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Appendix 1: Preferential Interactivity Parameter

The Preferential Interactivity Parameter (PIP) utilizes elements' intrinsic properties to determine their favorability to either diffuse towards the surface (segregate) or stay within the bulk (mix). Parameters such as atomic radius (r, pm), cohesive energy density (CED, Pa)1,2, and standard reduction potential (E0, V) are chosen specifically for oxidation processes, whereas atomic radius determines mobility, CED determines the strength of interatomic bonds within the bulk hence the energy cost to escape from the native state, and E0 (or electronegativity) determines favorability to oxidize.  Convergence of these parameters into a 3D plot, the so-called PIP, predicts preference to dominate the surface in core-shell particles hence oxidation behavior in general.3 In general, coupled lower values in each of these parameters results in a preference to diffuse towards the surface in an oxidizing environment, as a small radius means higher mobility, low CED (low vapor pressure) indicates weaker bonds hence low energy cost to leave the native state and lower diffusion energy barrier en route. Low E0 gives the propensity of an element to oxidize (i.e. lose electrons) hence a higher chemical potential towards an oxidizing front.

Shifting from thermodynamics (prediction) to kinetics, in a multi-element system, a gradient in diffusion towards the surface is expected based on species ranking on the PIP. Surface speciation has previously been demonstrated in metal alloys through spectroscopy, theory, or composition inversion.4-8 Thermodynamically, speciation within the surface oxide (Guggenheim interface) is critical in developing pseudo-equilibrium conditions between a system and its surroundings as it serves as an energy and mass interface barrier. Consequently, the system needs to accommodate the associated energy gradient due to Coulombic effects (e.g. dipoles) associated with compositional gradients. PIP helps predict which elements are more favorable to surface segregation and the likely distribution in the sub-oxide layers and/or interface-enriched components between the oxide and the bulk alloy. The combination of this energetic and composition gradient is the building block for the surface tensor that is developed within the surface oxide,   (where  is interfacial excess and  is chemical potential).
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Appendix 2: Sample Preparation for Atom Probe Tomography (APT) and Analysis 
APT samples were made via the focused ion beam (FIB) lift-out procedure, using a dual beam focused ion beam-scanning electron microscope (FIB-SEM). Final APT specimens (an example of which is shown in Figure S1(a)) were shaped into needles with an apex diameter of < 50 nm using 2 kV Ga to minimize Ga ion beam damage and implantation. For in situ experiments, a pre-sharpened tungsten TEM-APT grid,9 shown in Figure S1(b) was used.
The APT system used for in situ experiments and data collection is shown in Figure S1(c). A CAMECA local electrode atom probe (LEAP) 4000X HR system equipped with a 355 nm wavelength ultraviolet (UV) laser was used for APT data collection with the following analysis parameters: 60–200 pJ/pulse laser energy, 125 kHz pulse repetition rate, 45 K specimen base temperature, and 0.003 detected ions/pulse detection rate. The analysis chamber pressure was kept at less than 2×10-11 Torr. The detector efficiency of the LEAP used in this work is approximately 36%. The custom-built environmental transfer system was used for all oxygen gas exposures. 
[bookmark: bookmark=id.30j0zll][bookmark: bookmark=id.gjdgxs][image: ]
Figure S1.  The needle shaped specimens were deposited on a TEM-APT custom-made conical TEM grid. An image of the polished APT need and the grid is provided in (a) and (b) respectively. (c) The state-of-the-art customized APT instrument which has a reaction chamber attached to the atom probe. More details on the modified equipment can be found in the literature by Lambeets, et. al.10



Appendix 3: Solid-State Diffusion and Formation of Oxide Film
Figure S2 displays significant dislocation and cracks within the interface between the oxide and base alloy (enriched zone) due to the oxidation occurring exclusively within the solid state of this alloy (400°C). As captured by the Shuttleworth equation,11 unlike oxidation in the liquid state—where surface atoms can plastically deform and reorganize, solid-state oxidation induces elastic deformation causing surface defects, especially within the enriched zone. Another consequence of solid-state diffusion leads to speciation and the creation of defined oxide zones such as the visible Cr2O3 in lieu of more diffuse (statistical) layers (Figure 2c). The defects that are created lead to a new diffusion pathway for metal atoms toward the surface, this can be seen from the formation of metallic lattice towards the surface (hypothetically diffused Co as shown from STEM-EDS and APT results) above the developed Cr2O3 and spinel.
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Figure S2. TEM results from the oxidized CoCrFeNiMn HEA (120 mins) (a) A TEM BF image showing the cross-section of the alloy where the base, enriched interface (brightened layer) and oxide film can be seen. The top layer is Pt deposited during the FIB-liftout process. (b) A closer look at the oxide-alloy interface, the swelling, and bubble-like formation depict oozing out of Fe/Co/Mn metal/ions from the Cr-oxide layer to form the top-layer oxides. (c) A higher magnification view of the FCC (HEA) and Cr2O3 interface shows the nano-crystalline nature of the chromia layer. (d) A region magnified from the interface of Cr2O3 and the topmost multi-oxide (Fe/Co/Mn) region. This region shows the presence of chromia with a corundum structure, a spinel structure and a Co-rich metallic lattice structure indicating pure Co diffusing outwards. 

Appendix 4: APT element distribution maps and contour plots for the CoCrFeNiMi HEA
Three-dimensional (3D) element distribution maps and two-dimensional (2D) contour plots for APT reconstructed volumes for 2-minute 30 minute, and 2-hour oxidation exposure are provided in Figures S4 - S6.  The 3D element distribution maps all show a 10 nm section from the center of the reconstructed volume to easily visualize the oxide/metal interfaces. Iso-concentration surfaces in both 3D element distribution maps and 2D contour plots provide an estimate of the location of the oxide/metal interfaces. This iso-concentration surface composition varies with oxidation exposure time and varies from 20 - 35 at. % oxygen (O).  
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Figure S3. APT results from the 2 mins oxidation treatment. In the top panel, the ion maps of Fe/FeO, Cr/CrO, Co/CoO, Mn/MnO, Ni/NiO and O/O2 show the distribution of pure metal and oxides species of that metal in each image. Below them are the thermal maps showing the density of each in the 2D map. 
[image: ]

Figure S4. APT results from the 30 mins oxidation treatment. In the top panel, the ions maps of Fe/FeO, Cr/CrO, Co/CoO, Mn/MnO, Ni/NiO and O/O2 show the distribution of pure metal and oxides species of that metal in each image. Below them are the thermal maps showing the density of each in the 2-D map. 
[image: ]
Figure S5. (a-c) have the TEM results showing the needle after 120 mins of oxidation. The needle was transported from the APT chamber to TEM under a controlled environment. The high-resolution imaging of the needle was not possible at most locations due to the high thickness of the needle, however, at few locations the atomic structure of the out region was captured using atomic column STEM images as seen in figure (c). The region captured in (c) depicted a corundum structure indicating a chromia layer.









Appendix 5: APT element distribution maps, contour plots, and concentration profiles for the CoCrFeNiMn0.6Al0.4 HEA
[image: ]
Figure S6. SEM and APT results from the modified alloy where Al substituted Mn partially. The melting, cold rolling (50%), annealing at 1100 C for 30 mins and water quenching resulted in a recrystallized equiatomic grain structure as seen in Figure (a). The APT structure in (b-c) show a single phase random alloy no perceivable compositional partitioning. 
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Figure S7. APT results  from the 30 mins oxidation treatment of AlMnCoCrFeNi alloy. In the top panel the ions maps of Fe/FeO, Cr/CrO, Co/CoO, Mn/MnO, Ni/NiO, and O/O2 show the distribution of pure metal and oxides species of that metal in each image. Below them are the thermal maps showing the density of each in the 2-D map. 

From the 3D element distribution maps and 2D contour plots shown in Figure S8, we see that the inner oxide is Cr-rich, and the outer oxide includes Fe, Co, and Mn signals. To further investigate the composition of the outer oxide, concentration profiles were generated across Fe and Mn iso-concentration surfaces, with results reported in Figure S9. From the concentration profile across the 33 at. % iso-concentration surface, we see that the Fe-rich regions of the outer oxide also have approximately 10 at. % Co, but other elements, including Mn, Cr, Ni, and Al are less than a few at. % (Figure S9(b)). We also find there is a pile-up of Mn at the outer region of the Fe-rich outer oxide (up to approximately 10 at. % Mn). In the Mn-rich region of the outer oxide (shown in Figure S9(c) - (d)), we also observe signals from Fe, Co, and Ni. From Figure S9, we see that the outer oxide of the CoCrFeNiMn0.6Al0.4 HEA has non-uniform composition, with Fe and Mn-enriched regions, suggesting non-uniform mobility of these elements through the Cr-rich inner oxide. 
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Figure S8. APT results from the 30 mins oxidation treatment of AlMnCoCrFeNi alloy. (a) shows the Fe and FeO ions to depict the oxide layer. The compositional partitioning across the 
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