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a b s t r a c t 

In the classical theories of oxidation of metals it is assumed that the interface between the oxide and 

metal is in thermodynamic equilibrium. However, in many cases this is not true, the oxide grows too 

fast or the fluxes through the interface are too large for local interfacial equilibrium to exist, leading to 

nonequilibrium solute capture. We present a thermodynamic analysis using both an available database as 

well as density functional theory calculations of the thermodynamic conditions for this during the oxida- 

tion of Ni–Cr alloys. The analysis indicates that nickel atoms can be captured in the rocksalt or corundum 

crystallographies for a very wide range of compositions, consistent with recent experimental observa- 

tions. The density functional theory analysis also provides information about the electronic structure of 

these oxides which is important to understand their properties, and also indicates that interpretation of 

spectroscopic data is not simple as mixed valence states as well as Cr 4 + can occur under oxidizing condi- 

tions. We point out that across at least the first transition row of elements the thermodynamic conditions 

for nonequilibrium solute capture can easily be met. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

A phase transformation occurs when a system transitions from

an initial state to either a lower energy metastable state or the

true equilibrium state. During a diffusional phase transformation,

the state variables in the system must transition from their far-

field values in the bulk phases to some value at the interface be-

tween the phases, which is typically determined by an assumption

of local thermodynamic equilibrium at the interface. The profiles of

the state variables between the bulk and interfacial values are then

governed by thermodynamically consistent diffusion equations. In

the classic Wagner model of oxidation, the ionic defect concentra-

tions at both the gas-oxide and oxide-metal interfaces are set by

local equilibrium assumptions, with a quasi-steady-state diffusion

field in between that drives the interface motion [1] . This is valid

for a slowly growing, relatively thick oxide film where the interface

does not significantly differ from the metal or oxide, and leads to

an expectation that the oxide films will be dominated by the ther-

modynamically stable oxide phases. 

Consistent with this, thermodynamically favored oxide phases

are commonly assumed to form (e.g. [2–5] ), or phases which are

stable in Pourbaix diagrams [6] . In nickel-chromium alloys these
∗ Corresponding author. 
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ould be pure nickel oxide and chromia [7–11] , which may be en-

iched with alloying elements [12–15] . However, as first pointed

ut by Wagner [16 , 17] and further developed by Wood [18] , often

he thermodynamically favored oxides do not form. Sometimes a

etastable variant is present that converts to the thermodynami-

ally stable form with slower growth kinetics [19–22] , suggesting

stwald’s step rule [23–27] . 

However, both in the early stages of oxidation at elevated tem-

erature and in many cases of aqueous corrosion, the oxide film

s thin, and the assumption of local equilibrium may not hold.

ndeed, based upon extensive characterization supplemented by

hermodynamic and density functional modeling, we have recently

eported that there are significant deviations from local equilib-

ium in many cases, and inferred that this may be very common

28] . There are similarities to conventional solute trapping [29] , but

lso significant differences so we termed this as nonequilibrium

olute capture. The interpretation of the experimental results was

ased upon an extension of conventional solute trapping during

olidification, and involved two components, a kinetic and a ther-

odynamic condition. If the thermodynamic condition holds then

olute capture can occur; if the kinetic condition also holds then it

oes occur. 

The intent of this note is to expand in more detail on the ther-

odynamic conditions both in general and for the specific case of

he Ni–Cr system, combining extensions of the available thermo-

ynamic models with density functional theory (DFT) calculations

https://doi.org/10.1016/j.actamat.2019.09.043
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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Fig. 1. Schematic of free energy vs. composition curves and the associated driving 

force for solidification of an alloy AB. When the interface motion is very slow, the 

interfacial compositions of the solid and liquid will approach C s and C l , respectively. 

However it is possible to form solid of any composition in the shaded region from a 

liquid of initial composition C l . The changes in chemical potential for A and B, �μA 

and �μB, when forming solid of composition C s from liquid of composition C l , as 

well as the associated driving force �G , are shown using a graphical construction 

[32] . The chemical potential of component B increases during the phase transfor- 

mation, however the driving force is positive. 
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o cross-validate them. We will also provide crystallographic infor-

ation about the relevant structures, to explain the local chem-

stry and electronic structure; these are important because they

rovide information on the properties of the oxides. The struc-

ure of this note is as follows. In the next section we will provide

ome general background to both the general concepts of nonequi-

ibrium interfaces and the oxides of relevance. This is followed

y a brief description of the numerical methods used, primarily

or the density functional calculations. After this an analysis will

e presented combining both conventional thermodynamics and

he density functional results, including descriptions of the vari-

us metastable phases considered in terms of their local chem-

stry and electronic structure. The conclusions of the thermody-

amic analysis is that nonequilibrium solute capture of nickel can

ccur in both rocksalt and corundum crystallographies containing

hromium as the dominant metal for a very wide range of compo-

itions, in agreement with experimental results. Later papers will

xamine in more detail the coupling between the effective inter-

ace velocity and composition [30] , as well as further experimental

nd theoretical details of the electronic nature of the nonequilib-

ium solute captured oxide [31] . 

. Background 

.1. Nonequilibrium interfaces, solute trapping and capture 

We will first describe solute trapping during solidification, as

ur formulation of nonequilibrium solute capture stems from it.

aker and Cahn [29 , 32] were the first to describe in detail the ther-

odynamic conditions for deviations from equilibrium at a mov-

ng interface in a multi-component system during a rapid phase

ransformation. One of their principle insights was that a solute

an experience an increase in chemical potential across the mov-

ng interface during solidification—so long as the total free energy

hange for the phase transformation is negative. The solute is said

o be “trapped” in the higher energy state in the growing phase.

his is illustrated schematically in Fig. 1 , where the chemical po-

ential of component B increases during the solidification of a liq-

id of composition C L to solid of composition C s . Solute trapping

ill only occur, however, if an additional kinetic constraint is met:

he interface velocity must be large compared to a solute diffu-

ivity term that is related to exchange of different types of atoms

n the solid. A number of models were subsequently developed to
escribe the dependence of the interface compositions during so-

idification as a function of interface mobility and solute diffusivity,

hich have been reviewed by Boettinger et al. [33] , and more re-

ently by Galenko [34] . In the limit of zero diffusivity in the grow-

ng phase, perhaps the best known of these is the model of Aziz

35] , where the partition coefficient in the dilute limit is given by

 

(
V̄ 

)
≡ C S 

/
C L = 

k 0 + V̄ 

1 + V̄ 

(1) 

here the quantities C S and C L are the mole fractions of solute in

he solid and liquid at the interface, k 0 is the equilibrium partition

oefficient, V̄ is a nondimensionalized velocity defined as V̄ = V β0 

ith V the interface velocity and β0 = a/D a characteristic inverse

elocity from the ratio of a diffusional hopping distance a and D

he solute diffusivity across the interface. Eq. (1) gives the partition

oefficient during the solidification of dilute melts. If, in addition,

 thermodynamic description of the system and interface mobil-

ty are known, then in a binary alloy the nonequilibrium interface

ompositions can be calculated. 

Nonequilibrium solute capture particularly during the formation

f an oxide has similarities, but is not the same [28] . First, tak-

ng an oxygen atom (which is picked such that it does not move

ith respect to the lattice) at the interface as the reference origin,

rowth of the oxide can occur by a number of atomic mechanisms:

a) The formation of oxygen vacancies at the interface which then

diffuse to the outer surface; in this case the interface moves

into the alloy. 

b) The diffusion of oxygen interstitials in from the outer surface.

Again, the interface moves into the alloy. 

c) The creation of cation vacancies at the outer surface which then

diffuse to the metal/oxide interface and then cross into the al-

loy. In this case the oxide/metal interface is stationary with re-

spect to the reference atom and growth occurs at the outermost

surface. 

d) The formation of cation interstitials in the oxide at the inter-

face (by transfer from the alloy) which then move to the outer

surface. Again, the interface is stationary with respect to the

reference atom and growth occurs at the outermost surface. 

The “velocity” term in Eq. (1) must take account of the relevant

uxes across the interfaces, i.e. for a planar interface in a binary

lloy [36] 

 ( C − c m ) = j o − J M (2) 

here V is the velocity normal to the interface, C the concentration

f material transferred across the interface, c m the concentration in

he metal, j o the flux across the oxide/metal interface and J M the

ux in the metal at the interface. Note that unlike solute trapping,

he oxide/metal interface can be stationary with respect to the ref-

rence atom, hence there are differences. In this case, capture can

ccur due to the fluxes of atoms across the interface [3] , as will be

iscussed in more detail elsewhere [30] . 

In addition to the above differences in the velocity term, a sec-

nd difference is in the energetics. In solute trapping the chemical

otential of the trapped solute increases whereas that of the sol-

ent decreases. In a multicomponent metal alloy AB which is ox-

dizing to some compound of chemical composition AB x O y , in al-

ost all cases the free energy of formation of both the oxides of

 and B will be negative, as will be shown later for the specific

ase of nickel-chrome oxides, so there is no trapping in the classi-

al sense, but there can be interfacial nonequilibrium. 

Yet a third difference is at the atomic scale. During solidifi-

ation, for instance of a metal, a more ordered arrangement of

etal atoms develops with the free energy change dominated by

he metallic bonding. In contrast oxides, almost without excep-

ion, contain close-packed arrangements of oxygen atoms with the
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Fig. 2. Ternary phase diagram of the Ni–Cr–O system at T = 10 0 0 K and atmospheric 

pO 2 with the corundum and spinel oxide phases removed, calculated from [44] . The 

light grey lines are tie lines in the two-phase regions. The dotted line on the C Cr axis 

is the two-phase region in the pure alloy. 
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much smaller cations in the interstices, and the free energy change

during oxidation is controlled by a combination of ionic and co-

valent bonding between the small cations and the larger oxy-

gen atoms as well as non-bonding repulsions between the oxygen

atoms. The oxygen atom arrangement dictates the crystallogra-

phy, for instance an fcc arrangement for a rocksalt oxide (space

group F m ̄3 m ) which contrasts with an hcp oxygen atom arrange-

ment for a corundum oxide (space group R ̄3 c). Note that we are

very deliberately defining the structures by the structure type and

their crystallographic space groups, not by the chemical composi-

tion; this is critical to reduce confusion. 

A fourth difference concerns the factors that control the terms

Eq. (1) . It is generally accepted that the diffusivity term in this

equation during solidification is mainly determined by the much

faster diffusion in the liquid. In contrast, during oxide formation

(solute capture) to what extent site exchange across the interface

similar to Zener-type cation redistribution in oxides (e.g. [37–42] )

dominates versus diffusion in the metal is not as yet clear, as atom

movement can only occur between allowed sites of a lattice. 

Lastly, metal/oxide interfaces are not as simple as the typi-

cal metal/metal interfaces that have been considered in most so-

lute trapping problems. For instance, interfaces involving crystal-

lographically polar directions of the oxide will be very different

from non-polar directions, as is well established for oxide surfaces

where there can be considerable changes in local co-ordination

and structure. In contrast, for the typical high temperature con-

ditions of metal solute trapping during rapid solidification there is

usually very little anisotropy or crystallographic dependence of in-

terface properties. 

Solute trapping and solute capture are not the same. Returning

to the primary focus of this paper, an important question is under

what conditions is the free energy change during the formation of

an oxide from a metal of a given composition negative – for all

compositions and crystallographies or only for a few? If there are

many oxides compositions and crystallographies which satisfy this

free energy conditions then a plethora of oxides is possible. As we

will see this is what happens in the NiCr system. 

2.2. NiCr oxidation 

There are three established thermodynamically stable oxide

phases in the oxidation of NiCr alloys: rocksalt NiO ( F m ̄3 m ), corun-

dum Cr 2 O 3 ( R ̄3 c), and the spinel NiCr 2 O 4 ( F d ̄3 mZ). As mentioned

earlier we are deliberately specifying here both the crystallogra-

phy (e.g. rocksalt F m ̄3 m ) as well as the chemical composition as

both are needed. In oxides nickel can have either 2 + or 3 + oxida-

tion states while chromium prefers 3 + but could be 2 + or 4 + . At

equilibrium these oxide structures only contain a small amount of

substitutional nickel and chromium, and rocksalt NiO can contain

some nickel vacancies associated with Ni 3 + . Chromium is more

electropositive than nickel, and as a result chromium oxides have a

larger thermodynamic driving force for formation than their nickel

counterparts. Therefore we would expect the oxides to form in the

order Cr 2 O 3 → NiCr 2 O 4 . → NiO. This is not what happens. 

In addition to these stable phases, a metastable (at STP) Ni 2 O 3 

corundum phase ( R ̄3 c) as well as a spinel (or inverse-spinel) Ni 3 O 4 

are well established, both of which contain Ni 3 + and can be

formed under strong oxidizing conditions or under electron irra-

diation [43] . There is very tenuous experimental evidence for a

rocksalt CrO ( F m ̄3 m ) oxide containing Cr 2 + ; for completeness we

note that there is a deep eutectic in the Cr–O phase diagram near

this composition [44] . Some work has attempted to produce a half-

metal distorted perovskite NiCrO 3 [45–48] , but based upon our

analysis later a distorted perovskite would be significantly higher

in energy. As will be shown, these compounds that form under

higher oxidizing conditions contain combinations of Ni 2 + and Cr 4 + .
. Thermodynamic description 

Turning now to the free energy changes, we will divide the

nalysis into two parts. The first will be from a conventional ther-

odynamic database, the second will be from density functional

heory calculations which will include details about the electronic

tructure and local chemistry. 

.1. Thermodynamic database 

We use the assessment of Taylor and Dinsdale [44] to calcu-

ate the thermodynamic properties of the Ni–Cr–O system. We will

imit ourselves here to combining the fcc alloy (excluding any bcc

hases), the rocksalt Ni x Cr Y O ( F m ̄3 m ) phase and the spinel as a

ine compound; see Fig. 2 for the ternary phase diagram at 10 0 0 K

nd atmospheric oxygen for the rocksalt and metal phases. The

hermodynamic database (TD) contains all the relevant free energy

nd entropy terms of the different compounds, including the mag-

etic contributions for the fcc alloys and the antiferromagnetic ox-

des NiO and Cr 2 O 3 . We note that valence neutrality was assumed

n the analysis of Taylor and Ginsdale. The database does not con-

ain magnetic terms for the spinel; we will return to the magnetic

rdering of the spinel later in the DFT section. We note that there

s considerable scatter in the available thermodynamic data for the

pinel [49] . 

We have excluded the TD assessment for nickel substitution in

hromia since this deviates too much from the DFT results which

re described later. Taylor and Dinsdale [44] had very little data to

ork with, tested both lattice and interstitial models then assumed

n interstitial model. Unfortunately, this was the wrong choice.

rystallographically chromia can be written as Cr 2 V 

N O 3 where V 

N 

re neutral vacant sites as only two-thirds of the octahedral sites

re occupied. As will be described in the DFT section, the cor-

ect approach is site substitution of Ni 3 + or Ni 2 + at the occupied

hromium and neutral vacant sites with antiferromagnetic order-

ng below. 

A second point about the TD assessment is that while it is ac-

urate for what it includes, if it omits a reaction or phase then

naccuracies are present. The DFT calculations (see later) indicate

hat Cr 4 + can form from the oxidation of Cr 3 + by Ni 3 + , i.e. the re-

ction Ni 3 + + Cr 3 + → Ni 2 + + Cr 4 + . The possibility of Cr 4 + was not
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Fig. 3. Free energy versus composition curves for the alloy and rocksalt oxide at 

T = 10 0 0 K and atmospheric oxygen effective pressure. The free energy is plotted 

in units of joules per mole of nickel and chromium. The oxygen in the oxide is 

in equilibrium with the atmosphere. The driving force for oxidation, �G , for alloy 

composition C M and oxide composition C Ox is constructed graphically. It is given 

by the vertical distance between the tangent line of the alloy free energy curve 

at C M and the free energy curve of the rocksalt oxide. A characteristic driving force 

�G 0 for the formation of oxide of composition C Cr = 0.5 from a metal of composition 

C Cr = 0.1 also shown. The chemical potential of each component decreases upon the 

formation of the oxide, as shows by the arrows at C Cr = 0,1. 

Fig. 4. Vacancy and Ni3 + concentration in the rocksalt oxide as a function of 

chromium content at T = 10 0 0 K and atmospheric effective oxygen pressure. The 

concentration curves satisfy valence neutrality and oxygen equilibrium with the gas 

phase. 
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ncluded in the assessment. However, the free energy of this reac-

ion is not large so it will not significantly change the overall con-

lusions since, as we will see, the dominant free energy changes

re an order of magnitude later. 

The molar Gibbs free energy of the fcc NiCr alloy in the TD as-

essment is given by: 

 

M = 

∑ 

i 

[
C M 

i G 

0 
i + RT C M 

i lnC M 

i 

]
+ G 

ex + G 

mag for i = Ni , Cr (3) 

here C M 

i 
is the mole fraction of species i in the alloy, G 

0 
i 

is the

ree energy of species i in the fcc structure, and G 

ex and G 

mag are

he excess free energy and magnetic contribution to the Gibbs free

nergy of the phase. Oxygen solubility is not modeled in the metal

hase. 

Taylor and Ginsdale used the compound-energy formalism, re-

iewed by Hillert [50] , to describe the molar free energy of the

ocksalt oxide phase ( F m ̄3 m ) with subspecies [Ni 2 + , Ni 3 + , Cr 3 + ,
a][O 

2 −], where Va is a cation vacancy. The molar free energy of

he rocksalt unit cell is given by: 

 

RS = 

∑ 

i 

χi G 

o 
i + RT χi ln χi (4) 

here χ i is the site fraction of species i ( = Ni 2 + , Ni 3 + , Cr 3 + , Va) on

he cation sublattice and G 

o 
i 

is the Gibbs free energy of the com-

ound. (Based upon the DFT results, in many cases the Ni 3 + should

e replaced by Cr 4 + ; we will not consider this further here.) To re-

uce the number of variables, there are two additional constraints:

a) The site fractions are coupled by structure conservation: 

χN i 2+ + χN i 3+ + χC r 3+ + χV a = 1 (5)

b) The site fractions of Ni 3 + and Cr 3 + are coupled to the vacancy

site fraction by valence neutrality: 

χN i 3+ + χC r 3+ = 2 χV a (6) 

e are deliberately using here the more correct term “valence

eutrality” rather than the commonly used “charge neutrality”, as

he latter is only correct in the limit of a completely ionic oxide;

alence and electrostatic charges are different. Converting to chem-

cal potentials, 

 

RS = μOx + ( χN i 3+ + χN i 3+ ) μNi + χC r 3+ μCr (7) 

or a given value of the oxygen chemical potential in the oxide. In

eneral, the oxygen chemical potential will not be uniform across

he oxide, and can also change at the interface depending upon

hether it is polar or non-polar. Since we are only considering the

olute capture at the oxide-metal interface here, we do not attempt

o determine details of the spatial distribution of the oxygen chem-

cal potential, rather we will use the value of the oxygen chemical

otential as a parameter in units of the equivalent oxygen partial

ressure and the corresponding chemical potential from a thermo-

ynamic database [51] . 

One slightly complicated issue is the units of the plots, which

ill be discussed later in more detail. For the moment we will nor-

alize per metal atom, in which case the free energy of the oxide

 

Ox can be written as 

 

Ox = ( G 

RS − μOx ) / ( 1 − χV a ) (8) 

The free energy G 

Ox , when plotted as a function of composi-

ion, is directly comparable with the composition dependent mo-

ar free energy of the alloy, G 

Ox , and can be used to calculate a

raphical construction of the driving force for oxidation, see Fig. 3 .

his shows the free energy change on forming an oxide with var-

ous compositions from a metal of composition C M . Within the

hermodynamic database where the free energies are continuous

unctions, the free energy change is measured from a tangent con-

tructed at C M to the free energy curve. It is clear the free energy
f the oxide is below the tangent for any composition of the ox-

de and thus there is a wide range of oxide compositions that can

orm. 

There are implicit vacancy and Ni 3 + site fractions that are not

epresented in free energy vs composition curves such as Fig. 3 .

hese are determined by valence neutrality, structure conserva-

ion, and oxygen equilibrium as discussed above. The site frac-

ions of these species as a function of chromium concentration

re plotted in Fig. 4 . In the limit as the chromium concentra-

ion goes to zero, we would see that χN i 3+ → 2 χV a in accordance

ith the valence neutrality constraint, and χV a goes to the native

ation vacancy concentration of pure rocksalt ( F m ̄3 m ) NiO for the

iven temperature and oxygen chemical potential. As the concen-

ration of chromium increases the site fraction of Ni 3 + decreases

nd χV a also increases. The concentrations also depend upon tem-

erature and oxygen chemical potential, but the qualitative shape

oes not change. In the limit of chromium concentration approach-

ng 1 the vacancy concentration approaches 0.5 as expected for va-

ence neutrality; Cr 3 + is replacing Ni 2 + . 

.2. Density functional theory calculations 

Most thermodynamic databases are limited to compounds for

hich experimental data is available. One can go beyond this using

ensity functional methods, but some care is needed particularly
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for transition metal oxides. There are inevitable compromises with

the functional used. The most common functional currently used

is the PBE generalized gradient approximation (GGA) [52] , which,

while it often gives very good results, leads to too much covalency

(too little ionicity). Probably the best current approach is to use

a metaGGA, for instance the recent SCAN functional [53 , 54] . This

improves the description of molecular oxygen and is significantly

better for surfaces or interfaces, but this does not fully solve the

ionicity problem. The classic method for correcting this is the

LDA + U method [55 , 56] . In general LDA + U increases the ionicity

of the bonding; unfortunately the method requires a number for

the value of the Hubbard U that is difficult to determine indepen-

dently, and will depend upon the local environment and spin state

so is not a global parameter. A better, more modern approach is to

use higher-level orbital-DFT methods such as hybrids (e.g. [57–61] )

where fractional exact exchange terms are added, but this only

comes at considerable computational cost. A fast compromise is

to use an on-site approach [62–64] , which calculates an exact

exchange correction within the atomic spheres, and is only about

ten percent slower than the PBE GGA. Of particular importance

here, the method auto-adapts to changes in coordination and spin

state so can be applied with reasonable confidence across a wide

range of compositions and structures. 

DFT calculations were performed with the all-electron aug-

mented plane wave + local orbitals WIEN2K code [65] for differ-

ent Ni and Cr concentrations in either rocksalt ( F m ̄3 m ) or corun-

dum ( R ̄3 c) structures; crystallographic information files (CIF) for

all the low energy structures considered are included as Supple-

mental material. (Structures which were tested but found to be

of significantly higher energy have not been included.) Techni-

cal parameters for these calculations were use of the PBE func-

tional [52] exchange-correlation potential, a hybrid fraction of 0.25

for the d-electrons of both Ni and Cr using an on-site approach

[62–64] , k-point densities in reciprocal space of 10 0–20 0 nm 

3 ,

oversampling of the exchange-correlation potential and otherwise

conventional parameters with atomic positions and densities con-

verged with a parallel fixed-point algorithm [66] . All calculations

were performed with the DFT optimized lattice parameters as a

function of volume, preserving the space group. In addition to the

densities of states which will be shown later, to assist in interpre-

tation the bond-valence sums were analyzed [67 , 68] , since inter-

pretation of valence is normally based upon these. 

Converting DFT energies to thermodynamic numbers for sys-

tems containing both metals and oxides is not simple. Hybrid

calculations improve the accuracy of the exchange contributions

which are important for oxides, but without a balancing correla-

tion term leads to a worse descriptions of metals. To avoid incon-

sistencies with the treatment of the metal reference in the DFT

calculations, the known heats of formation for nickel oxide and

chromia were used as references. To avoid issues with the bond

energy of molecular oxygen the standard heat of formation of

atomic oxygen was used in addition to the energy of an isolated

oxygen atom in a tetragonal 8.4 × 8.4 × 10.0 Angstrom unit cell.

Based upon tests the hybrid fraction of 0.25 used gave values for

the relative heats of formation of Ni 2 O 3 and the spinel NiCr 2 O 4 

which were within about 10 kJ/mole. It also gave positions for the

atoms in corundum Cr 2 O 3 which were in good agreement with

experiment; this is an energy-independent cross-validation. Hence

the absolute reported values should be accurate to approximately

this level – relative values may be slightly better than this. To

facilitate comparison with the TD values, the bulk entropy con-

tribution from the dataset of the oxides was used; an average of

57.7 kJ/mole/metal atom which is close to that for NiO (58.4) and

Cr 2 O 3 (57.7), and the free energies of formation at temperature

were corrected using the tabulated free energy of molecular

oxygen. All the DFT energies presented below are 10 0 0 K and one
tmosphere of oxygen; values at STP are given in Supplemental

able 1. The free entropy of mixing was also considered, but since

his is only a few kJ/mole it would not show on the plots so has

ot been included. 

We note that with the absolute energies referenced as detailed

bove, the DFT numbers are constrained to match the known ther-

odynamics of pure rocksalt NiO and corundum Cr 2 O 3 , and are

lso constrained to be quite accurate for corundum Ni 2 O 3 and the

pinel NiCr 2 O 4 . They are therefore a good test of the accuracy of

he thermodynamic database extrapolation of the energies for the

olute captured compositions. As will be seen, the database values

re surprisingly good for rocksalt, but not so good for other cases. 

Four cases were considered: 

1. Ni 2 + and Cr 3 + in a cubic rocksalt structure ( F m ̄3 m ) with half a

Ni 2 + vacancy per Cr 3 + to preserve valence neutrality. 

2. Ni 2 + and Cr 3 + in the corundum structure ( R ̄3 c) with 1.5 Ni 2 + 

per removed Cr 3 + to preserve valence neutrality. 

3. Ni 3 + and Cr 3 + in the corundum structure ( R ̄3 c) with site sub-

stitution. It turned out that these are better described as com-

binations of Ni 2 + with Cr 3 + and Cr 4 + as discussed below. 

4. Ni 2 + and Cr 2 + in the rocksalt structure ( F m ̄3 m ) with site sub-

stitution. 

It was found that the structures were lowest in energy when

hey followed the antiferromagnetic ordering of the parent rocksalt

 F m ̄3 m ) NiO or corundum ( R ̄3 c) Cr 2 O 3 , except for case 4 where the

owest energy state in the limiting case of CrO was ferromagnetic.

his indicates a non-magnetic ground states which is consistent

ith results for NiCrO 3 in the literature [45 , 47] . In some cases dif-

erent structures with the same fraction of cations were calculated;

ifferences in most cases were less than 10 kJ/mole/metal atom

nd reflect the smaller ordering energies. For the spinel ( F d ̄3 mZ), a

earch over antiferromagnetic orderings was performed, as this is

ot well defined in the current literature [69–72] . The lowest en-

rgy configuration of the spinel was anti-ferromagnetic ordered on

he twin-related (100) or (010) planes for both Ni 2 + and Cr 3 + . 
Full details of the atomic positions are given in the Supplemen-

al Material. All the structures herein were somewhat ordered, and

ost were good insulators with band gaps of 2–3 eV. Experimen-

al samples are not as well ordered, and in many cases will have

ignificant disorder, i.e. random site occupancy of chromium, nickel

nd cation vacancies satisfying valence neutrality. The effect of dis-

rder will be discussed in more detail elsewhere [31] . 

The energies are summarized in Fig. 5 for the two limits of

ormalized per metal atom and normalized per oxygen atom; full

alues for the energies are provided in Supplemental Tables 1–4.

he agreement between the TD and DFT calculations is quite good,

articularly when one considers that the TD values for the rock-

alt structure is an extrapolation from small chromium content to

 pure chromium rocksalt. 

Interpretation of the two normalizations and incorporation of

xygen chemical potential requires further discussion. The normal-

zations correspond to different physical limits, which in turn cor-

espond to different material systems and diffusion limits: 

a) For the limit of only cation vacancy diffusion when the

metal/oxide interface is stationary and growth is occurring at

the outer surface, the controlling thermodynamic term is the

change per metal atom as these are the active species – i.e. the

normalization on the left. This is relevant to, for instance, the

growth of rocksalt where cation vacancies are known to domi-

nate the diffusion [73 , 74] . The relative free energy changes will

vary with oxygen chemical potential because the oxygen con-

tent per metal atom varies across the plots for the Ni 2 + /Cr 3 + 

systems. (It does not for Ni 2 + /Cr 2 + or Ni 3 + /Cr 3 + .) 
b) For the limit of only anion diffusion, when the outer surface

is stationary and growth is occurring at the inner surface, the
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0
Fig. 5. Plot of the free energy of the different crystallographic phases at 10 0 0 K and one atmospheric of oxygen in kJ/mole as color coded, as a function of Cr composition. 

Points are from the DFT calculations, solid lines from the thermodynamic database, the convex hull is shown as a dotted line and dashed lines are to guide the eye. In (a) 

on the left is shown the results normalized per metal atom, in (b) on the right with a normalization per oxygen atom (proportional to per unit volume of oxide). The two 

cases are relevant to different diffusing species as described in the text. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

 

 

 

 

 

 

 

p  

n  

d  

t  

p  

c  

v  

C  

s

 

t  

s

 

w  

F  

t  

a  

l  

6

b  

a  

w  

s  

t  

i  

Table 1 

summary of (DFT) bond lengths in end member oxides. 

Rocksalt Corundum Spinel 

Ni2 + 2.105 2.07 2.016 

Ni3 + — 1.952 —

Cr2 + 2.161 — —

Cr3 + 1.978 1.998 2.039 
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s
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controlling thermodynamic term is the change per oxygen atom

as these are the active species – i.e. the normalization on the

right. This is relevant to, for instance, the growth of corundum

where the dominant diffusing species are oxygen point defects

[75–77] . The free energies of the oxide will all shift vertically

with oxygen chemical potential, but the relative order will not

change. 

For cases when both cation and anion diffusing species are

resent an appropriate intermediate scaling should be needed. We

ote that there are significant differences therefore between the

riving forces for solute capture depending upon what are the ac-

ive diffusing species. From the plots one would expect a higher

robability for solute capture for rocksalt structures (left) than for

orundum (right) since the relevant oxides are closer to the con-

ex hull of the pure, lowest free energy phases NiO, NiCr 2 O 4 and

r 2 O 3 , which is borne out in experimental data which will be de-

cribed further elsewhere. 

Some additional details are briefly discussed below; some addi-

ional points about the relevance of the results to interpretation of

pectroscopic data are included in the discussion. 

Firstly, the density of states of the established end members

ith both rocksalt and corundum crystallographies are shown in

ig. 6 ; these are established phases so will not be discussed fur-

her, and are given for reference purposes only. The bond lengths

re summarized in Table 1 for the end members. For the same va-

ence state Cr is about 2.5% larger, and the 3 + valence states are

–8% smaller. For later reference, the oxygen bond length for Cr 4 + 

ased upon CrO 2 was 1.924 Angstroms. This means that there will

lways be mismatches between the cation-oxygen bond distances,

ith, for instance, the Cr 3 + in rocksalt the distances are always

lightly larger than optimal, the Ni 2 + slightly smaller. Elongating

he bonds leads to a reduction in the local band gap; reducing will

ncrease the effective local band gap so Cr 3 + rocksalt will tend to
ominate the valence and conduction band edges which was ob-

erved in general as detailed below. 

.2.1. Rocksalt ( Fm ̄3 m ) structures with Cr 3 + and Ni 2 + - 

The rocksalt structures follow approximately the thermody-

amic database values, slightly higher in energy for low chromium

ontent and slightly lower for high chromium content. (Without

xperimental data it is unclear which of the two approaches is

ore accurate.). As shown in the density of states plot (DOS) of

ig. 7 for a low content Ni 21 Cr 2 O 24 as well as an intermediate

i 9 Cr 6 O 18 the chromium is in a high-spin state and tends to define

he edges of the valence and conduction bands. Both the chromium

nd nickel remain as charge-transfer insulators. The end member is

etween 26 (DFT) and 60 (TD) kJ/mole higher in energy than the

orundum Cr 2 O 3 phase at 10 0 0 K. 

.2.2. Corundum ( R ̄3 c) structures with Cr 3 + and Ni 2 + 

Similar to the rocksalt of 3.2.1, the chromium and nickel retain

heir local charge-transfer insulator DOS as shown in Fig. 6 for the

nd member corundum NiO and in Fig. 8 for Ni 6 Cr 8 O 18 . For the

ater, the band edges are dominated by the Cr states, as in other

ases. The end member is approximately 30 kJ/mole and per metal

tom higher in energy than the pure NiO rocksalt structure at both

TP and 10 0 0 K. As mentioned earlier in Section 3.1 the TD has

naccurate numbers for these compounds. 
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Fig. 6. Density of states for the end members in both space groups, Rocksalt (a) Ni 2 + O, (b) Cr 2 + O and Corundum (c) Cr 3 + 2 O 3 , (d) Ni 3 + 2 O 3 , color coded according to the 

legend. Up spins are above the axis and down spins below, with the x axis in eV using the Fermi energy as the origin, y -axis is unitless. (For interpretation of the references 

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

Fig. 7. Density of states for the Ni and Cr 3d states, for rocksalt structures with Cr 3 + , in (a) Ni 21 Cr 2 O 24 and (b) Ni 9 Cr 6 O 18 , color coded according to the legend. The conduction 

band edges are dominated by Cr states in both cases, the valence edge is dominated by oxygen states (not shown) at low Cr concentrations and by the Cr at higher 

concentrations. Up spins are above the axis and down spins below, with the x axis is in eV using the Fermi energy as the origin, y -axis is unitless. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.2.3. Corundum ( R ̄3 c) structures with Cr 3 + and Ni 3 + 

The energies for substitution of Ni 3 + for Cr 3 + are sensitive to

the functional used; it is a well-known result that in the sim-

ple PBE function incorrectly predicts that Ni 2 O 3 in the corundum

structure is significantly more stable at STP than rocksalt NiO.

For the calculations herein the end member of corundum NiO is

0.5 kJ/mole higher in energy than rocksalt at STP, and 50 kJ/mole

higher at 10 0 0 K. 

This set of structures is the most complex, and Fig. 9 shows the

DOS a low nickel content NiCr 15 O 24 a midpoint NiCrO 3 in Fig. 9 a

and b, respectively. At the low Ni levels of NiCr 15 O 24 the com-

pound is a p-type semiconductor with the hole split between a

Ni atom at, before relaxation, (0,0,0) and three chromium atoms

at (0,0,1/2). The nickel atom is best described as having a mixed

valence of approximately Ni 2.4 + with some of the hole located on

three adjacent Cr atoms so that they would be described as Cr 3.2 + 
; 

the Ni 3 + is partially oxidizing the Cr 3 + towards Cr 4 + . This oxidation
 c  
s more notable in the midpoint NiCrO3 which is an insulator best

escribed as Ni 2 + Cr 4 + O 

2 −
3. Almost all the other structures consid-

red also show evidence for Cr 4 + rather than Ni 3 + . In the limit of

i 2 O 3, because there is no chromium available the lowest energy

onfiguration is a degenerate p-type semiconductor (metal). These

rends are consistent with the thermodynamic data for the oxides;

ased upon the standard heats of formation the reaction 

i 3 + 2 O 3 + Cr 3 + 2 O 3 → 2Ni 2 + O + 2Cr 4 + O 2 

as an enthalpy change of −11.7 kJ/mole per metal atom at STP, i.e.

s favorable. 

.2.4. Spinel ( F d ̄3 mZ) 

As mentioned previously, while there have been prior DFT cal-

ulations of the spinel Cr 2 NiO 4 [69–72] , it does not appear that

 complete search over spin states was performed. With DFT cal-

ulations different spin states are often local minima, so incorrect
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Fig. 8. Density of states for the Ni and Cr 3d states, for corundum structure with 

Ni 2 + , here Ni 6 Cr 8 O 18 , color coded according to the legend. The valence and conduc- 

tion band edges are dominated by Cr states. Up spins are above the axis and down 

spins below, with the x axis is in eV using the Fermi energy as the origin, y -axis 

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

reader is referred to the web version of this article.) 
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Fig. 10. Density of states for the spinel NiCr 2 O 4 showing the Ni and Cr 3d-states 

and the O 2p states, color coded according to the legend. Up spins are above the 

axis and down spins below, with the x axis is in eV using the Fermi energy as the 

origin, y -axis is unitless. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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onclusions can be reached. Based upon a search, the antiferro-

agnetic cell belongs to the spacegroup Imm2, with DFT lattice

arameters of 6.03 × 6.03 × 8.53 Å. Both the Ni 2 + and Cr 3 + are in

he expected high-spin states, and the DOS shown in Fig. 10 and

hows a valence band edge defined primarily by the filled Cr 3 + 

nd O 

2 − states, and a conduction band edge defined primarily by

he empty Ni 2 + states and a (DFT) band gap of 2.59 eV. The agree-

ent between the DFT and TD energies is very good, with the DFT

10 kJ/mole higher in energy. For completeness we should mention

hat there is strong experimental evidence for a spinel or inverse

pinel Ni 3 O 4 [43] , so this may not be a line compound. 

.2.5. Rocksalt ( F m ̄3 m ) with Ni 2 + and Cr 2 + 

The chromous based oxide with the slightly anomalous Cr 2 + 

tate is the exception. The DOS are shown for the compositions

iCr 23 O 48 and NiCrO 2 in Fig. 11 based upon substitutions into

ntiferromagnetic NiO. The additional of chromium at low con-

entrations (1/24) leads to a n-type semiconductor dominated

y chromium states at the valence and conduction band edges

 Fig. 11 a), at high concentrations it is a ferromagnetic metal which
ig. 9. Density of states for corundum structures with Ni 3 + : in (a) NiCr 15 O 24 and (b) NiCr

pins are above the axis and down spins below, with the x axis is in eV using the Fermi e

n this figure legend, the reader is referred to the web version of this article.) 
s better described as a degenerate n-type doped semiconductor.

he energy increases slightly with chromium content. For reduc-

ng conditions at the metal/oxide interface it is possible that some

etastable Cr 2 + can be formed, and there are experimental indi-

ations of this [28] . It is worth repeating that there is a deep eu-

ectic in the phase diagram close to the composition of rocksalt

hromous oxide CrO. 

. Discussion 

The results indicate there are a range of (probably) metastable

ompositions across the whole compositional range for both the

ocksalt ( F m ̄3 m ) and corundum ( R ̄3 c) crystallographies. These form

 band which is bounded at the bottom by ordered phases, and

e can expect there to be disordered variants above these in en-

rgy. As described previously [28] this is not really surprising since

here is comparatively little difference in atomic radii across the

rst transition metal row. This band is almost certainly common

or alloys involving first transition metal atoms as indicated by DFT

alculations [28] . During high-temperature oxidation or aqueous

orrosion this means that variable compositions outside the con-

entional thermodynamic phases should be expected to be com-

on across the first transition row. 

An interesting conceptual issue needs clarification – what el-

ment is being captured in which oxide? From a thermodynamic
O 3, color coded according to the legend; both are discussed further in the text. Up 

nergy as the origin, y -axis is unitless. (For interpretation of the references to color 
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Fig. 11. Density of states in (a) for NiCr 23 O 48 showing just the 3d-states of a Cr atom at (0,0,0) and one of the Ni atoms at, before relaxation, (5/6,2/3,1/3) and in (b) the 

density of states for the Ni and Cr 3d-states and the O 2p states, color coded as per the legend. Up spins are above the axis and down spins below, with the x axis is in eV 

using the Fermi energy as the origin, y -axis is unitless. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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viewpoint, in both the rocksalt with Ni 2 + and Cr 3 + as well as the

corundum with Ni 2 + /Ni 3 + and Cr 3 + the logical choice is the low-

est free energy parent, i.e. in both cases nickel (not chromium) is

being captured. Slightly different is Cr 2 + in NiO where the free en-

ergy increases with Cr 2 + content; therefore Cr 2 + is the captured

cation. An alternative view might be to approach from a crystal-

lographic view, in which case one could consider Cr 3 + or Cr 2 + as

being captured in rocksalt NiO and Ni 2 + in corundum Cr 2 O 3 . We

believe that it is important to follow the thermodynamics, not the

crystallography since otherwise one can be led into inappropriate

assumptions as to how the system will evolve. 

All the oxides, except those with high concentrations of Cr 2 + 

are significantly lower in free energy than the alloy for all compo-

sitions, and therefore satisfy one of the two necessary conditions

for nonequilibrium solute capture to occur. This is one of the fun-

damental differences from solute trapping during solidification. In

solidification there is a composition and temperature (T 0 ) where

the two free energy curves cross. This implies that the chemical

potential of the solute can increase on solidification and thus trap-

ping is possible. In the oxidation case, except at very low partial

pressures of oxygen, the free energy curves do not cross for any

reasonable compositions, and thus capture always can occur. How-

ever, as in the solidification case, the compositions are not given

by the equilibrium phase diagram, and thus the composition of the

growing oxide depends on the kinetics of the process. 

One somewhat important point needs to be made concerning

the implications of the DFT results on interpretation of corrosion

and oxidation chemistries from spectroscopic methods. It is stan-

dard to use known oxides as calibrants, and from these infer the

presence of local co-ordination approaches such as x-ray photo-

electron spectroscopy (e.g. [ 2 , 78 ]). This assumes that the local band

structure of the known oxides and unknown corrosion or oxidation

products are similar. However, the DFT results indicate that in par-

ticular for oxidizing conditions where Ni 3 + might be expected to

occur together with Cr 3 + such simple interpretations are prone to

error. As shown above Ni 3 + can oxidize Cr 3 + , and one can have

either or both mixed-valence states or Cr 4 + . This indicates that

extreme care is needed in interpreting valence results based just

upon spectroscopic information. 

One final comment. In this paper we have only focused on the

basic description of the thermodynamics and ordered structures

during nonequilibrium solute capture. These lay the groundwork

for one of the two conditions, and also for the basic properties

of these unusual oxides. While estimates of the kinetic condition

(see [28] ) suggest that capture will occur for many cases of high-
emperature oxidation and almost all cases of aqueous corrosion,

his is an topic which requires further work. We have also not con-

idered the role of nucleation of the different oxides which should

e expected to show strong crystallographic dependencies due to

pitaxial effects as well as whether polar or non-polar interfaces

re involved. Another issue that merits attention is how the cap-

ured oxide phases will evolve with time, which will be important

or understanding the microstructure and corrosion/oxidation re-

istance of thicker oxide films and also has significant technologi-

al relevance; these we will also leave for future work. 

. Conclusions 

The very early stages of oxide growth on an alloy, when several

xide phases can compete to form multilayer structures, are im-

ortant in predicting the long-term corrosion resistance of alloys.

revious models have assumed that the most thermodynamically

table oxide phases form first and that phase boundaries are in lo-

al equilibrium. Given the interfacial velocities of many oxidation

rocesses this is not the case. Evaluation of the thermodynamics of

he Ni–Cr–O system from both a database approach and via den-

ity functional theory calculations indicate that there are a wide

ange of compounds which can form. For the specific case of the

i–Cr–O system there will be considerable solute capture of nickel

n either rocksalt or corundum crystallographies, and even possible

apture of Cr 2 + in rocksalt. These oxides range from good insula-

ors to n-type or p-type semiconductors or degenerate metals de-

ending upon the composition, and can also contain Cr 4 + ions in-

tead of Ni 3 + under stronger oxidizing conditions. Care is therefore

eeded in the interpretation of spectroscopic data on the valences,

nd also on the semiconducting properties of thin oxide films. 
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