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ABSTRACT 

Cr2O3 is a ubiquitous passivating film on alloys that is vital to their stability and performance in 

hostile environments. In this study, we directly observe and measure how anion transport through 

the oxide is affected by 400 keV Ar2+ ion irradiation as a function of temperature (30 to 500 °C) 

and dose (0.33 to 2.00 dpa) in single-crystal Cr2O3 films using embedded 18O isotopic tracers and 

atom probe tomography. Diffusion coefficients are experimentally determined and compared to a 

chemical-rate theory model. Experimental and theoretical results are broadly in agreement, 

showing anion diffusion increases at least 4–5 orders of magnitude upon irradiation with a weak 

dependence on temperature and a stronger dose-driven sink-strength dependence. These results 

reveal that radiation could significantly reduce the protectiveness of Cr2O3 films when passivity 

relies upon limited anion diffusivity, even at relatively modest levels of irradiation and low 

temperatures. 
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INTRODUCTION 

Oxidation and corrosion of structural alloys in high-temperature hostile environments, 

commonly found in energy-generating systems, impact material reliability and performance, 

resulting in costly component repairs, replacement, or even catastrophic failure. The natural 

formation of a nanoscale passivating oxide layer on an alloy surface can aid in mitigating 

material degradation in many oxidizing environments.1 Nuclear reactors create a unique 

challenge for corrosion resistance because radiation introduces high densities of point defects 

and structural flaws into both the protective oxide film and underlying metal.2 These point and 

extended defect structures inherently alter both the properties of the oxide film and its ability to 

reform should it rupture or spall. Understanding the underlying atomic transport within 

protective oxide layers under irradiation is thus of great importance for designing materials that 

must exhibit both corrosion resistance and radiation tolerance. 

Chromia (Cr2O3), a common passivating film for Ni- and Fe-based alloys, effectively eliminates 

ion transport and further corrosion of the underlying metal (in the absence of radiation) via very 

thin layers (2–5 nm thickness). Isotopic tracers, e.g. 18O, have been used to generate fundamental 

insights into oxidation mechanisms and rates for chromia on alloys using mass-sensitive 

analytical techniques.3–5 For example, the growth of Cr2O3 films has been studied on Fe-Cr6,7 and 

Ni-Cr8 alloys, where two-stage oxidation with first natural isotopic abundance and then 18O-

enriched gas from the oxidizing environment can reveal the competition between the inward 

penetration of 18O anions and outward migration of metal cations. While these two-stage studies 

have not identified a definitive rate limiting mechanism, they emphasize the importance of anion 

transport in the development of Cr2O3 films. Previous studies of ion transport in bulk and 
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spherical (90 and 120 μm diameter) Cr2O3 used gas-solid reactions and secondary ion mass 

spectrometry (SIMS) to measure the penetration depths and rates of 18O into the oxide at high 

temperatures (900–1400 °C).9–11 Studies with bulk polycrystalline samples (850–1100 °C) also 

revealed faster diffusion (4–5 orders of magnitude) along grain boundaries than the bulk.12,13 

Likewise, experimental data on cation diffusion in Cr2O3 exists at high temperatures (1100-

1570°C)9,14,15 with diffusion coefficients ranging from 2 × 10-22 - 3 × 10-17 m2/s. Computational 

studies suggest a high level of anisotropy in cation transport in Cr2O3.16 However in this study, 

focus is placed only on anion transport parallel to the c-axis. 

A significant lack of knowledge on the nature and behavior of chromia persists at conditions 

relevant to nuclear environments, such as the impact of irradiation on the oxide microstructure 

and rate-limiting atomic transport mechanisms and kinetics. Irradiation in oxides such as Cr2O3 

results in the production of point defects. These point defects are a mixture of self-interstitial and 

vacancy defects (together referred to as Frenkel pairs) that can diffuse through the bulk crystal 

and recombine, reach pre-existing sinks (such as existing higher-dimension defects), or 

aggregate with each other to nucleate larger defects such as voids and dislocation loops, which 

can in turn act as defect sinks.17,18 Defects in oxides have additional complications due to the 

presence of multiple sublattices and the potential for formation of charged defects.19–21 The 

supersaturation of point defects introduced through irradiation can accelerate atomic diffusion, a 

phenomenon known as radiation-enhanced diffusion (RED).22,23 

An Arrhenius extrapolation to 500 °C (typical temperature in an advanced reactor) and 300 °C 

(lightwater reactor) of thermal diffusion in Cr2O3 using an expression from Hagel10 results in 

anion diffusivities of 4.5 × 10-32 and 4.7× 10-42 m2/s, respectively. Even after 100 years in service, 
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the characteristic anion diffusion distance (√4𝐷𝑡) with these phenomenally low diffusivities 

would still be less than a single unit cell of Cr2O3. Even at higher temperatures where 

diffusivities increase, Cr2O3 (2.6 × 10-22 m2/s at 900 °C)11 exhibits orders of magnitude slower 

anion mobility than α-Fe2O3 (4.4 × 10-20 m2/s at 900 °C)24–26 and Fe3O4 (2.4× 10-19 m2/s at 

800 °C).27 However, our recent work on proton irradiated α-Fe2O3 demonstrated that the non-

equilibrium point defect density can enhance diffusivity by at least two orders of magnitude via 

RED.22 A similar increased ion diffusivity in Cr2O3 via RED may be detrimental to its 

passivating ability under dynamic irradiation in corrosive reactor environments. 

In this study, we investigate both the microstructural evolution of and anion transport within 

epitaxial Cr2O3 thin films containing embedded 18O isotopic tracers irradiated with heavy ions at 

reactor-relevant temperatures (300–500 °C). Building on our previous work with α-Fe2O3 

films,22,28 deposition of a well-defined 18O tracer layer within a single-crystalline Cr2O3 film is 

achieved via molecular beam epitaxy (MBE). The embedded tracer layer enables us to focus on 

self-diffusion of O directly within the model oxide film itself, bypassing gas/solid interactions29,30 

and metal reactivity31 that can complicate isotope diffusion profiles in traditional studies. 

Microstructural characterization is done using scanning/transmission electron microscopy 

(S/TEM), while direct visualization and quantification of atomic-level isotope diffusion via the 

18O tracer is accomplished using atom probe tomography (APT).32 Experimental measurements 

are then coupled with previous density functional theory (DFT) modeling work33,34 on defect 

energetics in Cr2O3 to consider both formation and migration energies of vacancy and interstitial 

defects. These energetics are combined into a chemical rate-theory model22 where the self-

diffusion coefficient for thermally-activated and irradiated Cr2O3 at varying dose and temperature 

can be predicted. 
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METHODS 

Isotopically labeled layers with natural abundance oxygen (NAO - 99.8% 16O) and 18O-enriched 

(99% 18O) Cr2O3 were deposited by MBE at 730°C on sapphire (α-Al2O3) [0001] 10 × 10 mm 

substrates, as described previously.28  Thicknesses (starting from the interface with the Al2O3 

substrate) were 35 nm Cr2
NAO3, 10 nm Cr2

18O3, and 45 nm Cr2
NAO3,, respectively, as 

schematically illustrated in Fig. 1 The dimensions of the MBE films (~100 nm thick) are also 

convenient for heavy ion irradiation studies of RED without a requirement for high-energy 

irradiation and associated sample radioactivity. The growth rate was 0.1 Å/s at a substrate 

temperature of 730 °C. Using magnetron sputter deposition at room temperature, 2 nm Cr and 18 

nm Ni were laid as a protective cap and assists in APT and TEM sample preparation via focused 

ion beam (FIB) methods.35. Before anneal and irradiation, samples were sectioned into four 5 × 5 

mm rectangles. 

The irradiation was conducted at the Ion Beam Materials Laboratory at Los Alamos National 

Laboratory. 400 kV Ar2+ irradiation (vacuum - 4×10-5 Pa) was conducted using a Danfysik 

implanter with a dose rate of 2 × 10-4 displacements per atom per second (dpa/s) at a 4 cup 

current of 165-180 nA with a rastered beam with frequencies of approximately 1kHz in both 

horizontal and vertical directions. Fluence varied from 9.23 × 1014 to 5.54 × 1015 ions/cm2. 

Irradiations were conducted at room temperature (RT) (~30 °C with beam heating), 300 °C, or 

500 °C to nominal doses of 0.33, 0.66, or 2.00 dpa, as calculated by SRIM36. SRIM parameters 

are provided in the SI. A picture of the sample with an overlaid schematic of the irradiation is 

included in the supplemental material, along with a cooling curve for the 500 °C specimen.  
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One 5 × 5 mm section of the deposited film was placed into a Thermo Scientific Thermolyne 

Model # FB1415M furnace for a 1000 hr anneal at 500 °C in air as an unirradiatied, control 

specimen. The sample was loaded into and removed from the furnace at temperature and air 

cooled. 

Samples were prepared for S/TEM and APT using either an FEI Quanta 3D-FEG or Helios 

NanoLab dual-beam focused ion beam (FIB) / scanning electron microscope (SEM) system. 

Specimens were prepared using established procedures.35,37 APT specimens were annularly 

milled at 30 kV Ga+ down to diameters of 150 nm, then polished at 2 kV Ga+ to a diameter of 

~100 nm. TEM lamella were thinned using progressive steps at 30 kV, 5 kV and 2 kV Ga+. 

S/TEM characterization was conducted using a JEOL JEM-ARM 200CF at 200 kV and a JEOL 

GrandARM-300F at 300 kV. S/TEM high-angle annular dark field images were collected with a 

probe size of 1.06 Å, a convergence angle of 27.5 mrad, and collection angles of 68–280 mrad. 

Dislocation imaging was conducted off the [1'1'20] zone axis with tilts of 5–10° towards the 

[0001] direction with a probe size of 1.7 Å, a convergence angle of 6.9 mrad, and collection 

angles of 6.8-28 mrad to maximize dislocation contrast and minimize bend contours.38 

APT specimens were analyzed with a CAMECA local electrode atom probe (LEAP) 4000X HR 

at a base temperature of 40 K and a pressure of < 2.7 × 10-9 Pa. Samples were analyzed using 

laser-assisted field evaporation (λ=355 nm) at pulse rates of 200 and 250 kHz and a pulse energy 

of 60 pJ. Detection rates were kept at 0.003 detected ions per pulse by varying the applied 

voltage. Data were reconstructed in 3D using the Integrated Visualization and Analysis Software 

(IVAS 3.8.5a45) developed by CAMECA. Since films were epitaxially grown on Al2O3 (0001) 

substrates, the (0001) pole was captured during APT, and reconstructions were scaled using the 
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bilayer-to-bilayer spacing of chromia along [0001] (2.3 Å) within the APT data (Fig. S6-S7).39 

This was best achieved using the voltage reconstruction method (see SI for details). 

Representative spectra (Fig. S4), the comparison between 18O enriched and NA chromia layers 

(Fig. S5), and a representative 1D concentration profile (Fig. S8) are provided in the Supporting 

Information document. Stoichiometry of the Cr2O3 films is 2:3 Cr to O in the natural abundance, 

16O regions of the growth, consistent with prior APT studies.40 Additional f18O profiles are 

included in Fig. S9-S11. 

Theoretical predictions for the supersaturation densities of point defects under irradiation were 

based on a rate theory model,41 

𝑑𝑐!
𝑑𝑡 = 𝜙 − 𝐷!𝑘!"(𝑐! − 𝑐!#) − 𝑘!$𝑐!𝑐$ 

𝑑𝑐$
𝑑𝑡 = 𝜙 − 𝐷$𝑘$"(𝑐! − 𝑐$#) − 𝑘!$𝑐!𝑐$ 

evaluated at steady state, with 𝜙 the defect production rate,	𝐷!/$ the defect diffusivities, 𝑘	" the 

sink strength and 𝑘!$ the recombination coefficient for vacancies 𝑣 and self-interstitials 𝑖. Self-

diffusion included both vacancy and self-interstitial contributions 

𝐷 = 𝐷$𝑐$ + 𝐷!𝑐! 

with defect diffusivities given by 

𝐷' = 𝐷# exp
−𝐸'(

𝑘𝑇  

using migration energies 𝐸	( derived from density functional theory.33,34 Thermal equilibrium 

densities were determined as 
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𝑐!# = exp
𝑆'
)

𝑘 exp
−𝐻'

)

𝑘𝑇  

with formation enthalpies 𝐻	)from the same DFT studies, and a temperature dependent 

contribution to 𝑆	) and 𝐻	) from the chemical potential of O2 at standard pressure. 

RESULTS 

Fig. 1 shows S/TEM bright field images comparing (A) the as-grown sample and (B-E) samples 

irradiated to (B,C) 0.66 dpa or (D,E) 2 dpa at either RT or 500 °C. The as-deposited Cr2O3 layer 

film is uniformly 90 nm thick with a low density of vertical threading dislocations; no other 

defects (e.g., voids or grain boundaries) were found. The isotopically enriched Cr2
18O3 tracer 

layer is indistinguishable from the surrounding Cr2
NAO3, and its approximate position is noted by 

white dashed lines. The Cr2
NAO3 layer deposited “below” the 18O-enriched (Cr2

18O3) and closer to 

the Al2O3 substrate is labeled “Cr2
NAO3-b”, and conversely “Cr2

NAO3-a” for the layer “above” the 

Cr2
18O3. After irradiation, dislocation loops were prevalent throughout the Cr2O3 film, with a ~20 

nm denuded region near the interface with the metal capping layer. Loops were larger (>5 nm 

diameter) after irradiation at 500 °C than at RT (2–4 nm diameter). Estimates of loop number 

density for the 2 dpa samples were 7.5 × 1022 m-3 (or 75,000 μm-3) at RT and 6.0 × 1022 m-3 

(60,000 μm-3) at 500°C. No corresponding nanoscale composition changes were observed in the 

APT analysis, suggesting the dislocation loops do not significantly affect local oxide chemistry. 

Vertical dislocations remained in the films, but their density decreased noticeably in both 500 °C 

samples. There were no observable voids or phase transformations as a result of irradiation. 

While ballistic mixing between the metal cap and the oxide film is a concern, the Ni cap 

remained intact in the S/TEM images. Potential ballistic mixing is discussed further in the APT 
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results below. The presence of S/TEM-visible defects (dislocation loops) demonstrates that the 

radiation-induced generation, supersaturation and aggregation of point defects within the film 

can accelerate defect-mediated atomic diffusion well beyond thermal diffusion alone and act as 

evolving sinks that can further modify the defect distributions within the material. 
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Figure 1. S/TEM bright field images of A) the as-grown Cr2O3 film and B-D) the same film after 

irradiation at (B,D) room temperature or (C,E) 500 °C. The MBE-deposited stack schematic with 

nominal layer thicknesses is provided at lower left. The top row of images show samples 

irradiated to 0.66 dpa, while those in the bottom row were irradiated to 2 dpa. Select defects have 

been highlighted in each image – dislocation loops with white ellipses and vertical dislocations 

with white arrows. Note that the loops increase in size with dose and temperature, while the 

vertical dislocation density reduces with temperature. Dashed white lines indicate the 

approximate location of the 18O tracer layer, which is not visible by S/TEM imaging.  

The redistribution of the 18O isotopic tracer was studied using APT, which provides the necessary 

mass sensitivity and sub-nm spatial resolution to resolve atomic-scale ion transport. 1D 
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concentration profiles were taken from cylindrical regions of interest (20 nm in diameter) that 

spanned the entire APT specimen length, with the long axis of the cylinder perpendicular to the 

18O layer.  Profiles of the local 18O redistribution was quantified using the 18O isotopic fraction 

(f18O) (Eqn. 1): 

f18O = 𝑁 *!" !#/ (𝑁 *!" !#+ 𝑁 *!$ !#)      (1) 

where 𝑁 *!"  and 𝑁 *!$  denote the counts of 16O1+ and 18O1+, respectively.22,28 Diffusion coefficients 

were extracted from the average of two f18O profiles measured for each sample by numerically 

aging the as-grown profile via Fick’s Law until the difference between the numerically aged and 

experimentally measured profiles is minimized. Further details on the APT methodology and this 

fitting procedure are found in the SI and Ref.22. Table 1 summarizes the resulting diffusion 

coefficients for each irradiation and annealing condition. Each measurement will be discussed in 

sequence below, but first we seek to clarify sources of error and limitations of these fittings. Two 

sources of uncertainty contribute to the error interval (Dmin and Dmax range) reported in Table 1. 

The first is the standard deviation of the mean of diffusivity collected from the full set of samples. 

The second is the confidence interval of the numerical aging, bounded by the diffusivity values 

where the square residual increases over the best fit by a factor of two. Note that in the case of the 

thermal anneal, this interval extends to zero diffusion. The final column also reports an estimate 

of the smallest diffusivity (Dlimit) that the APT measurement itself could resolve.  

Table 1. Summary of irradiation temperature, dose, irradiation or annealing times, and extracted 

anion diffusion coefficients (D) with uncertainty intervals (Dmin and Dmax). The estimated APT 

resolution limit (Dlimit) for each condition is also shown, with an assumed 0.5 nm resolution limit 

– see SI.  
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Temperature 
(°C) 

Dose 
(dpa) 

Time 
(min) 

D 
(10-22 m2/s) 

Dmin  
(10-22 m2/s) 

Dmax  
(10-22 m2/s) 

APT Dlimit 

(10-22 m2/s) 
30 0.66 45 0.68 0.22 1.5 0.23 

300 0.66 45 1.5 0.89 2.3 0.23 
500 0.66 48 3.6 2.8 4.7 0.22 

500 thermal 
anneal  60,000 5.9×10-5 0 6.6×10-4 1.7×10-4 

500 0.33 22 4.5 3.3 5.9 0.47 
500 0.66 48 3.6 2.8 4.7 0.22 
500 2.00 133 2.2 1.4 3.1 0.078 

500 0.33 to 
0.66  26 3.1 1.6 4.9 0.40 

500 0.66 to  
2.00  85 1.2 0.33 2.5 0.12 

 

The APT reconstruction can achieve a spatial resolution in depth on the order of the oxygen bilayer 

spacing in Cr2O3 (~0.23 nm – see SI Fig. S6). To be conservative, it can be assumed that APT can 

achieve 0.5 nm resolution in depth for the corresponding f18O profiles used to quantify the 

interdiffusion. If we can approximate that to be the detectable limit, the characteristic diffusion 

distance (𝑥 = 	√4𝐷𝑡 ) should be equal to or greater than the APT spatial resolution limit (~0.5 nm 

conservatively), where D is the diffusion coefficient and t the diffusion time. Using this 

relationship, we can establish rough bounds for combinations of diffusivity and diffusion times 

that can be readily detected and quantified by APT. These bounds, for a few assumed resolution 

limits, are presented in Fig. 2 and overlayed with the experimental measurements reported in this 

study. While most datapoints reside well into the easily resolvable range, two datapoints exist near the 

resolution limit lines. These correspond to the RT irradiation to 0.66 dpa (open circle) and the 1000 h 500°C 

thermal anneal (open triangle). The thermal anneal datapoint clearly sits below our conservative 0.5 nm 

resolution limit line, indicating that no measurable diffusion has occurred. Conversely the 0.66 dpa RT 

anneal sits roughly a factor of 2 above our 0.5 nm resolution limit line. This indicates that APT has detected 

some change in f18O profile that is within our experimental limits. 
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Figure 2. Effect of estimated APT spatial resolution limits with experimentally resolvable diffusivities as 

a function of diffusion time.  

The APT-measured f18O profiles of the as-grown, unirradiated 500 °C annealed, and 500 °C 

irradiated datasets are shown in Fig. 3. The irradiated datasets include 0.33, 0.66, and 2 dpa 

samples. The as-grown profiles (Fig. 3A) depict a well-defined ~10 nm thick 18O enriched layer 

with sharp interfaces and a peak enrichment of f18O ~0.9. Both the Cr2
18O3 and Cr2

NAO3-a regions 

exhibit gradients in the f18O, suggesting some intermixing of O with the underlying film during film 

deposition. Because the diffusion coefficients are extracted by numerically aging the as-grown f18O 

profile, the profile shape does not strongly affect the subsequent diffusion coefficient 

quantification. Profiles from two APT specimens are included to demonstrate the repeatability of 

these measurements. To rule out pure thermal contributions to anion diffusion during irradiation, 

a section of the wafer was annealed in air at 500 °C for 1000 h. Comparison of the as-grown and 
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thermally annealed f18O profiles are presented in Fig. 3B. The computed diffusion coefficient 

(Table 1) of 5.9 × 10-27 m2/s after thermal annealing is smaller than the estimated resolution limit 

of the APT measurement for this annealing time (Dlimit ~1.7× 10-26 m2/s – Fig. 2), indicating no 

detectable anion diffusion. By comparison, the extracted diffusion coefficients at 500 °C for the 

irradiated samples range from 2.2 × 10-22 to 4.5 × 10-22 m2/s (Table 1, Fig. 3C), at least 4 orders of 

magnitude greater than the APT resolution limit of the thermal self-diffusion coefficient and 10 

orders of magnitude greater than the Arrhenius extrapolation of higher-temperature literature 

values. This demonstrates the immense impact of irradiation to accelerate transport in single 

crystal Cr2O3 at temperatures not normally associated with significant anion diffusion. 

 

Figure 3. APT-measured f18O profiles for A) as-grown, B) unirradiated, thermally annealed and C) 

ion irradiated Cr2O3 films. The as-grown data show repeatable enrichment profiles from two APT 

specimens, while the thermally annealed data show no detectable diffusion. Ion irradiation 

increases anion diffusion to detectable levels, with 18O diffusion increasing at dose. As-grown 

profile from Sample 2 is included in B) and C) for reference. 

Fig. 4 presents APT f18O profiles measured after irradiation at different temperatures. Comparing 

the extracted diffusivity values reveals a weak temperature dependence at a constant dose of 0.66 

dpa. Increasing the irradiation temperature from RT to 500 °C increased the diffusion coefficient 
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by approximately a factor of 5 (from 6.8 × 10-23 to 3.6 × 10-22 m2/s). In comparison, extrapolation 

from literature reports of the high-temperature Arrhenius behavior would predict 46 orders of 

magnitude lower values at RT,10 although no experimental data exist in this temperature range for 

thermal diffusion to confirm this value. 

 

Figure 4. APT-measured f18O profiles after 0.66 dpa irradiations at A) RT, B) 300 °C, or C) 500 °C. 

The f18O profile broadens with increasing temperature, indicating higher diffusivity values. Each 

irradiated profile is shown against the as-grown profile (gray), and the best fits from quantifying 

the diffusivity are shown as solid black lines. 

DISCUSSION 

Anion diffusivity decreased with cumulative dose, with a consistent reduction in the diffusivity at 

successive dose levels. That is, the enhanced mobility induced by irradiation was not constant with 

dose but was enhanced more at lower doses than higher doses. This behavior was analyzed in two 

ways. First, the average diffusivity up to a given dose was measured by numerically aging directly 

from the as-grown f18O profile to the best fit of the irradiated f18O profiles. Alternatively, the change 

in diffusivity with accumulated dose was assessed by extracting incremental diffusivities, for 
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example by numerically aging the 0.33 dpa or 0.66 dpa f18O profiles to higher dose f18O profiles. 

These comparisons are presented in Fig. 5A for the incremental (solid circle) and full dose (open 

square) methods. These diffusivities are also tabulated in Table 1 for the 500 °C irradiations. Both 

the full dose and incremental analysis show a drop in diffusivity with increasing dose, with the 

incremental quantification method revealing a larger successive drop in diffusivity. Note that each 

incremental value uses the preceding dose as reference (i.e. 0.33 to 0.66 dpa, and 0.66 to 2 dpa). 

A factor of 3–4 reduction in apparent diffusivity is consistent with an associated increase in sink 

strength with accumulated dose, as visualized by a higher density of larger diameter dislocation 

loops with dose in Fig. 1. These additional sinks decrease the point defect supersaturation density 

and depress the associated radiation-enhancement of anion diffusion, although the overall RED 

effect is still many orders of magnitude greater than what would be expected for thermal diffusion.  
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Figure 5. A) Comparison of incremental diffusion coefficient (blue) vs the average full dose 

diffusion coefficient (purple) at 0.33, 0.66, and 2 dpa, all at 500 °C. The incremental diffusion 

coefficient drops with increasing dose. B) Chemical rate theory model with thermal self-

diffusion curve (black) and radiation enhanced diffusion curves at the experimental dose rate of 2 

× 10-4 dpa/s for a constant (red, solid) and variable (red, dashed) sink strength (k2). Three 

irradiation regimes exist: recombination-dominant at T< 200 °C, sink-dominant at 200 °C < T < 
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1250 °C, and thermal-dominant > 1250 °C. C) Experimental diffusivity is compared to literature 

results for Cr2O3
10 and Fe3O4.42 Overlaid on the results is the predicted self-diffusion of oxygen 

by the chemical-rate theory model.  

To further understand the underpinnings of the RED in Cr2O3, we employ the chemical rate-theory 

model, developed using Medasani et al.’s33,34 DFT calculations of defect energetics in Cr2O3. 

Further details on this model are described in SI and ref 22. The chemical rate theory model enables 

predictions for both thermal (black) and radiation enhanced (dashed red: variable sink strength, 

solid red: constant sink strength) conditions, as shown in Fig. 5B. The model predicts that thermal 

diffusion dominates above ~1250 °C, while defect recombination dominates transport below 

~250 °C. In both regimes, the predicted diffusivity is strongly temperature dependent, while at 

intermediate temperatures (250–1250 °C) anion diffusion is largely temperature-independent. 

Within this intermediate range, labeled the sink dominant regime, the diffusion enhancement under 

irradiation depends on two components: 1) production rate of mobile defects and 2) the sink 

strength. Comparing to the Arrhenius extrapolation from high temperatures confirms that it is the 

high density of radiation-induced point defects that has increased self-diffusion.  

Within the sink dominant regime, the second factor, sink strength, creates additional variability in 

the predicted diffusivity. Fundamentally, the sink strength is a property of the material 

microstructure and reflects the average distance point defects must diffuse before being absorbed 

at a sink. In Fig. 5B, the solid red diffusion curve results from a model that assumes a constant 

sink strength, resulting in little temperature dependence on the predicted diffusivity. However, as 

shown by S/TEM images in Fig. 1, the microstructure, and thus sink strength, vary with both dose 

and temperature. Therefore, calculations using a temperature dependent sink strength in an attempt 
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to capture the observed microstructural changes were also considered, as illustrated by the dashed 

red line in Fig. 5B. 

Fig. 5C brings together the experimentally measured diffusivities, chemical rate theory model 

predictions, and reported literature values (measured and extrapolated) for Cr2O3
10 and Fe3O4

42. As 

Fe3O4 has higher diffusivity than other Fe oxides, it is used here for comparison as a representative 

non-protective oxide.24,27 Comparing the chemical rate theory prediction of thermal diffusivity with 

data from the literature shows a good general agreement on slope, but with a ~300 °C offset to 

higher temperature for the model. This offset could be due to the experimental geometry: in the 

experimental study,10 all surfaces of spherical particles of single crystal Cr2O3 were exposed to 

18O. The Arrhenius extrapolation of experimental Cr2O3 thermal anion diffusion10 to 500 °C is 

off-scale in Fig. 5C (~5 × 10-32 m2/s) and ~6 orders of magnitude lower than the APT detection 

limit for a 1000 h anneal (~2 × 10-26 m2/s). Conversely, the irradiated Cr2O3 anion diffusivity at 

500 °C (2.2 - 4.5 × 10-22 m2/s) is ~4–5 orders of magnitude greater than the APT detection limit of 

the thermally annealed sample. This establishes that irradiation increased the anion diffusivity in 

Cr2O3 by no less than 4 orders of magnitude, and up to 10 orders of magnitude from the Arrhenius 

extrapolation at 500 °C. This enhancement is equal to or greater than that of grain boundary short-

circuit diffusion reported at higher temperatures (850–1100 °C) in chromia (4–5 orders of 

magnitude faster than bulk)12,13 and is ~0.5–2 orders of magnitude faster than in unirradiated Fe3O4. 

From the perspective of Wagner-like oxidation kinetics,43 which are governed by diffusive 

transport, irradiation will cause Cr2O3 (a critical protective oxide) to more closely resemble 

unprotective Fe3O4. 

The APT-measured anion diffusivity is in good quantitative agreement with the predictions of the 

chemical rate theory model, but shows a weak temperature dependence, with a factor ~2.5 
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difference between the 0.66 dpa at 300 °C and the 0.66 dpa at 500 °C. This suggests that a variable 

sink strength (Fig. 5C, red dashed line) is more appropriate than a constant sink strength (solid red 

line), again consistent with the temperature and dose dependence of loop formation shown in Fig. 

1. More data on sink (dislocation loop or void) density across a variety of conditions (or, 

alternatively, a mechanistic model of loop formation in this material) would further improve the 

sink strength function within the model. 

In the recombination-dominant (low temperature) regime, the predicted self-diffusion coefficient 

drops rapidly. This is caused by accumulation of point defects in the material as the mobility of 

one species becomes slow enough that it cannot reach a sink before being annihilated by 

recombination. The mobility of defects decreases with temperature, and at a low enough 

temperature, long range migration ceases to contribute to self-diffusion. In that regime, atomic 

rearrangement will be dominated by direct ballistic displacement of atoms during irradiation. This 

ballistic mixing effect is an athermal contribution to RED which is not included in the rate theory 

model in this work. The experimental measurements at room temperature - though only just above 

the resolution limit of our methods – appear to show diffusion on a timescale three orders faster 

than the model would suggest. This hints that either (a) athermal ballistic mixing is of this 

magnitude or (b) the defects are more mobile than the DFT calculations suggest. However, given 

the proximity of the RT data to the resolution limit of the APT, and the very subtle changes in the 

isotope profile, longer irradiations (roughly 1000 dpa – greater than any reactor component would 

experience) demonstrating additional transport would be required to draw such a distinction with 

confidence. Such an irradiation would also likely be complicated by amorphization of the Cr2O3 

itself, negating any significant further insights into crystalline RED at these temperatures. 
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CONCLUSIONS 

In conclusion, using MBE, S/TEM, and APT, microstructural changes and anion diffusion 

coefficients were determined after heavy ion irradiation and a comparative thermal anneal of single 

crystal Cr2O3. Irradiation enhances the anion diffusivity at 500 °C by at least 4 orders of magnitude, 

and likely up to 10 orders of magnitude, from Arrhenius extrapolations of higher-temperature 

measurements. This radiation enhancement is greatest at lower temperatures. Quantification of the 

anion diffusion coefficients is also shown to be repeatable across APT specimens by this method. 

Comparing the experimental results with a predictive chemical-rate theory model, the diffusivity 

agrees well and demonstrates a weak temperature and dose dependence under irradiation, which 

can be captured with a temperature-dependent sink strength component. Together, these results 

highlight the significant increases in transport induced by irradiation and suggest that oxides that 

are protective against corrosion under thermal conditions may not be protective under irradiation.  
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