over tra-
ditional stainless steel. However, under irradiation, the ele-
mental redistribution at boundaries or the change of oxide
particle size commences [24–27], where the corresponding
sink strength may be altered. Studying these complex
ODS materials is rather difficult because of (i) the complex
chemical composition of both matrix steels and oxide par-
ticles [28]; (ii) the challenge to probe the chemical composi-
tion of embedded three dimensional oxide nanoparticles
(although atom-probe tomography (APT) has been widely
applied to obtain 3D reconstructions of elemental compo-
nents [26,29,30], however, the extraction of quantitative
chemical profiles around interfaces from APT is not
straightforward); and (iii) the wide distribution of particle
size [23]. Thus the use of model metal/oxide interfaces pro-
vides a route to uncover the fundamental behavior associ-
ated with the interfaces [31,32]. Here, Fe 12 at.% Cr has
been epitaxially grown at 500 �C using single crystal MgO
(100) as substrate. The resulting atomically sharp metal/
oxide interface provides a clean reference to examine Cr
solute redistribution and the ensuing structure/phase evolu-
tion under irradiation.
2. Experimental methods

The 100 nm FeCr layer was fabricated at 500 �C on
MgO (100) substrate using co-sputtering in a high vacuum
chamber with a base pressure of 65.0 � 10�8 torr. Two
sources were used simultaneously with independent shut-
ters and power supplies. The Fe power ran at 400 watts
and the Cr power at 60 watts, in order to achieve approxi-
mate atomic ratios of 6.8 Fe to 1 Cr. The deposition rate
was approximately 0.4 nm/s, with the total time of the
deposition being 250 s. 10 MeV Ni3+ ions were utilized to
irradiate the film at 500 �C to a fluence of 1016 ions/cm2.
The elapsed time of the irradiation, performed at the Ion
Beam Materials Laboratory at Los Alamos National
Laboratory (LANL), was �1 h. For comparison, a second
as-synthesized sample was annealed at 500 �C for 1 h. The
Monte Carlo simulation code Stopping and Range of Ions
in Matter (SRIM) [33–35] was used (the displacement
threshold energies used for all 4 species were 25 eV while
the calculations were performed in “quick” Kinchin and
Pease mode) to determine the level of displacements per
atom (dpa): �10 dpa in the metal layer and �3 dpa in the
oxide layer (in the region near the interface). Analytical
aberration corrected microscopy was performed on the
image-corrected FEI Titan equipped with a Gatan
Tridiem electron energy loss image filter (GIF) at LANL,
operating in transmission electron microscopy (TEM)
mode at 300 keV. Scanning TEM (STEM) high angle annu-
lar dark field (HAADF) and electron energy-loss spectrom-
etry (EELS) was performed using the probe-corrected FEI
Titan operated at 300 and the Nion UltraSTEM at 100 keV
at Oak Ridge National Laboratory.
3. Results

The microstructure of the as-deposited thin film is
shown in Fig. 1. The cross-sectional TEM image (Fig. 1a)
was taken in-zone. The dark lines in the FeCr film are
threading misfit dislocations. The electron diffraction pat-
tern in Fig. 1b reveals that the FeCr film grown on the
MgO substrate adopted a cube-on-cube relationship with
a 45� in-plane rotation: MgO (100) || FeCr (200) & MgO
[100] || FeCr [110] (OR-III). The high resolution TEM
image in Fig. 1c shows an atomically sharp interface.
Observed along the FeCr [110] or MgO [100] direction,
interfacial misfit dislocations can be identified as an extra
atomic plane in the metal layer. All misfit dislocations
reside at the interface with uneven spacing. The average
spacing, measured by collecting multiple atomic resolution
TEM micrographs at different locations (not all shown
here), is �4.8 nm, slightly larger than the theoretical predic-
tion (4.2 nm). This may indicate that the interfacial strain is
not fully relaxed. A magnified image of one misfit disloca-
tion is shown in Fig. 1d. The corresponding Burgers circuit
(starting at S and ending at F) has been drawn to identify
the Burgers vector (b = ½aFeCr [110]). Energy dispersive
X-ray spectroscopy (EDS) line scans were performed nor-
mal to the interface to show the compositional variation
for different chemical elements (in Fig. 1e). The profile of
Cr presents a little bump but no interdiffusion at the inter-
face region.

In order to better understand the thermal behavior of
the system, in contrast to the irradiation-induced behavior
discussed below, the synthesized sample was annealed for
one hour at 500 �C. After annealing, there is no observed
structural change in either the FeCr or MgO layers.
However, the EDS line scan in Fig. 2a shows obvious seg-
regation of Cr toward the interface. For comparison, the Cr
elemental EDS profiles of the synthesized and annealed
samples have been overlapped and are presented in
Fig. 2b. This result indicates that Cr is thermodynamically
attracted to the interface, likely a consequence of the stron-
ger interaction of Cr than Fe with oxygen.

The microstructure of the irradiated thin film is shown
in Fig. 3a. Under heavy ion irradiation, a transition layer
is formed on the MgO side of the FeCr/MgO interface.
The dark field high resolution STEM image of the irradi-
ated interface shown in Fig. 3b reveals that the thickness
of the transition layer is �3.3 nm, based on the stark differ-
ence in atomic contrast due to the presence of Cr.
Irradiation effects on the thickness of the transition layer
will be evaluated in future work, which may be related to
radiation-induced diffusion or ballistic impact. The



Fig. 1. Microstructure of and chemical distribution at the pristine FeCr/MgO interface. (a) Bright field cross-sectional TEM image of FeCr/MgO
interface. (b) Corresponding electron diffraction pattern. (c) High resolution TEM image of the interface. (d) Magnified image of the interface,
highlighting the structure of the misfit dislocation. (e) EDS profile of Fe, Mg and Cr across the as-grown interface.

Fig. 2. Chemical analysis of the FeCr/MgO interface. (a) EDS composition profiles show the diffusion of Cr toward the interface after annealing. (b)
Overlapping of the Cr profiles of pristine and annealed samples at the interface.
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majority of the transition layer has the same structure as
MgO. A magnified high resolution TEM micrograph pre-
sents an isolated misfit dislocation, with Burgers vector of
½aMgO [100], at the interface between MgO and the nucle-
ated transition layer (as shown in Fig. 3c), indicating the
periodic unit in the transition layer is close to, but smaller



Fig. 3. Microstructure of and chemical distribution at the irradiated FeCr/MgO interface. (a) Bright field cross-sectional TEM image of the
irradiated FeCr/MgO interface with SRIM profile superimposed. (b) Dark field high resolution STEM image of the irradiated interface revealing the
thickness of the transition layer is �3.3 nm. (c) High resolution TEM image to characterize the structure of the misfit dislocation between the
transition layer and the MgO substrate. (d) High resolution TEM micrograph identifying the structure of the transition layer and small regions with
the spinel structure, as indicated by the arrow. The inset shows an atomic model of the structure of these regions, containing both MgO and spinel. (e)
EDS line and (f) two-dimensional mapping of Fe, Mg and Cr across the irradiated interface. (g) EELS line scans performed at five different locations
parallel to the FeCr/MgO interface, as indicated in (e), reveal the valence state of Cr at the interface.
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Fig. 4. (a) MgO in rocksalt crystal structure and (b) MgCr2O4 with 3 Mg replaced by 2 Cr, forming defective rocksalt structure. (c) Atomic structures
of supercells containing Cr or Fe defects and (d) the relative formation energy of various structures. The structures represent: (1) Cr or Fe at an
interstitial position, (2) and (3) Cr or Fe at substitutional position and Mg at an interstitial position with increasing distance from the Cr or Fe
substitutional atom.
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than, that in MgO. The magnified high resolution TEM
image revealed that a certain region of the transition layer
has the spinel structure, as indicated by the arrow and the
inset of the atomic structure in Fig. 3d [36], and the corre-
sponding thickness is �3 nm as well. Average EDS line pro-
files and 2-dimensional spectral maps have been collected to
quantify the chemical composition after irradiation (in
Fig. 3e and f). Compared to the chemical profile of Fe,
which shows no measurable intermixing across the inter-
face, Cr diffused toward and segregated at the interface.
The location of the Cr enrichment corresponds to the tran-
sition layer. Based on the integration of the peak profile,
the stoichiometry ratio of Mg:Cr is close to 1:2 in the tran-
sition layer. Further, the chemical valence of Fe, Cr and O
across the interface has been probed by atomically resolved
EELS, as shown in Fig 3g. After irradiation, the chromium
content extends beyond the interface and builds up at the
interface. In contrast to the slight enrichment on the metal
side observed after annealing, after irradiation the Cr is on
MgO side. The ionic valence state of chromium at the inter-
face (calculated from the intensity ratio of L3/L2 at position
3 in Fig. 3g) is 3 ± 0.1 electrons, consistent with the pres-
ence of Cr3+ at the irradiated interface, suggesting that
the spinel-structured precipitates are MgCr2O4 while the
remainder of the transition layer is Cr-rich disordered rock-
salt with a similar stoichiometry of MgCr2O4. With the cur-
rent analysis, we cannot establish any relationship between
the formation of MgCr2O4 spinel and the location of misfit
dislocations. In situ irradiation could be used to correlate
the formation of spinel with the structural features of the
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interface and will be performed in the future. We note that,
under irradiation, spinels often transform to chemically
identical and structurally related disordered rocksalt, in
which the A and B cations are randomly distributed across
the various cation sites in the rocksalt structure. Finally, a
large number of defect clusters have been observed close to
the interface in both materials, but no amorphous region
has been observed either at the interface or inside MgO
after irradiation, as expected from former studies [37–39].
4. Discussion

Exactly why chromium incorporates into MgO to form
MgCr2O4, while iron does not is key to understanding the
evolution of this particular metal/oxide interface. To pro-
vide insights into this question, density functional theory
(DFT) calculations, using the Vienna Ab initio
Simulation Package (VASP) [40], have been performed, in
which the Perdew, Burke, and Ernzerhof (PBE) [41] gener-
alized gradient approximation (GGA) exchange–correla-
tion functional and the projector-augmented wave (PAW)
method [42] have been employed. For all the calculations,
a plane wave cutoff of 500 eV for the plane wave expansion
of the wave functions was used to obtain highly accurate
forces. Because of the magnetic structure of Cr and Fe, spin
polarized calculations were considered for all cases. Force
tolerance for the structural relaxation was 0.05 eV/Å.
Disordered rocksalt was simulated by creating a special
quasirandom structure (SQS) [43] with the rocksalt struc-
ture, but with the MgCr2O4 stoichiometry by replacing 3
Mg ions with 2 Cr ions for every structural unit of 4
MgO, as shown in Fig. 4(a) and (b).

Spinel MgCr2O4 is thermodynamically the most stable
phase among all combinations of Mg, Cr and O.
However, compared to a disordered rocksalt structure, in
which the material has the spinel stoichiometry, but the
Mg and Cr cations are randomly distributed in a rocksalt
structure, the spinel structure is more stable only by
0.20 eV per atom. Hence, during irradiation the intermixing
of Cr into MgO and the formation of disordered rockstalt
is possible before the atomic structure of the transition
layer settles into the spinel structure (indeed, irradiation
causes an order-to-disorder transformation of spinel into
rocksalt [44]). Further, the DFT-calculated volume
changes, compared to pristine MgO, are �1.9% and
�3.1% for disordered-rocksalt-structured and spinel-struc-
tured MgCr2O4, respectively, consistent with the experi-
mental observations that the transition layer has a smaller
lattice constant than the MgO substrate. These results sug-
gest that a two-phase transition layer, containing both spi-
nel and disordered rocksalt, is thermodynamically and
structurally reasonable.

The transition layer observed contains chromium not
iron. This indicates that, upon incorporation into MgO,
Cr substitutes for Mg to form either rocksalt or spinel,
but Fe does not. To model this process we inserted either
one Cr or Fe atom into a 64-atom MgO supercell. The
Fe or Cr atom is introduced in either a substitutional or
interstitial position (the interstitial position is surrounded
by 4 Mg and 4 O atoms [45]). In the substitutional case,
the replaced Mg atom was placed in an interstitial position.
Structures 1 and 2 in Fig. 4(c) show both the interstitial and
substitutional positions, respectively, of Cr or Fe defects
within a MgO supercell. Structure 3 in Fig. 4(c) represents
Mg farther away from substituted ion as compared to
structure 2.

For all structures we calculate the formation energy of
both neutral and charged defects. The relative stability of
different charge states is compared using the total energy
of the system, which is given by

ETotalðDqÞ ¼ EDFT
f ðDqÞ þ qEF ;

where ETotalðDqÞ is the total energy of the system containing
a Cr or Fe atom as defect interstitial or substitutional in
charge state q and EDFT

f ðDqÞ is the DFT energy of the

charged supercell. More details on the total energy calcula-
tions can be found in Janotti et al. [46]. The total energy of
the neutral system does not depend on the charge state,
while that of a charged supercell depends on the Fermi level
EF of the electron reservoir referenced to the valence-band
maximum (VBM) (in this case FeCr). Even for the highest
value of EF, which is the bandgap of MgO (7.8 eV as calcu-
lated with DFT), Cr and Fe in MgO are more stable in the
3+ charge state as compared to the neutral state. This type
of replacement is consistent with other studies of 3+ aliova-
lent doping of MgO [47].

In the 3+ charge state, Cr prefers to be in a substitu-
tional as compared to an interstitial position, as indicated
in Fig. 4(d). That is, the reaction CrI

3+! CrMg
1+ + MgI

2+ is
exothermic; it is favorable for a Cr interstitial to kick-out
a Mg ion, forming a substitutional Cr and interstitial Mg.
Once Mg is knocked out of its lattice position, it will tend
to migrate away from the substitutional Cr due to the elec-
trostatic repulsion between MgI

2+ and CrMg
1+ . Thus, if Cr is

knocked into MgO as an interstitial species during the col-
lision cascade events, it will quickly displace sufficient Mg
ions from the lattice, forming MgCr2O4. This is compatible
with our HRTEM and EELS observations. On the other
hand, the reaction FeI

3+! FeMg
1+ + MgI

2+ is endothermic,
see Fig. 4(d). Hence, even if Fe atoms are displaced into
MgO and find a preexisting Mg vacancy, any residual Mg
interstitials will displace that Fe back into an interstitial
position, where they may diffuse back to the metal layer.
This difference explains why Cr incorporation into MgO
leads to the formation of spinel-like compounds, but the
same does not happen when Fe is introduced into MgO.

Together, the experimental and modeling results lead to
the following picture for the chemical and structural evolu-
tion of the interfacial region under irradiation. By virtue of
stronger binding with either oxygen or irradiation-induced
point defects compared to Fe, Cr atoms prefer to segregate
toward the FeCr/MgO interface under either annealing or
irradiation [48–50]. With a layer of enriched Cr initially
formed at the interface, the Cr atoms are then introduced
randomly, either by radiation-enhanced diffusion or ballis-
tic impact, into the MgO substrate. Fe will also be intro-
duced into MgO via ballistic mixing. However, the Cr
will substitute into the MgO structure while Fe will remain
as an interstitial species and free to diffuse through the lat-
tice. The inceptive ordering of the resulting Cr–Mg–O
phase may be random, consistent with a rocksalt-structured
compound. If kinetics allow, the chemistry may order and a
spinel compound will eventually precipitate within the tran-
sition layer. Further, the propensity for disordering [51–56]
depends on the stoichiometry of the spinel, with non-stoi-
chiometric spinels more prone to disorder [52].
Accordingly, in our experiments, depending on the level
of Cr substitution, the driving force for ordering into the
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spinel structure will be different. Thus, we have competing
effects for determining the ultimate structure of the Cr-sub-
stituted MgO transition layer. On the one hand, the kinetics
associated with irradiation will disrupt the reordering pro-
cess, driving the system toward the rocksalt structure,
while, on the other hand, thermodynamics would drive this
chemistry toward spinel. Combining the observations from
the experiments and the DFT calculations, we conclude
that Cr introduction into MgO leads to a transition layer
that contains substitutional Cr ions, which, if the local con-
ditions are conducive, can form MgCr2O4 spinel.
5. Summary

Fe-12at.Cr thin films were epitaxially grown on a single
crystal MgO (100) substrate. The interface exhibited an
orientation relationship of MgO (100) || FeCr (100) &
MgO [100] || FeCr [110]. Misfit dislocations, with an aver-
age spacing of 4.8 nm, were formed at the interface to mit-
igate the lattice mismatch strain. 10 MeV Ni3+ ion
irradiation was performed at 500 �C to examine the struc-
tural and chemical stability of the interface while concur-
rent anneals of the as-synthesized material were
performed to separate the effects of irradiation. Cr was
probed to segregate to the interface thermodynamically.
Radiation-induced segregation of Cr from the Fe layer to
and across the FeCr/MgO interface was observed. As a
result, a two-phase transition layer containing precipitates
of a spinel phase along with Cr-rich rocksalt was formed
on the MgO side of the FeCr/MgO interface. First-princi-
ples calculations show that it is exothermic for interstitial
Cr to substitute Mg in MgO, but that Fe prefers to remain
as an interstitial. The elemental redistribution and struc-
tural reordering we have observed at the FeCr/MgO inter-
face has implications beyond our study. Each of these
changes in structure and chemistry can either enhance or
degrade material performance and suggest that the proper-
ties of pristine materials are not representative of the struc-
tures that evolve under irradiation in complex composites.
Thus, the interface morphologies in materials such as ODS
that are responsible for the interaction with radiation-in-
duced defects may be very different from the as-synthesized
interfaces. Finally, this model study suggests irradiation
can be used to form new phases and complexions at inter-
faces that may have new mechanical and functional proper-
ties [57,58].
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