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a b s t r a c t 

We demonstrate that the early-stage oxidation of a CoCrFeNi multi-principal element alloy depends upon 

a competition between kinetic and thermodynamic factors involving the relative diffusion rate of cations 

and oxygen, and how this couples to inward or outward oxide growth. The microstructures of oxide layers 

formed at temperatures from 500 to 800 °C for 0.5 h, as well as their chemical compositions, were in- 

vestigated by transmission electron microscopy. A triple layer microstructure with an outer Fe-rich spinel 

oxide, an intermediate Cr-rich corundum structure, and a Ni-rich (Fe, Co, and Cr depleted) dealloyed re- 

gion at the metal/oxide interface was observed. The dominant oxygen transport in corundum at 800 °C 
and below led to an inward growth of the corundum phase; the spinel oxide growth was dominated by 

cation diffusion, so it grew outward. The chromium was sequestered in the corundum layer, thereby fa- 

voring the formation of the chromium-free, Fe-rich spinel oxides with Co and Ni dopants. Since nickel 

cannot readily diffuse through corundum, it tends to remain in the alloy phase leading to the Ni-rich 

dealloyed region at the metal/oxide interface. Beyond the microstructure results, we exploit secondary 

electron image contrast to show the doping nature of the oxides, a p-type spinel and a n-type corundum 

growing on the metal surface. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Conventional alloy design in the past has been constrained to

ne or two principal components plus some minor alloying el-

ments. The compositions are well developed close to the cor-

er and edge of the multi-component phase diagram, with little

nowledge about the compositions at the center. Multi-principal

lement alloys (MPEAs), also known as high-entropy alloys (HEAs),

ave drawn much attention over the last decade due to various in-

eresting and unusual properties [ 1 –9 ]. The most frequently used

lements in MPEAs so far include Fe, Ni, Cr, Co, and Mn [10] , the

quiatomic CoCrFeMnNi, also called the Cantor alloy [11] has been

he subject of extensive work in the field. While significant work

as focused on the microstructures and mechanical properties of

PEAs, much less work has been done to develop a fundamental

nderstanding of the oxidation and corrosion behaviors [12] . Since

xidation resistance is usually an essential requirement for alloys

esigned for extreme environments, the vast compositional space

nd numerous combinations of constituents in MPEAs offer an op-

ortunity to reduce oxidation by new approaches, e.g. [ 13 –17 ]. 
∗ Corresponding author. 
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To date, several studies on the long-term oxidation (a few to

housands of hours) of the Cantor alloy and its variations at high

emperatures have been published [ 18 –26 ]. A deterioration of oxi-

ation resistance due to nonprotective Mn oxides was observed at

0 0–110 0 °C in laboratory air, indicating that lower amounts of Mn

hould be pursued for high-temperature applications [ 19 , 22 , 25 ].

onsistent with this, the oxidation resistance of CoCrFeNi (with

inor Mn) was found to be comparable to a commercial austenitic

tainless steel 304H at 650 °C, and slightly worse at 750 °C [21] .

n terms of the oxidation kinetics, Kai et al. [18] observed complex

nd temperature-dependent forms for a CoCrFeNi quaternary alloy,

ollowing a single-stage parabolic rate law at 800 °C, a two-stage

arabolic rate law at 850 °C, and a three-stage parabolic kinetics

t 900 and 1000 °C. While only a single Cr 2 O 3 layer was reported

or 15 min exposure at 10 0 0 °C, triplex scales formed after 72 h

xidation, which consisted of an outer layer of Fe 3 O 4 and CoCr 2 O 4 ,

n intermediate layer of FeCr 2 O 4 and NiCr 2 O 4 , and an inner layer

f Cr 2 O 3 ; we will return to explain this later. 

One can expect MPEAs to form complex oxides combinations

nd, perhaps, compositions during oxidation. The multi-stage oxi-

ation kinetics and the temperature dependence should be related

o the microstructures and compositions of oxides; however, lim-

ted information has been provided to date [ 23 , 24 ]. In particular,

https://doi.org/10.1016/j.actamat.2020.06.056
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.06.056&domain=pdf
mailto:yuxx07@gmail.com
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it is not clear whether just measurements of the weight gain/loss

and the oxides present after extended time are representative of

the whole process taking place. Do the same oxides form at the

earliest time and/or are there changes, perhaps involving oxide-

oxide reactions? Are the kinetics of the oxides different, or even

their growth modes? How does varying the temperature change

the kinetics? 

In this paper, the microstructures of oxide layers formed on an

equimolar CoCrFeNi alloy at temperatures from 500 to 800 °C for

0.5 h, as well as their chemical compositions, were investigated

by transmission electron microscopy (TEM), which provides more

details about how the oxides initiate and evolve. The collective re-

sults show that the early-stage oxidation depends on a competition

between thermodynamics and kinetics involving the relative diffu-

sion rate of cations and oxygen, and how this couples to inward or

outward oxide growth. 

2. Experimental details 

A CoCrFeNi equimolar alloy was prepared from pure compo-

nents ( > 99.99%) in shot form (1–2 mm) by arc melting in a Ti

gettered Ar atmosphere. The sample was melted five times and

flipped between each melt to ensure homogeneity. The overall

weight change after ingot melting was less than 1%. The as-casted

button was encapsulated in a quartz tube filled with Argon gas to

avoid oxidation during heat treatment. Then the sample was an-

nealed at 10 0 0 °C for 24 h in a Lindberg tube furnace followed

by water quenching. Several slices were cut from the inner part of

the annealed button and mechanically polished using successively

finer sizes of silicon carbide abrasive papers up to 1200 grit, 3 μm,

and 1 μm diamond suspensions. The final stage polishing was per-

formed by a 0.06 μm Al 2 O 3 particles slurry. Then the samples were

oxidized at temperatures from 500 to 800 °C in the flowing oxygen

gas (0.5 atm) for 0.5 h. 

Secondary electron images were acquired by an FEI Quanta 650

scanning electron microscope using a voltage of 30 kV. The cross-

sectional TEM samples were lifted out after the deposition of Pt

protective layers on the oxidized surface in an FEI Helios Nanolab

focused ion beam instrument, and then thinned using beam energy

of 30 kV. A final cleaning step was performed at low energy (2 kV)

to reduce the amorphous layer thickness. Atomic resolution scan-

ning transmission electron microscope (STEM) imaging was per-

formed using an aberration-corrected JEOL ARM200CF with collec-

tions angles β of 11 mrad ≤ β ≤ 22 mrad for the annular bright

field (ABF) imaging and 90 mrad ≤ β ≤ 220 mrad for the high angle

annular dark field (HAADF) imaging, these being acquired simulta-

neously. Compositional analysis was performed with a Gatan GIF

spectrometer and dual silicon drift detector EDS attached to the

ARM200CF. 

3. Results 

The grain size of the as-cast sample is about 200 μm with a

single fcc phase, as shown in the EBSD Inverse Pole Fig. 1 (a), Euler

angles map Fig. 1 (b), and phase map Fig. 1 (c). After annealing, the

as-cast dendritic microstructure is removed, and the microstruc-

ture retains the fcc phase, as confirmed by both XRD and EBSD

( Fig. 1 (d)–(f)). As a result, the oxidation exposures are conducted

on a stable fcc phase microstructure. Grain growth is observed, and

some annealing twins form in the grains, as seen in Fig. 1 (e). The

lattice parameter is 3.57 Å, which is consistent with other reports

[ 27 , 28 ]. 

Fig. 2 (a) shows the typical microstructures of oxides after oxi-

dation at 800 °C for 0.5 h. The oxide layers consist of inner corun-

dum and outer spinel structures, which were determined by elec-

tron diffractions. Although the thicknesses of the oxide layer vary
ver the temperature ranges, the microstructure and constitution

f the phases do not change significantly. From the compositional

ine scan in Fig. 2 (b) and the EDS mapping in Fig. 2 (c), there

re three distinct regions. Nickel is abundant at the metal/oxide

nterface, while Cr and Fe are depleted. Chromium dominates

n the corundum layer, and Fe is rich in the spinel phase. Be-

ides Fe cations, the spinel layer also contains Co and Ni cations.

onequilibrium solute capture [29] of nickel is found near both

he metal/corundum and corundum/spinel interfaces – there is ex-

ess nickel near the corundum/metal interface, which significantly

xceeds the equilibrium thermodynamic bulk solubility (~0.5 at%)

f Ni in Cr 2 O 3 [30] . There is also significant Co in the corundum

ayer, which is not unexpected – Co and Cr form a continuous solid

orundum solution Co 2-x Cr x O 3 [31] for x less than ~4/3. 

Fig. 3 shows further details of the atomic structures of the ox-

des for a sample oxidized at 700 °C based upon HAADF imaging.

ig. 3 (a) is a lower magnification image, with the brighter (higher

ass-density) region at the bottom of the alloy. Fig. 3 (b) shows the

orundum/Ni-rich interfacial region, where the alloy composition

s reduced to an fcc Ni-based solid solution rather than an MPEA,

s demonstrated by the compositional analysis in Fig. 2 . The deal-

oyed region ranges from several to hundreds of nanometers and

epends on the temperature as we show later. At all the temper-

tures, the corundum layers are adjacent to the metal surfaces, as

hown in Fig. 3 (c). In the corundum layer, at the metal/oxide inter-

ace, there are also a few isolated patches of Ni and Cr rich spinel

hase, as shown in Fig. 3 (d), a magnified view of the red region in

ig. 3 (a). 

Significant information is available from the morphology of the

ayered oxide; we will describe the results first, then we will turn

o what these reveal. At 500 °C, the oxide shows primarily inward

sland growth under a flat oxide film in Fig. 4 (a). The top flat oxide

ayer is a duplex of spinel and corundum phases. EDS mapping in

ig. 5 shows that Co and Fe are rich in the outer layer, and Cr is

redominantly in the inner layer. Under the flat spinel-corundum

ouble layer, corundum islands nucleated and grew. The size of the

sland was temperature-dependent, becoming larger and deeper at

00 °C with a higher nucleation density, Fig. 4 (b). We note that

here was a step bunch formed at the bottom right of the inward

sland (labeled by the white dash line and arrow in Fig. 5 ), indicat-

ng that the steps nucleated at the corner of the island and then

ropagated across the oxide/metal interface for the island growth.

t is interesting that one moving step bunch was frozen during the

ab air cooling under the current experimental conditions, which

eans that the step velocity is not extremely high. Meanwhile, O

nd Cr atoms segregate at the step bunch; Co and Fe are depleted,

nd Ni is rich on the metal side. The collective results show the

rowth front of the corundum island is at the oxide/metal inter-

ace. 

Further information is provided in the secondary electron im-

ges in Fig. 6 . In these images the corundum phase is dark (as

ill be explained later), the spinel is lighter. At 500 °C for 0.5 h,

he spinel layer is thin; we can see the inward corundum islands

rom the dark contrast in the SEM images, Fig. 6 (a). A few spinel

slands grow out, showing in the bright contrast. As temperature

ncreases, spinel islands grow and get coarser. From the composi-

ion, the spinel is a mixed ferrite Ni x Co 1-x Fe 2 O 4 . 

For each sample, the content of Ni in the spinel and the thick-

ess of each oxide layer were measured for at least ten positions

n the TEM cross-section sample by STEM-EDS line profile, such as

n Fig. 2 (b). The measurements were then averaged over all the po-

itions for each sample, and the error bar shows the deviation. The

hickness of the flat corundum area was measured, and the depth

f inward corundum islands was not considered for the samples

xidized at 500 and 600 °C, considering the inward islands con-

ribute minor to the overall volume of corundum layer. 
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Fig. 1. EBSD (a) IPF Z map, (b) Euler map, and (c) Phase map of the as-cast sample. (d) IPF Z map, (e) Euler map, and (f) Phase map of the sample after annealing at 10 0 0 °C 
for 24 h. The grain boundaries in black are overlaid on the phase maps. 

Fig. 2. Oxide microstructure and composition for a sample oxidized at 800 °C for 0.5 h in the flowing O 2 (0.5 atm). (a) HREM image shows a typical oxide microstructure 

consisting of an outer spinel and an inner corundum layers, as confirmed by electron diffractions. (b) EDS line profile shows three distinct regions after oxidation. (c) EDS 

mapping shows the distribution of each element. 
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Fig. 3. HAADF images of oxide layers for a sample oxidized at 700 °C for 0.5 h. (a) Structures of the oxides, including an outer spinel and an inner corundum layers. Ni 

and Cr rich spinel phase in the corundum layer at the metal/oxide interface is marked in red. The dealloyed region at the metal/oxide interface is marked in blue. (b) A 

magnified view of the area marked in green in (a) showing that the dealloyed region at the metal/oxide interface has an fcc structure, (c) Corundum structure directly grows 

on the metal surface marked in blue in (a). (d) A small amount of spinel phase in the corundum layer, a magnified view of the area marked in red in (a). (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Inward growth island is found at (a) 500 °C and (b) 600 °C for 0.5 h. The 

location of the oxide is shown in Fig. 5 . 
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The content of Ni in the spinel in Fig. 6 (b) increases with

the temperature, which indicates that more Ni cations are trans-

ported through the corundum layer and incorporated into the

Ni x Co 1-x Fe 2 O 4 phase while retaining the spinel structure. Fig. 6 (c)

shows the thickness of each layer with temperature—the oxide

thickness changes close to linear from 600 to 800 °C. The dealloyed

region also becomes significantly thicker beyond 700 °C. Fig. 6 (d)

plots the natural logarithm of thickness with the inverse of tem-

perature T. By linear fitting the data and listing the coefficient of

determination R 2 in Table 1 ; we can see the oxide kinetics follow

the Arrhenius temperature dependence, while Ni-rich dealloyed

region is apparently away from the linear relation with R 2 = 0.8,

whereas the R 2 of other regions are beyond 0.94. From the slope of
he linear fitting, we can also get the resulting activation energies

or the linear and parabolic kinetics, as listed in Table 1 . Although

he current data is not enough to distinguish the parabolic and lin-

ar kinetics for each layer, we will discuss the kinetics based on

he dominated diffusing species and energy barriers in Section 4 . 

. Analysis of the results and discussion 

.1. Growth mode 

It is well established that whether an oxide grows into a metal

r out of it depends mainly upon what species dominate dif-

usion [32] ; if oxygen diffusion dominates, the oxide grows in-

ards (with, if required by volume change, some outward ex-

ansion), whereas if cation diffusion dominates, then the oxide

rows outwards. Growth can be any of flat (Frank-van der Merwe),

at + islands (Stranski-Krastanov), or islands (Volmer-Weber). Oxy-

en strongly chemisorbs on these electropositive metals, so only

at or flat + islands will occur – pure island growth without at least

 monolayer of oxygen chemisorbed on the surface is unreason-

ble. Initially, one expects the oxide in both cases to be relatively

at, with stresses due to lattice misfit between the oxide and alloy

o long as the misfit is not too large (when standard Volmer-Weber

xide growth would occur). Beyond some critical thickness (which

ould be very small), a morphological instability will develop, lead-

ng to a layer-plus-island or Stranski–Krastanov growth mode [ 33 –

5 ]. While the stabilizing terms for the morphological instability

iffer, i.e., it is the oxide/gas interfacial energy for outward growth

r the oxide/alloy interfacial energy for inward growth, the math-

matics are otherwise very similar [36] , and this is supported by

xperimental data [ 37 –39 ]. The shape of the islands will tend to-

ards a Winterbottom shape [40] for outward growth; an inverse
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Fig. 5. EDS mapping of flat oxide thin film and inward growth island at 600 °C. Step bunch formed at the right corner of the island and was labeled by the white dash 

line and arrow. A void formed at the spinel/corundum interface is indicated by a red arrow. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 6. (a) SEM images showing the oxide morphologies after oxidation at different temperatures. (b) The fraction of Ni over the total Ni and Co in the outer spinel layer 

with temperature. (c) The thickness of each oxide layer and the dealloyed region with temperature, as well as the total oxide thickness (spinel + corundum). (d) The natural 

logarithm of thickness with the inverse of temperature T. The linear fitting and the coefficient of determination R 2 are also shown for each layer. 
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Table 1 

Coefficient of determination R 2 , activation energies for the linear and parabolic kinetics by fitting the natural log- 

arithm of thickness with the inverse of temperature T . 

Dealloyed region Corundum Spinel Total oxides 

Coefficient of determination R 2 0.80 0.94 0.94 0.98 

Activation energy for the linear kinetics (eV) 0.81 0.59 0.78 0.68 

Activation energy for the parabolic kinetics (eV) 1.62 1.18 1.57 1.36 

Fig. 7. Schematic diagram of Winterbottom (a) and Inverse Winterbottom (b). These 

are the kinetic shapes for islands growing in (a) away from a flat interface and in (b) 

inwards from a flat interface. In both cases, the islands are green, and the substrate 

is blue. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Schematic diagram of inward corundum island formation at the metal/oxide 

interface. Initially somewhat flat corundum and spinel layers form as shown in (a), 

and then evolve towards island growth of Winterbottom shapes on top of the spinel 

and inverse Winterbottom shapes for the corundum. 
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Winterbottom shape for inward growth, as illustrated in Fig. 7 ; we

will return a little later to explain this further. 

It is established that oxygen diffusion dominates in the corun-

dum structure [ 41 –43 ] in the current temperature range, consis-

tent with inward growth and an inverse Winterbottom shape. The

reported migration barriers for oxygen vacancy-mediated diffusion

in corundum is 1.22 eV [44] , which is close to the activation en-

ergy for the parabolic kinetic value of 1.17 eV in Table 1 , indicat-

ing the corundum layer follows the parabolic kinetics. What oxy-

gen species is involved is currently not completely clear. While

it could be conventional oxygen vacancies, there is also evidence

that neutral oxygen interstitials (e.g. [ 45 –50 ]), which are best de-

scribed as peroxide ions ( O 

2 −
2 

) could also be involved in the trans-

port. With structures such as corundum, there is more open space

due to the partial occupancy of the octahedral sites available to

cations, so neutral oxygen interstitials can be low energy defects.

With regard to the spinel layer, unfortunately, there is minimal

data on the details of the diffusing species. Since it is known for

other, simpler spinels [ 51 , 52 ] that cation disorder can have a signif-

icant effect, and there may well be considerable disorder in these

spinels, we cannot rely upon prior measurements. However, it is

clear from the results and, in particular, at the higher temperatures

in Fig. 6 that the spinel is growing outwards, indicating dominance

by cation diffusion. In the literature, the Fe cation diffusion barrier

in a CoFe 2 O 4 spinel is 0.96 eV, while that for Co is 0.83 eV [53] .

These do not match the value of 1.57 eV for parabolic kinetics in

the spinel layer ( Table 1 ), but the Co value is close to the value of

0.78 eV for the linear kinetic activation energy in Table 1 , which

indicates the spinel layer may follow the linear kinetics. 

Also, pores and voids are found at the interface of the spinel-

corundum double layer in Figs. 3 a, 4 and 5 (where we have labeled

one of them), as well as the graphical abstract. The positions of

those pores strongly indicate the condensation and coalescence of

cation vacancies into voids during the spinel growth because of the

cation (Fe, Co, Ni) outward diffusion. The pores and voids continue

to serve as the open space for inward oxygen diffusion and corun-

dum forms beneath. While the adhesion of corundum on metal

is much better without evident voids formation, the observations
gree well with the inward oxygen diffusion in corundum we pro-

ose beforementioned. 

The process of the island formation is illustrated in Fig. 8 . In

he beginning, the duplex spinel and corundum layers are flat. At

ome point, the island forms at the corundum/metal interface, and

lso on top of the spinel. The shape of the islands will be de-

ermined either or both by thermodynamics (i.e., when diffusion

s fast), or growth kinetics. To briefly expand (see [54] and ref-

rences therein), the thermodynamic equilibrium shape of a free-

tanding particle can be determined from the inner envelope of

ormal to the surface free energy, the well-known Wulff construc-

ion [55] . What is not so widely known is that the same construc-

ion is used for growth shapes using the inner envelope of normal

o the growth velocities of different facets, provided that step-flow

rowth dominates. Indeed, the original paper by Wulff [55] was, in

act, on kinetic shapes. The case when growth velocities are used

s known as the kinetic Wulff construction. 

The spinel islands (see Figs. 4 –7 ) are the classical Winterbot-

om shape [40] , see also [54] , and references therein; the corun-

um shapes correspond to inverse Winterbottom shapes. Similar

o thermodynamic or kinetic Wulff shapes, these Winterbottom

hapes are the thermodynamic or kinetic growth shapes for islands

onstrained to have a flat interface to a substrate. If thermody-

amics control, the relevant terms are the interfacial free energies,

hich can be generalized as weighted mean curvatures to include

tress contributions [ 54 , 56 ]. For kinetic control, the shapes are de-

ermined by growth velocities, which include additional growth

erms at triple points [ 54 , 57 ]. The constraint that the substrate re-

ains flat can be violated if thermodynamics dominate, in which

ase a particle on top will penetrate the substrate [58] , and an in-

erse Winterbottom shape should not maintain a flat outer inter-

ace. In contrast, kinetic Winterbottom shapes growing inwards or

utwards would maintain flat interfaces – there is no growth ve-
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Table 2 

The Gibbs formation energy of the related oxides at 1100 K [62] . The free energies are normalized 

by the number of metal and oxygen atoms in each phase, and the sequence of oxides are sorted 

by the formation energies per oxygen. The phase was observed in this work or prior [18] , as 

indicated in the last column. 

Oxide Structure �G f (kJ/mol) M O �G f /M �G f /O Phase observed 

Ni 2 O 3 Hexagonal −395.6 2 3 −197.8 −131.9 

NiO Rocksalt −140.7 1 1 −140.7 −140.7 

CoO Rocksalt −156.6 1 1 −156.6 −156.6 

NiFe 2 O 4 Spinel −693.6 3 4 −231.2 −173.4 This work 

CoFe 2 O 4 Spinel −708.6 3 4 −236.2 −177.1 This work 

Fe 2 O 3 Hematite −536.0 2 3 −268.0 −178.7 

Fe 3 O 4 Magnetite −762.4 3 4 −254.1 −190.6 [18] 

FeO Wüstite −200.7 1 1 −200.7 −200.7 

NiCr 2 O 4 Spinel −989.2 3 4 −329.7 −247.3 [18] 

CoCr 2 O 4 Spinel −1056.2 3 4 −352.1 −264.1 [18] 

FeCr 2 O 4 Spinel −1088.5 3 4 −362.8 −272.1 [18] 

Cr 2 O 3 Corundum −851.1 2 3 −425.6 −283.7 [18] /This work 
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ocity, so they remain essentially flat. The conclusion that these are

inetic shapes is consistent with the earlier analysis that diffusion

inetics dominate the oxide growth. We have observed similar be-

avior in Ni-30 wt%Cr pulse oxidation experiments [59] . 

.2. Temperature-dependent kinetics and nonequilibrium phases 

The microstructures of oxides in our early-stage oxidization at

0 0–80 0 °C are remarkably different from the scales formed after

ong-term exposure at temperatures beyond 900 °C [18] , in which

t was reported that an outer layer of Fe 3 O 4 and CoCr 2 O 4 , an inter-

ediate layer of FeCr 2 O 4 and NiCr 2 O 4 , and an inner layer of Cr 2 O 3 

ormed after oxidation at 900 °C for 72 h and 10 0 0 °C for 48 h. The

esults are also different from the corundum reported in reference

18] for 15 min oxidation of CoCrFeNi at 10 0 0 °C. Since all ele-

ents in the CoCrFeNi alloy possess approximately the same con-

entration, the free energies of the related oxides can be consid-

red to assess their formation tendency and thermodynamic sta-

ility during oxidation. Table 2 lists the formation energies of the

ossible oxides at 1100 K. The free energies are normalized by the

umber of metal and oxygen atoms in each phase, and the se-

uence of oxides are sorted by the formation energies per oxygen. 

Consider first the case of which oxides would be expected

ith an infinite supply of oxygen. These would be the most

egative values per metal atom, which are corundum and the

hromium-containing spinels. In an extended oxidation experi-

ent, the growth rate at the end is slow, so the oxide (particularly

he outermost oxide) will tend towards these compounds indepen-

ent of what forms at early times. This conclusion is consistent

ith the prior literature for long-term exposures detailed in the

ntroduction. 

However, in our temperature window for the corundum phase,

xygen diffusion dominates. This sequesters the chromium. It is

nown that a continuous solid solution forms in the system

e 2-x Cr x O 3 [60] and also Co 2-x Cr x O 3 [31] for x less than ~4/3 in-

olving either Fe 3 + or Co 3 + . Hence the corundum phase will be

ermeable to Fe and Co. Note that from Table 1 , the free energy

f formation of Cr 2 O 3 is significantly lower than that of Fe 2 O 3 and

o 2 O 3 . This suggests that the diffusion of Fe and/or Co in a corun-

um solid solution will be significantly faster than that of the host

r cations, as activation energy barriers approximately scale with

he strength of the metal-oxygen bonding. In contrast, Ni 3 + does

ot form as a substitutional species in corundum, it is reduced by

r 3 + [61] . In addition, the free energy of formation of Ni 2 O 3 is sig-

ificantly more positive. Therefore, the corundum acts as a partial

ickel diffusion barrier. In the absence of both Cr and Ni the ther-

odynamically preferred phase will be the Fe/Co spinel. Note that
he change with temperature of the width of the Ni-rich dealloyed

egion in the metal is clearly non-linear ( Fig. 6 (c)). 

Further support for this explanation is available from the results

t 90 0–10 0 0 °C using Pt-markers [ 18 –20 ]. The markers were al-

ays located at the interface between the inner scale layer and the

ubstrate, indicating that the scale grew mainly by outward diffu-

ion of cations. The temperature above which Cr outward diffusion

ecomes important is about 900 °C [ 20 , 25 ], below which the in-

ard oxygen diffusion dominates, and the Cr atoms are immobile.

t the higher temperatures, all cations are available, which is con-

istent with the observation of the chromium-containing spinels. 

The experimental oxide morphology indicates that inward oxy-

en diffusion dominates the growth of corundum; outward cation

iffusion dominates that of the spinel. The non-Arrhenius temper-

ture dependence of the width of the Ni-rich depletion layer in the

etal is because that the metal is not acting (for the conditions of

ur experiments) as an infinite source of Cr, Fe or Co, the avail-

ble concentration of these elements at the metal/oxide interface

s decreasing with temperature which competes with the standard

rrhenius rate increase. In effect, the Ni-rich depletion layer is act-

ng as a (soft) diffusion barrier. 

.3. P-N junction and image contrast 

In addition to phase composition, an important parameter in

xidation both at high temperatures and aqueous corrosion is

he local electronic structure, including band bending and space

harge. Since the original work of Cabera and Mott [63] , it has

een recognized that dissociative chemisorption of oxygen at oxide

urfaces requires electron transfer and plays a major role in the ki-

etics; more details of how the crystallography and other phenom-

na can influence early-stage oxidation can be found in [64] and

eferences therein. It is therefore important to understand the local

and alignments of the alloy and oxides, as well as defects since

he work function of the oxide (which changes with defect con-

entrations) plays a major role in dissociative oxygen chemisorp-

ion. As we will show below, some information on this is available

n the SEM images, which show clear work-function contrast. 

As seen in Fig. 6 (a), the corundum islands are dark/black, the

pinel islands are bright/white, and the metal surface is some-

here in the middle (gray). The contrast exhibited in the sec-

ndary electron mode between differently doped areas can be at-

ributed to the difference in energy required for electron emission

rom these regions [65] . (There is also some overall topological

ontrast; both contribute to such images.) Corundum and spinel

an be both p-type and n-type semiconductors, as determined by

he major point defects that govern the oxide scale growth, which

epend on temperature and oxygen partial pressure [ 41 , 66 , 67 ]. 
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Fig. 9. Band diagram of n-type corundum/p-type spinel junction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The major point defects in corundum are oxygen vacancies

and/or interstitials leading to n-type behavior, whereas the ma-

jor point defects in spinel are cation vacancies resulting in p-type

behavior. The schematic band diagram of an n-type corundum/p-

type spinel junction in Fig. 9 shows that extra energy is required

for secondary electrons emission from n-type corundum compared

to the p-type spinel. Therefore, more electrons are collected from

spinel layers, contributing to the bright contrast. The SEM imaging

contrast is consistent with the transport mechanisms we discussed

above. 

5. Summary 

The results presented here indicate that the oxidation of a

multi-component alloy is a complex process involving: 

1. Inward and/or outward growth dependent upon the diffusing

species, which can change with temperature. 

2. Morphological instabilities in the oxide films. 

3. Differing thermodynamics when specific cations are se-

questered in the early forming oxides. 

4. Action of certain oxides as diffusion barriers. 

5. Non-equilibrium solute capture [29] . 
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