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Abstract—Cr diffusion in trilayer thin films of 100 nm Fe–18Cr/125 nm TiO2�x/100 nm Fe–18Cr deposited on MgO substrates at 500 �C was studied
by either annealing at 500 �C or Ni3+ ion irradiation at 500 �C. Microchemistry and microstructure evolution at the metal/oxide interfaces were
investigated using (high-resolution) transmission electron microscopy, energy-dispersive X-ray spectroscopy and electron energy loss spectroscopy.
Diffusion of Cr into the O-deficient TiO2 layer, with negligible segregation to the FeCr/TiO2�x interface itself, was observed under both annealing
and irradiation. Cr diffusion into TiO2�x was enhanced in ion-irradiated samples as compared to annealed. Irradiation-induced voids and amorphiza-
tion of TiO2�x was also observed. The experimental results are rationalized using first-principles calculations that suggest an energetic preference for
substituting Ti with Cr in sub-stoichiometric TiO2. The implications of these results on the irradiation stability of oxide-dispersed ferritic alloys are
discussed.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Radiation-induced solute redistribution (RISR) is a
prevalent issue within the nuclear materials community
[1–4]. It originates from a preferential association of solutes
with irradiation-generated point defects [5] and how they
interact with interfaces [6]. The ensuing consequence is
the change in the local chemical composition of the materi-
al, with enrichment of some and depletion of other solutes
near point defect sinks such as interfaces [7]. The diffusion
behavior of the element Cr, one of the major components in
steels, has attracted tremendous attention [7–10]. Through
forming a0 or a variety of intermetallic phases [10,11], Cr
aggregates at grain boundaries (GBs) in ferritic martensitic
steels under irradiation, which can embrittle the alloy. On
the contrary, radiation-induced Cr depletion has been
revealed in fcc austenitic steels, which is the major cause
of irradiation assisted stress corrosion cracking [9,12].
http://dx.doi.org/10.1016/j.actamat.2015.01.071
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Although the corresponding mechanisms have been
explored by both atomic-scale modeling and experiments,
a complete understanding of Cr diffusion, especially in
complex alloys and composites, is still lacking. The com-
plexity of RISR is synergistic with a number of factors,
including irradiation fluence and flux, temperature, alloy
composition, and the binding and diffusion energetics of
Cr with vacancies/interstitials [9]. This study will focus on
the diffusive behavior of element Cr under irradiation.

By dispersing nanosized oxide particles in steels, the
radiation-induced swelling resistance of steel can be
improved greatly. The high-density of metal/oxide inter-
faces in such a material act as sinks for enhancing the
recombination of vacancies and self-interstitials [13–15].
With the flux of point defects diffusing toward the inter-
faces under irradiation, redistribution of chemical composi-
tion at boundaries commences. Compared to the situation
at GBs, the problem of RISR at metal/oxide interfaces is
complicated by the presence of oxygen. The affinity of oxy-
gen to different metal elements may play an important fac-
tor here [16,17], causing changes in microstructure and
microchemistry at metal/oxide interfaces; the correspond-
ing sink efficiency and irradiation tolerance will be influ-
enced accordingly [18]. The documented morphology
modification is found to be strongly temperature and size
dependent. For example, the average oxide particle size is
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reported to decrease under heavy ion irradiation in the
range of 380–700 �C [19,20], with the decrease occurring
faster at higher temperature [20,21]. Knowledge of the
microstructural evolution of oxide particles and their inter-
faces with the matrix alloy under irradiation plays an
important role in predicting the in-service behavior of the
material. In spite of the urgent need to resolve the linkage
of RISR with interface structure, the issue of segregation
at metal/oxide interfaces in ODS steels has been studied
only to a small extent [22–26]. One of the major reasons
for this is the challenge in probing the chemical composi-
tion of embedded three dimensional oxide nanoparticles.
Atom-probe tomography (APT) has been widely applied
to obtain 3D reconstructions of elemental components
[26], although the extraction of quantitative chemical pro-
files around interfaces from APT is not straightforward.
The gap in between cannot easily be bridged. Another hur-
dle results from the complex chemical composition of both
matrix steels and oxide particles [27]. And segregation of a
specific solute to the interface is often masked by trace
impurities [28] or the interaction with other solutes in the
matrix. Furthermore, the wide distribution of particle size
adds more complication to this issue. Here, we present an
Fig. 1. (a) Bright-field XTEM image of the pristine FeCr/TiO2�x trilayer th
average dpa is �10 in the metal layers and �3.5 in the oxide layer. (b) Sele
dominant phase in TiO2�x is rutile.
approach to simplify the situation. Our methodology
involves (i) deposition of layer-structured metal/oxide thin
films which are a good representation for the metal/oxide
interface [14,15,29]; (ii) precise control of layer thicknesses
to investigate the size effects in RISR [30]; and (iii) simpli-
fying the chemical composition of both the metal and oxide
systems. In this article, we report on solute redistribution
and phase stability at FeCr/TiO2 interface under Ni ion
irradiation at 500 �C. Diffusion of Cr into the oxide layer,
with negligible enhanced segregation to the interface, has
been observed. Upon incorporation of Cr, the oxide layer
tends to become amorphous. Additionally, first-principles
calculations have been performed to explain the incorpora-
tion mechanism of Cr into titania.

2. Experimental and simulation details

2.1. Experimental details

A trilayer thin film of Fe82 at.% Cr18 at.%/TiO2/
Fe82 at.% Cr18 at.% with layer thicknesses of 100, 125,
100 nm respectively was deposited on a MgO (100) sub-
strate at 500 �C. In order to obtain condensed TiO2, ratio
in film. Superimposed on the image is the calculated dpa profile. The
cted area electron diffraction pattern and (c) XRD profile indicate the
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frequency magnetron sputtering techniques were applied at
300 W. The deposition rate for FeCr and TiO2 were 3 and
1 Å/s, respectively. Ion irradiation experiments were per-
formed at the Ion Beam Materials Laboratory at the Los
Alamos National Laboratory (LANL). 10 MeV Ni3+ ions
were utilized to irradiate samples at 500 �C to a fluence of
1016 ions/cm2. The elapsed time of the irradiation was
�1 h. The Monte Carlo simulation code Stopping and Range
of Ions in Matter (SRIM) was used (the displacement thresh-
old energies used for all 4 species were 25 eV while the calcu-
lations were performed in “quick” Kinchin and Pease mode)
to determine the level of displacements per atom (dpa). As
shown in Fig. 1a, the SRIM [31] calculated dpa profile is
superimposed on the cross-sectional TEM (XTEM) micro-
graph: the average dpa is �10 in the metal layers and �3.5
in the oxide layer. For comparison, a second as-synthesized
sample was annealed at 500 �C for 1 h. Analytical microscopy
was performed on the image-corrected FEI Titan at LANL,
operating in TEM mode at 300 keV equipped with a Gatan
Fig. 2. (a) and (d) HRTEM images of the rutile TiO2�x/FeCr heterointerfac
heterointerface along the anatase TiO2 [001] zone axis, respectively. (b) and (e)
red squares in (a) and (d) respectively. (c) Ball-and-stick model of rutile TiO2 pro
along the [001] zone axes. (For interpretation of the references to color in this
Tridiem electron energy loss image filter (GIF). Scanning
TEM high angle annular dark field (HAADF) and electron
energy loss (EEL) spectral imaging were performed using
the probe-corrected FEI Titan and 100 kV Nion UltraSTEM
at the Oak Ridge National Laboratory. Grazing incidence X-
ray diffraction (GIXRD) measurements were performed on a
Bruker AXS D8 Advance X-ray diffractometer, using Cu-Ka
radiation in h–2h geometry, at an angle of incidence of 0.5�.
The X-ray diffractometer was equipped with a Göebel mirror
to achieve parallel beam diffraction optics allowing for high
quality measurements on thin-films. The h–2h scans were per-
formed from 10–80�, using a step size of 0.02� and a dwell
time of 6 s/step.

2.2. First-principles calculation details

Substitutional defect formation energies of Cr and Fe at
a Ti site in rutile TiO2 were calculated using first-principles
density functional theory (DFT). Our calculations were
e along the rutile TiO2 ½1 �1 2� zone axis and the anatase TiO2�x/FeCr
Magnified HRTEM image of rutile and anatase TiO2�x indicated by the
jected along the ½1 �1 2� zone axes. (f) Ball model of anatase TiO2 projected
figure legend, the reader is referred to the web version of this article.)
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performed using the Vienna Ab initio Simulation Package
(VASP) [32,33]. The DFT calculations employed the Perdew,
Burke, and Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) exchange–correlation functional and the projec-
tor-augmented wave (PAW) method [34]. For all
calculations, a plane wave cutoff of 500 eV for the plane wave
expansion of the wave functions was used to obtain highly
accurate forces. The calculated crystal parameters for TiO2

in the rutile phase were a = b = 4.64 Å and c = 2.97 Å, which
are in good agreement with experimental values: a = b =
4.59 Å and c = 2.95 Å [35]. To calculate substitutional defect
formation energy a (2� 2� 3) supercell with 72 atoms for
the rutile phase and (2� 2� 1) supercell with 48 atoms for
the anatase phase were used. Spin polarized calculations were
considered for all cases. Force tolerance for the structural
relaxation was 0.05 eV/Å.
3. Results

3.1. Microstructure and chemical analysis of pristine FeCr–
TiO2�x interface

The typical microstructure of the sputtered FeCr/TiO2�-

x trilayer thin film is presented in Fig. 1a. The first FeCr
Fig. 3. Chemical analysis of the FeCr/TiO2�x interface. (a) Dark field STE
profiles along the line in (a) shows no intermixing of Cr, Fe or Ti across the in
sharp interface and a slight reduced Ti valence, a sub-stoichiometric oxide.
layer, about 100 nm in thickness, is a single crystal with a
high density of growth dislocations. The thickness of the
pristine TiO2�x layer is 125 nm with an average grain size
of �10 nm. Since the last FeCr layer is deposited on
nanocrystalline TiO2�x, the single crystalline structure can-
not be maintained and the layer is polycrystalline with an
average grain size of around 100 nm. Although the grain
size in TiO2�x is small, separated spots in the diffraction
pattern (DP) in Fig. 1b indicate the preferential growth tex-
ture of the oxide. Both the DP and the XRD profile
(Fig. 1c) reveal that the rutile TiO2�x phase is dominant,
even though the micrographs reveal a limited amount of
anatase TiO2�x at the interfaces (in Fig. 2). This is consis-
tent with earlier studies that showed that low deposition
pressure [36] or high temperature [37,38] favors the growth
of the rutile phase. The FeCr/rutile TiO2�x interfaces are
characterized by multiple orientation relationships (ORs).
Fig. 2a presents one typical orientation of a stepped region
of the interface: along the TiO2�x [112] zone axis the angle
between Fe (110) and TiO2�x (110) is �70�. A magnified
HRTEM image of the rutile TiO2 (112) plane and corre-
sponding ball-and-stick model are shown in Fig. 2b and
c. For the interface between anatase TiO2�x and FeCr, as
shown in Fig. 2d, only one OR has been detected: TiO2�x

(200)||FeCr (200)||interface plane; TiO2�x (020)||FeCr
M image reveals a chemically abrupt interface. (b) EDS composition
terface. (c) Ti valence mapping, performed with EELS, also indicates a

The color bar in (c) indicates the as-determined valence state of Ti.
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(110). A ball model of anatase TiO2 projected along the
[001] zone axis (Fig. 2f) has been used to identify the phase
structure captured by TEM (Fig. 2e).

The chemical composition of the as-grown sample was
analyzed by energy dispersive X-ray spectroscopy (EDS)
and electron energy loss spectroscopy (EELS), with the
direction of the electron beam parallel to the interface.
Fig. 3a shows a dark field STEM image of the pristine sam-
ple with TiO2�x in dark contrast. Multiple line scans nor-
mal to the interface across different ORs and phases in
the oxide layer were performed using EDS. A typical com-
positional variation along one such line scan is shown in
Fig. 3b. Across the interfaces of the as-grown trilayer, there
is no intermixing of Cr, Fe or Ti. This result has been ver-
ified through EELS mapping as shown in Fig. 3c. In addi-
Fig. 4. (a) Cross-sectional TEM micrograph and DP show no obvious
change of microstructure of the FeCr/TiO2�x trilayer thin film after
annealing. (b) Dark field STEM image with the position of the EDS
line scan. (c) EDS composition profiles show the diffusion of Cr into
the oxide layer.
tion, EELS analysis at both sides of the oxide layer (not
shown here) revealed that the ionic valence state of Ti
changes linearly from 3.5 ± 0.1 at the bottom interface
plane to 3.9 ± 0.1 at the upper interface plane, indicating
that the TiO2 phase is oxygen deficient and that the degree
of oxygen deficiency is greater at the lower interface than
the upper interface.
3.2. Evolution of microstructure and chemical profiles across
annealed FeCr/TiO2�x interfaces

As a base line for comparison with the irradiated sam-
ple, one trilayer sample was annealed for one hour at
500 �C. After annealing, there is no structural change in
either the FeCr or TiO2�x layers. The DP in Fig. 4a reveals
no formation of any new phases after annealing. However,
the EDS line scan in Fig. 4c shows the diffusion of Cr into
the TiO2�x layer from both sides. The distance of Cr diffus-
ing into TiO2�x through the bottom interface is greater
than that from the upper interface. This is correlated to
the extent of substoichiometry of TiO2�x, as determined
by the EELS measurements mentioned above that show a
greater degree of oxygen deficiency at the lower interface.
As we discuss below, the ease of incorporation of Cr into
the TiO2�x film is directly correlated to the non-s-
toichiometry of TiO2�x. As revealed by the shape of the
Cr elemental EDS profile, there is negligible segregation
at interface. That is, there is no enhancement of Cr content
specifically at the interfaces.
3.3. Evolution of microstructure and chemical profiles across
irradiated FeCr/TiO2�x interfaces

After irradiation, both FeCr layers maintain their crys-
tallinity. As indicated in Fig. 5, however, the TiO2�x layer
is comprised of both crystalline and amorphous domains,
in contrast to the annealed case in which TiO2�x remained
crystalline. As in the annealed case, there is no clear evi-
dence of the formation of any new chemically distinct phas-
es (beyond the amorphous TiO2). The structural evolution
at the interface has been explored by HRTEM and, in con-
trast to the as-synthesized sample, no sign of anatase TiO2

was detected. Fig. 5b and c are typical HRTEM micro-
graphs of the structure at the interface and in the middle
of the oxide layer, with the inset images of the correspond-
ing fast Fourier transform (FFT). By comparing the
corresponding diffraction halo rings, the extent of
amorphization is somewhat higher at the interface region.
Concurrent with the amorphization, voids are formed in
the TiO2�x layer with larger average sizes at the interphase
boundaries than in the center of the oxide layer (as dis-
played in Fig. 6). Further, the thickness of oxide layer
expands to 130 nm (�4% swelling) after irradiation, to
accommodate the voids.

STEM studies were also carried out on the ion-irradiat-
ed multilayers. Although the interfaces between the layers
are clearly distinguishable, as shown in Fig. 7a, both EELS
(Fig. 7b) and EDS (Fig. 7c) chemical analyses indicate the
diffusion of Cr throughout the oxide layer after irradiation.
Chemical imaging of Ti, O and Fe (Fig. 7b) reveals little or
no measurable intermixing across the interface. Line scans
of the chemical composition have been performed at multi-
ple regions within the sample. The shapes of the chemical
profiles show negligible differences regardless of where they



Fig. 5. (a) TEM image of the multilayer structure after irradiation with 10 MeV Ni ions. The inset shows the corresponding DP. The boxes indicate
regions that are shown in higher magnification in (b) and (c). (b) Amorphous TiO2 after irradiation; the FFT pattern (inset) indicates the amorphous
nature of the material. (c) Crystalline rutile TiO2�x regions (as indicated by the FFT pattern in the inset) remain after irradiation.

Fig. 6. (a) XTEM image showing the distribution of radiation generated voids in the oxide layer. (b) Corresponding size distribution of voids in the
oxide layer, both within the interior of the oxide layer and at the interfaces.

Y. Xu et al. / Acta Materialia 89 (2015) 364–373 369
are taken (either across amorphous or crystalline or void
regions). The observed interdiffusion of Cr into the oxide
is independent of interface OR. The EELS of the Ti L2,3-
edge was captured throughout the oxide layer (Fig. 7d)
and the valence state of Ti does not change significantly
after irradiation [39].
4. Discussion

Our experimental results reveal two surprising aspects of
the behavior of Cr at FeCr/TiO2�x interfaces. First, upon
irradiation, Cr penetrates the entire oxide layer. Second,
upon incorporation of Cr, the rutile structure is much more



Fig. 7. (a) Dark field STEM image of irradiated multilayers. (b) EELS
and (c) EDS chemical analyses indicate the diffusion of Cr throughout
the virgin oxide layer following irradiation. (d) EELS of the Ti L2,3-
edge throughout the oxide layer.
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susceptible to amorphization than before. We discuss the
origins of this behavior in the following sections.

4.1. Cr diffusion

In our study, both EDS and EELS mapping analysis
were performed to investigate the evolution of the compo-
sition profiles across the interface. Comparison of the shape
of the profiles at pristine, annealed and irradiated interfaces
reveals that, during either high temperature annealing or
irradiation, Cr diffuses across the metal/oxide interface.
Ab-initio calculations suggest that Cr is the faster diffusing
species within the Fe matrix at all temperatures both for
vacancy and interstitial diffusion mechanisms, compared
to the matrix bcc Fe [40]. Ion irradiations produce high
concentration of point defects in solids; while most of the
defects simply recombine, the remaining concentration of
vacancy-interstitial pairs in the lattice is still large. The ini-
tial FeCr/TiO2�x interface is acting as a strong sink to
absorb those defects. Due to the lower migration barriers
of Cr atoms and stronger coupling with vacancies, Cr
reaches the interface much earlier than Fe. Meanwhile,
the higher affinity for oxygen of Cr than Fe may provide
another driving force to drag Cr toward oxide. Thus, there
is a net flow of Cr toward the interface, a flow that is
enhanced under irradiation because of the excess defect
concentrations.

Surprisingly, however, no accumulation of Cr was
observed at the metal/oxide interface. Instead, Cr diffuses
into and spreads throughout the whole TiO2 layer under
irradiation. Since the oxygen affinity of Cr is much less than
that of Ti, the observed phenomenon of rapid diffusing of
Cr into TiO2 is believed to be related to the oxygen deficient
TiO2 phase and high density of GBs. To understand the
thermodynamics of Cr substitution into rutile TiO2�x, we
calculated the formation energy of substitutional Cr or Fe
atoms at Ti sites in stoichiometric and substoichiometric
rutile TiO2. Since, both Fe and Cr have similar radii to
Ti, a substitutional position is most favorable. The forma-
tion energy for substituting Cr (Fe) into stoichiometric tita-
nia Cr–TiO2 (Fe–TiO2) and sub-stoichiometric titania Cr–
TiO2�x (Fe–TiO2�x) were calculated using the equations
below:

FðCr� TiO2Þ ¼ lTi þ EðCrTi23O48Þ þ EðFe23Þ
� EðFe23CrÞ � EðTi24O48Þ ð1Þ

FðFe� TiO2Þ ¼ lTi þ EðFeTi23O48Þ þ EðFe23Þ
� EðFe24Þ � EðTi24O48Þ ð2Þ

FðCr� TiO2�vÞ ¼ lTi þ EðCrTi23O47Þ þ EðFe23Þ
� EðFe23CrÞ � EðTi24O47Þ ð3Þ

FðFe� TiO2�vÞ ¼ lTi þ EðFeTi23O47Þ þ EðFe23Þ
� EðFe24Þ � EðTi24O47Þ; ð4Þ

where E(CrTi23O48) and E(FeTi23O48) are the DFT calcu-
lated energies of supercells with one Ti atom replaced by
either Cr and Fe, respectively, in Ti24O48. E(Fe23Cr) is
the DFT calculated energy of supercell with Cr sitting at
lattice site of Fe in bcc Fe. In these equations, Cr in Fe is
assumed to form a solid solution in Fe–Cr layer.
E(Ti23O47) is the DFT calculated energy of a supercell of
titania containing one oxygen vacancy. Fig. 8 shows the
substitutional defect formation energy of Cr and Fe in both
stoichiometric and sub-stoichiometric titania as a function
of the Ti chemical potential, in rutile and anatase phases.
The behavior in both phases of TiO2�x is very similar.



Fig. 8. Substitutional defect formation energy of Cr (Fe) in stoichiometric titania Cr–TiO2 (Fe–TiO2) and sub-stoichiometric titania Cr–TiO2�x (Fe–
TiO2�x) as a function of the Ti chemical potential, in rutile and anatase phases.
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For all chemical potentials of Ti, Cr substitution into
TiO2�x is easier, regardless of stoichiometry, than Fe. How-
ever, there is also a window of chemical potential in which
that substitution is thermodynamically favorable,
specifically in sub-stoichiometric TiO2�x. That is, for
TiO2�x, there is a regime in which Cr substitution into
TiO2�x is exothermic while Fe substitution is endothermic,
as indicated by the vertical lines. The highest chemical
potential of Ti is for Ti in a bulk metallic state while the
lowest corresponds to atomic Ti. The chemical potential
of Ti that establishes equilibrium between TiO2 and Ti2O3

(one of the sub-stoichiometric TiO2 phase) is �1.98 eV.
This value falls between the two extreme chemical poten-
tials considered. For any given chemical potential of Ti,
of the four reactions, it is always easiest to create Cr substi-
tutional defects in substoichiometric titania. This is because
the trivalent Cr ion, which would normally be accommo-
dated by the formation of oxygen vacancies in stoichiomet-
ric titania to ensure charge neutrality, already has those
vacancies present in substoichiometric titania. These results
provide a qualitative explanation for both why Cr inter-
penetration into TiO2 is much easier in sub-stoichiometric
TiO2�x than stoichiometric TiO2 and why Fe incorporation
is not as prevalent as Cr substitution.

Regarding the actual diffusion mechanism of Cr into the
oxide layer, three possible phenomena may occur: (i) Cr
may dissolve substitutionally and diffuse via an interstitial
mechanism [41,42]. Generally, in rutile, interstitial species
(Tii and Oi) have significantly lower migration barriers as
compared to vacancy species (VTi and VO), leading to faster
diffusion [41]. Due to the electronic structure of the triva-
lent Cr ion, it is probable for Cr to dissolve substitutionally
and diffuse by the simultaneous and cooperative motion of
Ti and Cr ions [42]. (ii) The high density of GBs in the oxide
layer may provide a fast diffusion channel for Cr, at least
initially [43]. (iii) Considering the observation of a large
number of voids formed in oxide after irradiation, another
alternative mechanism that may be at work here is Cr may
diffuse through a vacancy exchange mechanism into oxide.
Similar phenomenon was reported in irradiated nanosized
rutile [44]. At this time, we cannot eliminate any of these
possibilities. However, the fact that the Cr distribution in
the titania layers appears to be homogenous both after
annealing and after irradiation suggests that the GB
mechanism is not likely dominant as one would then expect
higher concentrations of Cr at GBs. Further, because Cr
incorporation into titania is seen for both annealing and
irradiation conditions suggests that interstitials, which are
unlikely in the thermal system, are not the dominant
mechanism. Together, this implies that mechanism iii,
the vacancy exchange mechanism, likely is the dominant
one.

One other point is worth noting. In both the annealed
and irradiated samples, Cr diffuses into the titania layer,
but the Cr penetration depth is much greater for the irradi-
ated sample. At the same time, there is no accumulation of
Cr at the metal/oxide interface. This suggests that the rate
limiting step for Cr incorporation into titania is the diffu-
sion of Cr in the Fe matrix to the interface. The primary
difference between the irradiated and annealed sample is
the arrival rate of Cr to the interface, which is enhanced
under irradiation due to the higher concentration of
defects, particularly interstitials. Finally, we note that Cr
incorporation into titania will further drive the oxide to
sub-stoichiometry. Mass conservation implies that the
material will get less dense and thus expand, consistent with
the experimental observations of swelling of the oxide layer.
Of course, the swelling may also be due to the amorphiza-
tion transformation of the oxide.

4.2. Cr enhanced amorphization

Irradiation-induced amorphization is often attributed to
the accumulation of radiation damage in a lattice, which
then collapses into an amorphous structure when it reaches
a critical defect density [45]. Typically, there exists a critical
temperature above which it is no longer possible to amor-
phize the given compound, due to the fact that the thermal
reordering rate will exceed the damage rate as the tem-
perature rises. Compared to other polymorphs of titania,
rutile is known to be the most amorphization-resistant
[46–48]. Hartmann showed that under heavy ion irra-
diation, single crystal rutile only amorphizes at tem-
peratures below 200 K [49]. However, in our study, the
amorphization of TiO2�x was realized under irradiation
at the relatively high temperature of 773 K. Based on the
observation of Cr diffusion into the TiO2�x layer, our
hypothesis is that incorporation of Cr is the major reason
for accelerating this amorphization process. Due to the
similar ionic radii between Cr and Ti (0.61 Å for Ti4+

and 0.62 Å for Cr3+ in octahedral coordination) and
the pre-existing oxygen vacancies in substoichiometric
titania, Cr is able to occupy regular cation positions lead-
ing to a substitutional solid solution that maintains the
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electroneutrality of the structure [50]. With Cr atoms incor-
porating into TiO2�x, the bonding strength between metal
and oxygen ions will be suppressed, which may induce
greater production of point defects under irradiation by
effectively lowering the displacement threshold energy in
the doped material. On the other hand, Lumpkin et al.
[51] also reported that the presence of impurities dra-
matically increased the amorphous transition temperature
of rutile, which they attributed to the capturing of charged
irradiation-induced defects by the aliovalent dopant cation.
Thus, adding Cr to TiO2 may increase the production of
point defects as well as retard the recombination processes,
both of which lead to higher concentrations of defects and
more susceptibility for amorphization. However, at this
time, both of these hypotheses are conjectures and warrant
further study to precisely understand the role of Cr on the
amorphization resistance of TiO2.
5. Summary

In summary, FeCr/TiO2�x/FeCr trilayer thin films were
subjected to either annealing at 500 �C for 1 h or 10 MeV
Ni3+ ion irradiation at 500 �C. Diffusion of Cr from the
Fe layers into the TiO2�x layer, with negligible accumula-
tion at the FeCr/TiO2�x interface, was observed in both
cases. Cr preferentially diffuses into the oxygen-deficient
titania as compared to segregation at metal/oxide inter-
faces. The rate at which the Cr concentration increases in
titania appears to be limited by the diffusion of Cr to the
interface from the Fe matrix. The extent of Cr interdiffu-
sion is much larger in the case of the ion irradiated sample,
pointing to the role of radiation-induced defects in enhanc-
ing the transport of Cr both to the interface and into the
oxide. First-principles calculations show that it is thermo-
dynamically favorable to substitute Ti with Cr in sub-s-
toichiometric TiO2, consistent with the experimental
results. Additionally, diffusion of Cr into the oxide layer
changes the bond nature of tetragonal rutile crystal struc-
ture and enhances amorphization under irradiation. The
observed phenomena of Cr incorporation into and Cr
enhanced amorphization of rutile are independent of the
interface orientation relationship, at least for the current
irradiation conditions.
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