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ABSTRACT: Diffusion and surface oxidation are critical, and necessary, processes in metal alloy designs and use. Surface
oxide provides unique opportunities to improve material properties or performance beyond bulk alterations. Surface oxida-
tion is, however, often oversimplified into a classical diffusion process. Passivating oxide surfaces are also thought to be lack-
ing in complexity or critical information. A closer look, however, shows inherent complexity with kinetics-driven competition
between the elements in the process leading to redox-speciation across a very small (nm) thickness. Questions that remain
to be answered for a comprehensive understanding of surface oxides are diverse and call for interdisciplinary approaches.
By using thermodynamics-based preferential Interactivity Parameter (PIP) alongside kinetic consideration, we show how
complexity in these oxides can be predicted allowing us to tailor these thin films. We use our work and that of others to
illustrate predictability while also highlighting that there is still much more to be done.

At ambient conditions, surface oxides are critical
inherent nanocomponents of metal alloys but their
understanding and/or effect on the bulk is an ongo-
ing study. This small nano-scale component! is ei-
ther sought after to enhance material properties
through interfacial engineering or deemed a men-
ace as they generate unwanted chemistries/reac-
tions,? alter surface properties, or introduce defects
(most notable in corrosion science).3 Many theories
have given us better understanding towards the ki-
netics of oxidation,*¢ providing critical information
on rates, morphology, and organization of these ox-
ides from early to later stages. Understanding the
coupling between intrinsic elemental properties
with external forces is, however, still highly limited.
Exploring this problem inevitably requires expan-
sion of our viewpoint beyond classical mechanics
and unary stimuli effects. Current miscibility and
diffusion rules’-10 for predicting inter-diffusion in a
mixture apply correlations between elements
hence are inherently limited as they fail to consider
asymmetry in interactions along the diffusion path
especially in multicomponent alloys.!! Oxidizing al-
loys, however, have co-dependent interactions be-
tween diffusing elements that drive the overall flux
(Jtot) from early (entropy dependent) to late (dis-
tance, path, and mobility dependent) stages of oxi-
dation (Figure 1a). This interdependency forces us

to consider that flux of individual element (J;) and
their thermodynamic potentials (V¢;) have influ-
ence on others. For example, at the initial stage (sin-
gle atom layer), principle of equal apriori probabili-
ties dictates that solid and liquids would oxidize
similarly since there is limited diffusion (Figure 1a).
As the oxide layer grows to several nm thick, diffu-
sion through the statistical stoichiometry-dictated
layer becomes critical in defining progress or pas-
sivation. At higher thicknesses, the mechanism be-
tween a solid and a liquid diverges given differences
in surface elasticity and plasticity of the two (Figure
1a).12 Given the importance of this nm thick oxide in
surface oxidation, are surface oxides studies purely
nanoscience? Or should the community pay more
attention given the significant effect of surface ox-
ides in the economy and in controlling material
properties? This perspective shows the need to re-
think surface oxides and reactions from a nanosci-
ence view given that it is not just the top layer of at-
oms that matter but also the underlying sub-surface
(nm) reconstruction. Both of which are of great in-
terest for the scientific community and have a major
role to play in corrosion, surface treatment and re-
lated processes.

Herein, we present oxidation as a predominantly
multi-tensor dictated flux and reaction, in part due
to preferential interactions (hence a dictated
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diffusion path) and stoichiometric interdependency
on which element oxidizes and at what stage of the
process it does. Classical definition of oxidation cou-
ples the flux with forces from a concentration gradi-
ent, herein we explore other contributing factors
(e.g., surface plasticity above) that dictate differ-
ences in oxides or passivating layers in metals.

For brevity and clarity, we apply the so-called
Preferential Interactivity Parameter (PIP) as a basic,
simple, thermodynamics guiding tool to explain lit-
erature data and highlight why nanoscience tools
are critically needed in this field (Figure 1b).13 The
PIP utilizes a three axis plot to capture the push
(Standard reduction potential, E?),14 pull (Cohesive
energy density, CED),15 and barrier (covalent ra-
dius/size, r)1é to an element’s ability to diffuse to-
wards a reaction (in this case oxidation) front. The
EO captures propensity to oxidize hence a thermo-
dynamic ‘push’ of the metal atoms towards the oxi-
dant or of the oxidant towards the element. Here, E0
values are relative to a standard hydrogen electrode
and are used as obtained from literature. Covalent
radius captures the size-dependent barrier to diffu-
sivity as dictated by classical mechanics. The CED
captures energy cost to ‘escape’ from an initial state
or bound environment into an atomized state,
hence it captures the ‘pull’ for an element against
diffusion towards the reaction front. For brevity, we
use CED to capture displacement energy of an ele-
ments from its bulk (which indirectly encompasses
bond strength, lattice/structure mismatches, and
miscibility). This static view aligns well with ther-
modynamics but under kinetic consideration, it
would evolve with the changing environment hence

more theoretical work is needed. Given that surface
oxidation deals with atomic migration from the
bulk, we consider CED captures ‘inertia’ - resistant
to escape an initial state. Standard reduction poten-
tial (here given relative to NHE), E° on the other
hand, captures propensity to oxidized, albeit in the
reverse direction. In a simplified way, E® captures
ease of accessibility to oxidation pathways in a ther-
modynamic energy landscape. Reduction potential
is used here in lieu of electronegativity that waspre-
viously applied in miscibility rules (Hume-Rothery
rules, Chelikowsky plots, and Gordy-Thomas equa-
tions)7. 17-20 35 it is readily referenced and well de-
fined.- Covalent radius, 1, captures effect of an ele-
ments size in diffusion akin to that defined by the
Stokes-Einstein-Sutherland equation (Dal /r). This
is under the assumption that the element is not
charged, otherwise a correction (based on charge
density) should be made as atomic drift velocity in-
stead of random walk dominates flux. . It has also
been shown that differences in atomic size affects
surface-bulk favorability and ability to fill intersti-
tial gaps that form during oxidation.?! For clarity
and brevity in the 3D plot, these parameter can be
presented on a log scale. Mapping these properties
in tandem establishes a ranking order and helps
predict how a surface reaction (oxidation) occurs
and associated surface speciation. While PIP can
help guide initial predictions of surface preference
and organization, oxidation depends on other vari-
ables (e.g., phase, external factors, stoichiometry,
entropic contribution, etc.), that this perspective
aims to explore (Figure 1).
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Figure 1. (a) Schematic of oxidation conditions for multi-element alloy system from its native state to extended oxidation stage,
where blue>yellow>red indicates atoms with highest to lowest diffusivity. Bulk phase (liquid or solid) dependent differences in
surface distribution/organization of elements on extended oxidation (b) General schematic of the Preferential Interaction Param-
eter. Legends: radius; red>yellow>blue. For E9, blue<yellow<red for the metalalloy components, purple = oxygen .



Oxidation Stages and Phases

In the initial (oxidation time, t=0) oxide for-
mation stage (Figure 1a), all surface atoms (grey) of
a hypothetical alloy oxidize in a stoichiometrically-
limited statistical manner (principle of equal a pri-
ori probabilities). Depending on the different react-
ing elements, however, the flux of these different
species is not equal (J, # J, # J.) hence a differen-
tiation ensues at t>0 during the oxidation process.
This early stage is primarily dominated by entropy
and statistical mechanics where the highest proba-
bility to form the surface oxide is not dependent on
their position within the PIP. Once the reaction ini-
tiates and the a prior surface elements are con-
sumed, oxidation will depend on an elements posi-
tion in the 3D plot (Figure 1b, low r, low CED, and
low E?). Element that has a higher propensity to
partition to the surface (blue zone) dominates ini-
tial oxide layer with concomitant segregation of the
statistically reacted components right below this in-
itial layer.After the initial oxide layer forms, the oxi-
dizing front migrates either inward (oxidant diffuse
in) or outward (metal atoms diffuse out). In the lat-
ter, surface oxidation is dependent on the distance
that atoms must travel, i.e. thickness of the oxide

(GC/ ax) alongside interaction with other alloy ele-

ments. Increasing oxide thickness alters the mobil-
ity (c;M;) and exchange probabilities for both oxy-
gen anions and metal cations with regimes dictated
by the size of the oxide (Figure 1a). Oxidation can
therefore be viewed as a two-stage process; i) early
(a few nm thick) and ii) late stages (more than tens
of nm thick), with a likely intermediate state. Given
the thickness and changes in diffusivity, these re-
gimes can be defined based on underlying kinetic
relations. The two stages are Cabrera-Mott (inverse
logarithmic type rate law) and Wagner (parabolic
growth rate law) regimes, with an intermediate so-
called XRB (direct logarithmic rate law) regime.*-¢
Increase in thickness not only alters the underlying
rate law, but also induces phase change in the sur-
face oxide layer. In the Cabrerra-Mott regime, sur-
face oxides are pliable nanolayers and likely not
fully crystalline. In the Wagner regime, however, the
surface oxide is mechanically rigid and brittle akin
to the bulk analog.!? Considering liquid metals, re-
dox-dictated speciation dominate early stages while
fractures in the brittle thicker oxide may allow for
the speciated components to diffuse out (especially
if the bulk is a liquid under pressure), leading to
composition inversion and texture modification.2?-
23 Surface elastic deformation in solids, however,
implies that although speciation occurs in the early

stages, fractures in thicker oxides would allow for
rapid oxidant diffusion presenting low E° oxides
deeper into the surface albeit with a fracture on top
of them. Given these differences and for clarity, we
separate the ensuing discussion into liquid and
solid metals.

Liquids

Previously, we employed PIP to predict the oxi-
dation behavior of liquid metals.22-2¢ Utilizing
standard reduction potential (E?), covalent radius
and cohesive energy density (CED) as the guide for
propensity to localization on the surface hence oxi-
dize (blue) while also capturing miscibility, a key
factor in understanding early sub-oxide formation
and speciation (Figure 2a). When elements are well
mixed, the initial statistical thermodynamics-dic-
tated process stoichiometrically presents all ele-
ments. Where the metal is eutectic (uniform liquid)
, elements inside the miscibility sphere are ran-
domly (statistical probability) presented to the sur-
face. Various studies have been carried out to un-
derstand surface oxides in liquid metals.2>29 Angle
resolved x-ray photoelectron spectroscopy (ARXPS)
and time-of-flight secondary ion mass spectrome-
try (TOF-SIMS) confirmed the PIP predicted specia-
tion in a binary eutectic gallium indium (eGaln).2 2%-
30 The depth profile displays a speciation behavior
with Ga;03 as the primary oxide (E2, = —0.56V,
CED;q = 0.01 Pa) 1416 dominating the outer oxide
albeit with a gradient in oxidation state with in-
crease in depth. Suboxides of In (EQ, = —0.34V,
CED;,, = 47.6 Pa) %16 are also found deeper in the
oxide, capturing the validity of the principle of equal
apriori probability. The order in oxidation states in-
duces a surface dipole that is compensated by seg-
regation of pure Ga then In metals below the oxide
to form a transition layer from the oxide to the bulk
eutectic (Figure 2b). We inferred that growing the
oxide layer should increase the speciated material.
This was confirmed through thermo-oxidative com-
position inversion (TOCI),?22-2¢ where a particle of
the liquid metal is heated at low oxygen allowing
the oxides to slowly thicken.
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Figure 2. Analysis of oxidation in liquid and solid alloys. (a) PIP
for common liquid/soft metals. (b) Depth profile of EGaln at
ambient condition. (¢) SEM image and EDX map of GalnSn oxi-
dized at 900°C for 1 hr. Map legends: Ga = blue, In = red and Sn
= green. Reproduced with permission from reference 23. Cop-
yright 2020 Wiley Publishing. (d) PIP for common steel alloy
components. (e) Depth profile of oxidized AISI-304 steel
(FeCrNi). (f) STEM-EDX map of FeCrMn alloy oxidized at
1000°C for 100 hrs. Map legends: Cr = orange, Mn = yellow and
Fe = purple. Reproduced with permission from reference 34.
Copyright 2021 Elsevier.

With continued heating, the liquid metal contin-
ues to expand while the oxide gets more rigid hence
pressure builds up. Eventually, the oxide fractures
sequentially releasing the pressurized sub-layers
that then oxidize to form an oxide layer whose com-
position is opposite of the oxidizing liquid. Figure 2c
shows the inversion of GalnSn. Empirical observa-
tion of unprecedented oxides under TOCI con-
firmed the spectroscopic data, illustrating that pre-
dictions from PIP can be used to understand other
alloy systems. We, however, also note that during
oxidation of metastable metal particles, the pro-
gression from Cabrerra-Mott to Wagner regime is
rapid, suggesting that PIP is a good tool for predic-
tions related to equilibrated systems. Far from equi-
librium systems may require a recalibration of the
terms and is work in progress.

Solids

The most straightforward example of oxide pas-
sivation in solid metal alloy is in stainless steel (AISI
304) and other iron-chromium alloys.3!-33 The fun-
damental idea that was used to create a corrosion-
resistant iron-based alloy involves the addition of
chromium (E2. = —0.74V, CED., = 8.24 Pa), an
element with significantly higher propensity to oxi-
dize compared to iron (EQ, = —0.04V, CEDg, =
1.81 Pa).1#-16 This alloy design was employed with
the specific aim of passivating bulk iron, hence, re-
sist long-term corrosion. Using PIP, (Figure 2d) we
can predict elements that have moderate miscibility
to Fe but have high preference for the surface. Ele-
ments such as Cr or Mn would dominate the surface
of steel hence are good passivating agents. Despite
the low concentration of Cr in stainless steel (¢ =
0.18 vs. cg, = 0.74), Cr203 still dominates the sur-
face (Figure 2e).31-32 Similarly, when Mn is added
into the system (Efy, = —1.18V, CEDy;,, = 11.6 Pa)
a change in the passivation order can be seen where
Mn now dominates the surface as PIPy, < PIP,
(Figure 2f).3¢

These examples (in both liquids and solids) are
simple examples of how mapping combinations of
elements within a parametric space can assist us in
predicting compositional gradient in dissipative
events (such as oxidation or self-assembly/specia-
tion). In summary, PIP can predict speciation behav-
ior in both liquid and solid systems, albeit at differ-
ent time and dimensional scales. Liquid systems sit
far from equilibrium with minimum diffusion
lengths (<1 nm), thus reaction kinetics are en-
hanced even at ambient conditions. Formation of
speciated regions are rapid and often not noticeable
due to its scale and difficulty to characterize (sev-
eral atoms thick in its native condition).22 29-30 TOCI
provides a pathway to characterize these regions
through extended oxidation and growth, transform-
ing a liquid-like oxide (Cabrera-Mott) into a semi-
solid (Wagner) where observation can be more
readily made, albeit in an inverted condition. None-
theless, this methodology demonstrates Shuttle-
worth’s theorem!2 on surface deformation differ-
ences between liquids and solids. Equilibrated sol-
ids provide a snapshot of a later stage oxidation that
can be pushed to further reactions. We understand
that these speciation events span beyond tradi-
tional kinetic parameters (diffusion coefficient,
heat capacity, conductivity) and involve multiple ex-
trinsic factors that cannot be captured in a static
plot, especially in the extended stage. We here



analyzed data derived from different conditions
with PIP as a guide to assess its validity.

Reaction Conditions and Stoichiometry

Switching the scope to a different system, we
generated PIP for Ti-based refractory alloys (Figure
3a). Here, we explore the role of atmospheric condi-
tions during oxidation as one of the driving forces in
the diffusion/speciation process. Given the sym-
metry in oxidation and reduction, E°® bears a nega-
tive sign under oxidation but is positive under re-
ducing conditions. Examining TaTiCr as an example,
Ti has the highest E° value (EY; = —0.16V vs EZ, =
—0.74V and E?, = —0.75V). Under an oxidizing
environment Ta or Cr are expected to dominate the
surface, with Ti buried in the subsurface unless un-
der TOCI. Figure 3b shows a Ti-Cr-Ta order in the
surface oxides showing that the oxidation was run
for an extended period or under reducing condi-
tions, since this order is inverse of the redox val-
ues.35 The reducing environment is ascertained by
subsurface nitrogen enrichment from the oxidation
methodology.35

Given the stochastic nature (probabilistic atomic
collisions) of the surface reaction, we infer that stoi-
chiometry should play a major role. In TaTiCr, all el-
ements are equimolar, hence surface speciation can
be thermodynamically (PIP) predicted. In TasTiCr3
(4:1:3 Ta:Ti:Cr molar ratio), Ta dominates the sur-
face oxide with no detectable amounts of Ti (Figure
3c). We infer that this is stoichiometry driven given
the low concentration of Ti in the bulk. From PIP
(Figure 3a) surface oxidation of these refractory al-
loy is dominated by Ta unless an element with a
lower E° value is added (Commonly Al, ES =
—1.66V).3637 Given that statistics/probability as
manifested in stoichiometry play a role in the na-
ture of these surface oxides, we inferred that PIP
could also help our understanding of oxidation in
high entropy alloys (HEA).

Figure 3. Analysis of oxidation in refractory alloys. (a) PIP for
common refractory alloy elements. (b) STEM-EDX map of TaT-
iCr alloy oxidized at 1200°C for 24 hrs. Reproduced with per-
mission from reference 35. Copyright 2023 Elsevier. (c¢) STEM-
EDX map of Ta4TiCr3 alloy oxidized at 1200°C for 24 hrs. Map
legends: N = orange, O = yellow, Ta = red, Ti = blue and Cr =
green. Reproduced with permission from reference 35. Copy-
right 2023 Elsevier.

Role of Composition Entropy

We take PIP further into high entropy systems
with > 4 principal elements (Figure 4a) and analyze
an equimolar HEA, CrMnFeNi38 or CrMnFeNiCo.3°
This alloy has recently surged in interest due to its
improved strength, ductility and strain hardenabil-
ity.40-41 The presence of many (n;, i = 4) interacting
species within a system, however, has significant ef-
fects towards diffusion (akin to colligative prop-
erty) since inter-element interactions can be either



enhancing or disruptive. High entropy, however,
should create a system where the highest statisti-
cally probable event dominates. Given these ele-
ments are widely different in the PIP plot, we can
divide these groupings into fast (Mn and Cr) and
slow (Fe and Ni) oxidizing elements. Figure 4b38-39
shows a surface dominated by Mn > Cr, similar to
Figure 2f. Domination by Mn follows our thermody-
namic prediction from PIP as PIPy;,, < PIP.,. Simi-
lar system with different oxidizing condition have
also revealed the presence of small Fe oxide island
on the surface layer;3% 42 indicating that within this
solid system at an extended stage, slow oxidizing el-
ements have the probability to diffuse through de-
fects akin to TOCI (Figure 1a). It is therefore im-
portant that one does not apply PIP, a thermody-
namic parameter, without consideration of kinetics
especially under the presence of extended stimuli.43

Relation to Other Models

In comparison to other oxidation models, where
detailed kinetic and transport event are recon-
structed either through Monte Carlo simulations,
Finite Element Analysis, or more recently Al-as-
sisted machine learning algorithms,*+47 PIP pro-
vides its benefit in its simplicity through statistical
probability and thermodynamic basis. PIP operates
at different timescale compared to other live mod-
els. Currently, PIP defines its prediction through
coupling of different thermodynamic factors with-
out considerations of extended kinetics aspect.
Whilst PIP is limited in predicting formed structure,
long-term stability, or in-situ placements of differ-
ent atomic species overtime, PIP excels in statisti-
cally predicting order and speciation. We believe
that PIP can serve as a beneficial supplement to
these kinetic models by laying down the initial hy-
pothesis and prediction of any given system due to
its modularity. As an ongoing work, we continue to
monitor these new works in effort to i) further con-
firm the feasibility of PIP under different systems
and ii) improve the accuracy of PIP where neces-
sary.
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Figure 4. Understanding oxidation and speciation in High En-
tropy Alloys (HEA) (a) PIP with common elements within HEA.
(b) STEM-EDX map for CrMnFeNi alloy oxidized at 800°C for
108 hrs in air. Map legends: Ni = yellow, Fe = purple, O = red,
Mn = blue and Cr = green. (c) EDX depth profile of the sample
shown in b. red arrow indicates region of interest. Reproduced
with permission from reference 38. Copyright 2022 Elsevier.

Perspective and Future Work

Despite the agreement of PIP plots to experi-
ments, there is still a lot more to explore to fully



realize its utility, but more interestingly to encour-
age the nanoscience community to investigate these
consequential nanolayers on bulk materials. Stud-
ies on CED values for elements precipitated in pres-
ence of miscible participants, may be different than
in the pure element. Does this relate to thermody-
namic stability of the crystal structure? For exam-
ple, Ni is commonly used as a phase stabilizer due
to its high structural energetic barrier (Egcc >
Ercc)- Is this fully captured in the CED or is interac-
tion with adjacent element affecting diffusivity
leading to frustrated diffusion? If we do capture all
of these parameters, however, we simply cannot fit
them in a 2-dimensional landscape, which calls for
a higher dimension perspective on the thermody-
namic energy landscape.

Whilst PIP can be utilized to better our thermo-
dynamic understanding in mixed multi-elemental
systems, this parameter is still in its infancy and re-
quires more empirical data. To which, it requires
scientists from different disciplines (not only

metallurgists, but also nano scientists, chemists,
physicists, etc.) to expose the rough edges. While all
the examples shown above utilized absolute value
taken from handbooks and database,1416 we have
since considered that due to the interdependency of
different elements in a mixed material system, PIP
might have better representation as a relative func-
tion (Figure 5a). Figure 5 is a normalized PIP of pe-
riod 4 transition metals, from which we can see
their miscibility and surface/bulk preferences.
From this normalized parameter, we see why Fe and
Ni are miscible with many of these elements, hence,
they are commonly used as alloying host/compo-
nent (for superalloys/steels).40.48-49 The PIP proper-
ties (E, CED and size) of Ni and Fe place this ele-
ment close to the center of this series hence, they
can readily envelop most others within the
10%:10%:15% (E°:CED:radius) miscibility envelop
as the bubbles in the plot indicate. This prediction
captures the initial miscibility conditions and may
evolve as the system undergoes different oxidation
conditions.
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Figure 5. Normalized PIP and its 2-dimensional views. (a) Normalized PIP for period 4 transition metals. Where the bubble indicates
miscibility window. (b-d) 2-dimensional view of correlation between E0-radius, CED-radius and E0-CED respectively.

Beyond the 3-dimensional view of PIP, some may
still find benefits from utilizing it in a 2-dimensional

scale, such as between E° and radius akin to Darken-
Gurry plots (Figure 5b).18 50 From these 2-



dimensional views of PIP (Figure 5b-d), one can de-
termine which property is more dominating in a
mixed-element system. Some elements are more
generally compatible with different elements (such
as Fe and Ni above), whilst others (e.g., Ti) may only
be compatible under different conditions. It can
also be easily seen why Sc is not a common alloying
element to its period 4 neighbors likely due to mis-
cibility challenges with its PIP properties far re-
moved from all the others, although it can poten-
tially dominate the surface oxide and be a compati-
ble passivating material.1*16 [t is well understood
that the thermodynamic energy landscape can be
transformable under different conditions and thus
systems beyond the prediction of PIP may be cre-
ated. Hence, it is advised to take the interpretation
of PIP with kinetic considerations.

Given all the examples shown here from us and
independently by others, we infer that surface oxi-
dation of metals entails complex nanoscience. We,
however, highly limit ourselves by creating general-
ized assumptions and viewing oxidation as a classi-
cal thermodynamic phenomenon, even though dif-
fusion/diffusivity plays a critical role. Perturbation
of diffusion by inter-atomic interaction extends it
into the quantum regime since these interactions
lead to distortion of valence electrons and the asso-
ciated Cyrot-Lackmann binding energy. Similarly,
borrowing from the Einstein-Smoluchowski equa-
tion,5! current diffusion model lacks the interde-
pendency of multiple interacting stressors and role
of external factors that may help accurately repre-
sent oxidation. Expanding our viewpoint beyond a
linear classical thermodynamic system is a require-
ment in order to achieve said goal. In conclusion,
there are still more work to be done and science to
be unveiled within this nano-scale phenomenon.
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SYNOPSIS TOC Understanding oxidation is a critical element in metal alloy designs. Engineering resulting nanostruc-
ture(s) can provide unique opportunities for improving material properties. Herein, we introduce the thermodynamic-
based preferential interactivity parameter and provide our perspective towards surface oxidation in multi-element
systems whilst considering the higher dimensionality of underlying kinetics. We make a case why nano scientists need
to pay attention to these oxides by pointing to fundamental and applied work that still needs to be done.



