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Ellingham diagrams are thermodynamic tools that allow comparing the relative stability among oxides. They are
well established for pure metals, but they can be obtained for any multi-element system if the chemical activity of
each component is known. However, chemical activities are very difficult to obtain experimentally and, because
of the lack of these data, Ellingham diagrams have never been reported for complex industrial alloys. This work

aims to show how nowadays advanced thermodynamic databases can be used to supply for this lack. Herein, the
Ellingham diagrams of four wildly used alloys- TiAl 48-2-2, TA6V, Inconel 718 and 304 steel- have been com-
puted. The results are discussed in respect to the oxidation behavior of these alloys and important differences in
respect to the Ellingham diagram of pure metals are highlighted.

1. Introduction

Several industrial fields, such as transportation, materials and en-
ergy productions, involve high temperature processes in oxidizing envi-
ronments. Oxidation resistance is hence a fundamental criterium for al-
loy design in these fields. The resistance is achieved through the selec-
tive oxidation of one element of the alloy, which leads to the formation
of a protective, slow growing oxide scale at its surface. The best oxide
candidates for this purpose are generally alumina (Al,03), chromia
(Cr,05) and silica (SiO,). In order to sustain a selective oxidation, the
alloy composition needs to respect several criteria which, as firstly
stated by Wagner [1], are related to thermodynamic and kinetic proper-
ties of the alloy and the oxide. Among these criteria, a fundamental one
concerns the thermodynamic stability of the desired protective oxide.
In this respect, a useful tool is the Ellingham diagram, a graph compar-
ing the stability of oxides as a function of the temperature.

Ellingham diagrams are obtained from basic thermodynamic laws,
as they represent the Gibbs free energy change AG associated with a re-
action of the type:

%aMe +0, 2 %MeaOb @

Where Me is a metallic element, O, is a gas molecule of dioxygen
and Me,O, is an oxide.

As shown by the Eq. 1, in order to compare the stability of various
oxides, reactions are written for the same quantity of oxygen, namely
one mole of O, (or equivalently for %2 mole of O,). For a practical point
of view, this allows answering the question whether one O, molecule
(the limiting reagent) reacts preferentially with a metal rather than an-
other one.

https://doi.org/10.1016/j.corsci.2023.111113

The Gibbs free energy change of the reaction is generally given in re-
spect to the standard state of the species (°G), which is the stable
form of the species at the temperature of interest. It is then:

2 - - 2a -
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where G are the partial Gibbs energy of the species with respect to
the standard state. At equilibrium, AG = 0 as reactants and products
are in equilibrium with each other. The partial Gibbs energy of each
species can be rewritten as G; = RTIn(a;), with q; being the activity, T
the absolute temperature and R the molar gas constant. Eq. 2 is then:
arte,0,2"

°G=—-RTI 3
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If the oxidation reaction involves a pure metal, Me and Me,O, are
both pure species in their standard state and by definition their activi-
ties are equal to 1. For O,, the activity is equal to the partial pressure
p(05)/p(0,)°, where the standard p(O,)° = 1 bar. With these simplifi-
cations, the following equation is obtained:

o 1
G RTln< s ) )

Based on the latter equation, Ellingham diagrams [2] have been
computed for pure metals and used to predict the relative stability
among oxides [3,4].

However, experimental evidences on oxidation of alloys are some-
times in contradiction with these predictions. One reason for discrep-
ancy is obviously related to the fact that Ellingham diagrams are merely
thermodynamic tools and they do not consider the kinetics: difficult nu-
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cleation and slow diffusion of the protective alloying element, or large
dissolution and fast diffusion of oxygen into the alloy can impede the
formation of the most stable oxide at the surface of the alloy, and can
lead to internal oxidation [1]. However, in some cases, the discrepan-
cies between prediction and observation are due to an inexact use of
Ellingham’s diagram. As herein shown, Eq. 4 is correct only for pure
metals, as the activity of pure substances is equal to 1. In alloys, the ac-
tivity of each component is always < 1 and therefore Eq. 3 becomes:

°G=-RTh (5)

ame*™ o poy

Experimental values for activities are rare and they are not available
for many industrial alloys. Therefore, Eq. 5 is rarely applied, despite the
fact that it is very well known that non-ideality of metallic alloys can be
large and can lower the stability of the oxide at the surface of the metal
[4]. However, the development of thermodynamic databases based on
the CALPHAD approach has made possible and easy to obtain activity
values for any alloy composition. The aim of this work is to show how
to obtain Ellingham’s diagrams for multi-metallic systems and to give a
few examples of their usefulness. To the best of our knowledge, Elling-
ham diagram for specific alloys have never been reported in the litera-
ture. For this purpose, we have selected four different alloys that are
wildly used in industries: the 304 stainless steel alloy, the Inconel 718
nickel-based alloy, the TA6V titanium-based alloy and the TiAl4822 al-
loy. As we will see, the Ellingham diagrams of these alloys present no-
table differences compared to that of pure metals. The oxidation behav-
ior of these alloys will be hence discussed in comparison with these new
calculations and the advantages and limitations of Ellingham diagrams
will be discussed. When studying selective oxidation, it is important to
know precisely what is the most stable oxide in contact with the alloy,
before to apply kinetic models which will predict if the most stable can
form an external scale at the alloy surface.

2. Method

All the Ellingham diagrams shown in this work have been obtained
from thermodynamic calculations performed using the Thermo-Calc
software [5].

For the pure metal, the Ellingham diagram was directly obtained
from Eq. 2, i.e. by subtracting the free Gibbs energy of reagents to the
Gibbs free energy of the products of the oxidation reaction. The Gibbs
free energy of each metal and oxide involved was calculated as a func-
tion of the temperature using Thermo-Calc.
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For the alloys, Ellingham diagrams were obtained from Eq. 5. In this
equation, °G is known from the previous calculation, since it is a state
function and its value does not change with the reaction path. The ac-
tivities of the various metals in the alloy a,, were obtained as a function
of the temperature from Thermo-Calc calculations. For these computa-
tions, the compositions of the alloys were set as shown in the next sec-
tions and the a,;, were computed as a function of the temperature T for
20 °C < T < 1500 °C, including all the phases predicted as stable in the
calculations (see annex). The standard reference state was set for each
element of the alloy, i.e. the stable phase of the element at each com-
puted temperature. For instance, for aluminum, the reference state is
the FCC (face-centered cubic) phase from room temperature till
660.3 °C (melting point of Al) and the liquid phase above this tempera-
ture.

The following thermodynamic databases were used for the calcula-
tions: the TCFE8 database for the 304 alloy, the TCNI9 database for In-
conel 718 and the TCTI4 database for TA6V and TiAl4822.

3. Results
3.1. Ellingham’s diagram for Me-O systems

Eleven different metals and their oxides were included in this work:
Ni, Fe, Mo, Nb, Cr, Mn, Si, V, Ti, Al and Hf. The corresponding binary
Me-O phase diagrams were computed for all the elements and they are
reported in the annex.

Some elements, as for instance aluminum, present rather simple
phase diagrams, where only one oxide phase is stable. For example, in
the Al-O system, only the a-Al,O3 with corundum structure is stable, de-
spite the existence of several polymorphic forms, that are often ob-
served during the first stages of oxidation, being almost as stable as the
main a phase [6]. Other metals, for example titanium, present complex
phase diagrams, with several stable oxide phases, as shown in Fig. 1-(a).

In the case of titanium, one could wonder which oxides should be re-
ported on the Ellingham diagram. Oxidation studies on pure titanium
and titanium-based alloys for temperature T < 1000 °C consistently
show the formation of a thick rutile TiO, scale [7,8] and sometimes the
transient anatase TiO, on top of the scale. Rutile TiO, is the most stable
titanium oxide under usual oxidizing atmospheres (oxygen, air etc.)
and one could be interested to compare the stability of this phase with
other metallic oxides. Nevertheless, Ellingham diagrams are thermody-
namic tools and, according to thermodynamics, TiO, cannot be in equi-
librium with metallic titanium. Indeed, as shown in Fig. 2, the metallic
a-Ti phase can only be in equilibrium with Tiz0,, for T < 1193 K, and
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Fig. 1. (a) Ti-O phase diagram computed using the TCTI1 database from Thermo-Calc. (b) Ellingham diagram comparing the stability of various titanium oxides.
Solid lines: reactions corresponding to thermodynamic equilibrium; Dashed lines: out of equilibrium reactions.
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Fig. 2. Ellingham diagram for several metal/oxide reactions. Dashed lines rep-
resent the oxidation reaction of metastable oxides.

with fec-TiO; .., above this temperature. For this reason, the correct re-
actions to consider for titanium are:

3Ti+ 0y 2 Tiy0,, forT<1193K
2Ti+ O, 2 2fcc — TiO, forT>1193Kwhich are reported as solid lines, in
Fig. 2-(b). All the other reactions, involving Ti and oxides with a higher
oxygen molar fraction, are out-of-equilibrium reactions. These are re-
ported as dashed lines in Fig. 2-(b), with the exception of the Magneli
phases, that were excluded for sake of simplicity. As expected, these re-
actions show higher Gibbs free energy values than the oxidation reac-
tion leading to Ti;O, and fcc-TiO. The oxides richer in oxygen are not
directly formed from metallic titanium, but by subsequent reactions in-
volving another oxide and O,(gas). For example, according to the com-
puted phase diagram (ignoring the Magneli phases), for T < 732K, the
sequence of reactions is:

3Ti+ 0, 2 Ti0,

27150, + 0, 2 6a — TiO

4a — TiO + 0, 2 2Ti) 0,

2Ti,0; + 0, 2 4Ti0;.

Similarly, at higher temperature, fcc-TiO; .., and Ti3Os are involved,
depending on the temperature range.

One could wonder why these oxides are not systematically observed
between the rutile TiO, and the metallic titanium in oxidation studies.
The reason is likely related to the kinetics of formation/dissolution of
these phases and the diffusion of oxygen in the metallic phase, where
the solubility of oxygen is very high (33 at%). A recent nano-scale char-
acterization by transmission electron microscopy (TEM) and atom
probe tomography (APT) of a Ti62426 alloy oxidized at 650 °C supports
this hypothesis: o-TiO and Ti;O0, were observed between the rutile scale
and the metallic matrix, but only over lengths of the order of tens
nanometers [9].

In summary, for complex Me-O systems with several oxide phases,
an Ellingham diagram should report the oxidation reaction involving
the oxide with the lowest oxygen fraction, the one that can be in equi-
librium with the metal. According to this, the Ellingham diagram of Fig.
2 has been computed. The result is consistent with previously reported
Elligham diagrams [10].

Among the considered metals, hafnium forms the most stable oxide:
the hafnia (HfO,). For example, at 1200 °C, the Gibbs free energy
change associated with the formation of HfO, is equal to — 850 kJ/mol,

which corresponds to an extremely low oxygen partial pressure of 7 -

10-35 atm. Therefore, for p(O,) < 7 10-35 atm, metallic hafnium is sta-
ble, while for p(O,) > 7 10735 atm it oxidizes to form hafnia.

Above the Hf/HfO, reaction, there are titanium oxides and alumina
(Al,03), with very close values. Vanadium oxide follows. It is worth
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mentioning that the V-O binary system is rather complex (see annex),
similarly to the Ti-O one. The oxides observed for vanadium oxidation
in common environmental conditions are V,05 (that is liquid above
690 °C) and VO, [11], but the oxide with the lowest oxygen fraction is
V40, that is located quite low in the Ellingham diagram. Silica follows
and so on. The less stable oxide reported in Fig. 2 is the halite phase
NiO. At 1200 °C, the Gibbs free energy change associated with the for-
mation of NiO is equal to — 219 kJ/mol, which corresponds to an oxy-
gen partial pressure of 10~13 atm, almost 22 orders of magnitude higher
than the value found for HfO,.

3.2. Ellingham for industrial alloys

In order to compute the Ellingham diagram for a specific alloy, Eq. 5
can be rewritten as:

RT In p02 =°G— RTIn (gMe)zalb (6)

to emphasize that pO, is the unknown quantity to find. Indeed, °G is
equal to the reaction for the pure metal, being a state function, and the
activities are obtained from the thermodynamic calculations. It is inter-
esting to remark that the new term RT In(pO,) is necessarily higher than
°G, since all the activities are lower than one and the logarithm is hence
a negative term. Therefore, for all the reactions, the curves computed
for the metal in the alloys are systematically higher than those of the
pure metals, as it is shown in the following. From a practical point of
view, this means that the p(O,) of equilibrium between metal/oxide are
always higher for the alloys than for the pure metals. In the following,
we give a few examples of Ellingham diagrams computed for common
commercial structural alloys of different types.

3.2.1. Ti-48AIl-2Nb-2Cr (48-2-2 or GE-48) alloy

Ti-Al alloys are a class of materials based mainly on the intermetal-
lic y-TiAl phase. They are generally slightly alloyed with elements such
as Nb, Cr, Mo, Ta or W in order to improve the oxidation resistance
and/or their mechanical properties [12]-[14]. The Ti-48Al-2 Nb-2Cr
(48-2-2 or GE-48), whose nominal composition is reported in Table 1,
is one of the most used Ti-Al alloys [15]. The GEnx™ and LEAP engines
used TiAl (alloy 48-2-2) for their low pressure turbine blades [15].

The nominal composition of 48-2-2 alloy has been used as input for
the thermodynamic computations. The stable phases as a function of
temperature are reported in Fig. 3-(a) and the corresponding elemental
activities are shown in Fig. 3-(b). According to the computations, the
predominant phase (~ 90 mol.%) of the alloy, from room temperature
up to 1400 K is y-TiAl, as expected. From the binary Ti-Al phase dia-
gram, one could expect a low content of the ay-TizAl phase in equilib-
rium with y-TiAl but, for T < 1200 K, an ordered BCC (body centered
cubic) phase is predicted, with a maximum quantity of 11 mol.% and
decreasing with the temperature. This phase, related to the high-
temperature p-phase of titanium, is stabilized by the presence of Nb and
Cr in the alloy, according to the calculations. However, it must be no-
ticed that experiments generally show the presence of the a,-TizAl
phase in equilibrium with y-TiAl. This discrepancy between calcula-
tions and experimental data for the 48-2-2 alloy has been previously
reported by Cakmak et al. [16], but no explanations were provided for
its origin.

The application of the Ti-Al alloys is generally limited at 800 °C and
most experimental data on their oxidation behavior do no exceed
900 °C. The Ellingham diagram for the 48-2-2 alloy has been computed
in this temperature range and it is shown in Fig. 4, in the form of solid

Table 1
Nominal composition of the TiAl4822 alloy.
Ti Al Nb Cr
Composition (at%) Balance 48 2 2
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Fig. 3. (a) Phase fractions at equilibrium for the 48-2-2 alloy as a function of the temperature. (b) Ti, Al, Cr and Nb activities in 48-2-2. (Thermodynamic calcula-

tions performed using the TCTI4 database from Thermo-Calc).
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Fig. 4. Ellingham diagram for the TiAl 48-2-2 alloy (solid lines) compared to
oxides in equilibrium with the pure metals (dashed lines).

lines, while the values obtained for the pure metal oxides are reported
as dashed lines for comparison.

One can notice that all the curves computed for the alloy have
higher pO, values than those obtained for the pure metals, as expected

according to Eq. 6. As for the pure metals, a-Al,05 and Ti30, are still the
two most stable oxides among those that can be formed, with almost
identical oxygen partial pressures. Several experimental evidences have
reported the formation of both a-Al,05 and rutile TiO, on the reactive
surfaces of Ti-Al alloys [14], as shown in Fig. 5. Since TiO, is less stable
than a-Al,03 on pure metals, previous works [14] have generally im-
puted the presence of rutile only to kinetic phenomena. However, as
previously explained in Section 3.1, a thorough thermodynamic analy-
sis has to take into account all the possible titanium oxides: the forma-
tion of Ti30, competes with that of Al,03 and, once Ti30, is formed, it
can subsequently lead to TiO, by further oxidation. The massive forma-
tion of rutile generally observed on Ti-Al alloys is hence also in agree-
ment with thermodynamics, as shown by the 48-2-2 Ellingham dia-
gram.

Concerning the other oxides, Fig. 4 shows an inversion in the rela-
tive stability between Cr,03; and niobium oxides in the alloy with re-
spect to the pure metals: Cr,O5 is now more stable than niobium oxides.
It is also very interesting and surprising to note that an inversion is also
observed between the niobium monoxide and dioxide. According to the
Nb-O phase diagram (see annex), NbO is the oxide with the lowest en-
ergy of reaction or, equivalently, the lowest partial oxygen pressures
(for any temperature of practical interest, from 25 °C till thousands of
°C). Therefore, as discussed in 3.1, from a thermodynamic point of
view, metallic niobium cannot directly reacts to form NbO,, the NbO

Fig. 5. TiAl 48-2-2 oxide layer after 100 h at 900 °C based on [17].
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oxide must be formed in the reaction process. On the contrary, the
Ellingham diagram of 48-2-2 alloy indicates that, for the alloy, NbO, is
more stable than NbO. Mathematically, this inversion is due to the 2a/b
exponent of the metal activity in Eq. 6. More intuitively, for the oxida-
tion of pure metals, Ellingham diagram are computed considering the
oxygen as the limiting reagent, while metals are available in infinite
quantities (Eq. 1). For an alloy, this is not true anymore: the metallic
species present in low quantities have very low activities and this can
lead to stabilize oxides with lower metallic molar fraction, as for the
case of NbO, over NbO. This phenomenon can play a key role in the oxi-
dation of alloy but, to the best of our knowledge, nobody has ever high-
lighted it before from theoretical considerations nor clearly observed it
experimentally.

3.2.2. Ti-6Al-4V

The Ti-6Al-4 V alloy, generally named TA6V, is the most used tita-
nium alloy. Its applications are limited to temperatures lower than
400 °C [18] because of creep resistance and oxygen embrittlement.
Most of the experimental studies on its oxidation behavior do not ex-
ceed 700 °C [19,20].

The nominal composition (6 wt% Al, 4 wt% V, Ti balance) has been
used to perform the thermodynamic computations using the TCTI3
database from Thermo-Calc (phase fractions and activities are reported
in the annex). The Ellingham diagram has been drawn for the tempera-
ture range of interest, i.e. up to 700 °C, and it is reported in Fig. 6.

The oxidation reaction energies have been computed for all the bi-
nary oxides (see Ti-O and V-O phase diagrams in annex), but only the
lowest values, corresponding to the most stable oxides, are reported, for
sake of simplicity. From the lowest to the highest RTIn(pO,) values,
Ti30,, a-Al,03 and VO, can be observed. Therefore, contrary to the pre-
vious Ti-Al intermetallic alloy, Fig. 6 shows that the formation of tita-

-700

-800

-800

RTInpO, (kJ/mol Oy)

-1000

'1 1DD T T T T T T T T
100 200 300 400 500 600 700 800
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Fig. 6. Ellingham diagram for the TA6V alloy (solid lines) compared to the ox-
ides in equilibrium with the pure metals (dashed lines).
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nium oxides is clearly favored in respect to alumina for the TA6V alloy.
Indeed, the low concentration of aluminum implies a low Al activity,
which causes a considerable increase of the pO, of equilibrium between
the alumina and the alloy in comparison to the pure metal. On the con-
trary, the shift observed for the Ti;O, oxide is minimum.

From the Ellingham diagram, one can expect the formation of Ti;0,,
eventually followed by other rapid oxidation reactions leading to
anatase and rutile TiO,. However, experimental studies have shown a
more complex oxidation behavior for the TA6V alloy [21,22]. Indeed,
oxidized TA6V alloys exhibit complex scales formed by an alternance of
rutile TiO, and Al,O4 layers, with the first being always at the oxide/
substrate interface and the second at the oxide/gas interface [21,22].
The micrography of a TA6V alloy oxidized under air, at 600 °C, for
500 h is shown in Fig. 7 [23]. The delamination of the oxide scale oc-
curs certainly for the same reason than for pure titanium oxidation. It is
generally attributed to the formation of pores and to the stress build-up
in the oxide scale due to the large Pilling and Bedworth ratio of Ti [24].
The special arrangement of alumina and rutile layers can be attributed
to diffusion. In the early stage of oxidation, a TiO, layer is formed, in
agreement with thermodynamics. This oxide scale grows mainly due to
inward diffusion of oxygen anions. Nevertheless, both aluminum and ti-
tanium cations diffuse outward through the rutile, but the first diffuses
much faster than the second [25]. A kinetic demixing phenomenon [26]
leading to a segregation of aluminum occurs hence at the external inter-
face of the oxide scale, where the precipitation of Al,O3 occurs [22]
Once the oxide scale is detached, a new oxide scale form underneath
with the same mechanism. This explanation was reported earlier for a
single layer formation during the oxidation of the TiAl [27], TisAl inter-
metallic [28] and later for TA6V for a multi-layer oxide scale [22,29].

3.2.3. Inconel 718

The Inconel 718 (IN718) is the most used nickel-based superalloy
that finds applications in numerous domains (aeronautics, nuclear and
other energy industries) thanks to good corrosion resistance and excel-
lent mechanical properties. These latter are obtained thanks to the pre-
cipitation of y’-Ni3(ALTi) and y’’-NizNb precipitates in the austenitic
matrix, induced by the several alloying elements present in the IN718.
The typical composition, which was also adopted for the calculations, is
reported in Table 2. The good oxidation resistance of the alloy is mainly
related to the high chromium content, which leads to the formation of a
scale mostly composed of chromia (Cr,03) [30,31].

The applications of the IN718 are generally limited to 650 °C, close
to the y’ solvus, above which a degradation of the mechanical properties
occurs [32]. However, the experimental studies of the oxidation behav-
ior of this alloy have been pushed to higher temperatures, which can be
useful for alloy fabrication and heat treatments. Therefore, the Elling-
ham diagram of the alloy has been computed from room temperature
up to 1200 °C and it is shown in Fig. 8, where solid lines represent the
results for the alloy and dashed lines represent the oxides in equilib-
rium with the pure metals.

From lower to higher oxygen partial pressures, the following binary
oxides can be predicted for IN718: Al,0s, titanium oxides, Cr,03, NbO,,

Fig. 7. A TA6V alloy after oxidation under air, at 600 °C, for 500 h [23].
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Table 2
Composition of the IN718 alloy used for the thermodynamic computations.

Ni Fe Ct Nb Mo Si Ti Al

Composition (wt%) Balance 24.6 17 4.7 2.8 0.35 0.65 0.2

G (kJ / mol 0,)

-1000 4 e -

T T T T T T T
200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 8. Ellingham diagram for the IN718 alloy (solid and point lines) compared
to the oxides in equilibrium with the pure metals (dashed lines).

Si0,, iron oxides, MoO, and NiO. In complex, multi-element alloys such
as IN718, ternary oxides are also likely to form. As a non-exhaustive ex-
ample, the Ellingham curve of the spinel FeCr,0, oxide was also com-
puted and it is found between Cr,03 and Fe;0,/FeO on the diagram.

The IN718 Ellingham diagram clearly shows the interest to perform
such computations for specific alloys, since several differences can be
remarked in comparison to the curves obtained for oxides in equilib-
rium with the pure metals. Indeed, the equilibrium of oxides formed by
elements present in low concentration in the alloy are considerably
shifted to higher oxygen partial pressures: it is the case for Al,Os, tita-
nium oxides, SiO, and niobium oxides. As logical, these shifts are small
for the oxides formed by elements present in high concentration, as for
example Cr,03, Fe oxides and NiO. In some cases, this can lead to an in-
version of stability among oxides. In the IN718, this occurs for SiO, and
NbO, that are less stable than chromia. Similarly, MoO, is in equilib-
rium with the alloy at higher oxygen pressures than iron oxides, con-
trary to the corresponding pure metals. Finally, similarly to the case of
the TiAl 48-2-2 alloy, some inversions can be remarked in the stabili-
ties of oxides from the same binary systems. The most stable niobium
oxide for the IN718 alloy is NbO, and not NbO, while the titanium ox-
ide found at lowest pO, is Ti,O3 instead of Ti30,/TiO.

The Ellingham diagram computed for the IN718 alloy is consistent
with several experimental evidences of the oxidation behavior of this
alloy, as for instance a recent work which focused on intergranular oxi-
dation at 850 °C [33,34]. An electron microscopy image and its relative
EDS cartography from [34] are shown in Fig. 9. Below a scale mainly
formed by Cr,0s, this study showed the presence of Al,O; deep in the
grain boundaries, and titanium oxides, still in the grain boundaries, but
less deep than alumina [33]. Therefore, the order of observation of
these oxides, from the substrate to the scale (or equivalently from the
lowest to the highest oxygen partial pressures), respects their order on
the Ellingham diagram. In addition, the same study reported the pres-
ence of small particles within the chromia scale, whose measured com-
position was Tig 43Nbg 570,. The presence of a Nb-rich dioxide in con-
tact with Cr,0j3 is also consistent with the Ellingham diagram, where
the oxide observed above Cr,03 at 850 °C is NbO,.
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3.2.4. 304 alloy

The 304 stainless steel alloy is a widely used chromia forming alloy
applied in several domains, including construction, oil, household ap-
pliance, food, chemical and nuclear industries. The nominal composi-
tion used for the calculations is reported in Table 3, where for simplic-
ity the carbon content has been excluded.

The 304 alloy is generally used at room temperature or in operating
conditions comprised between 300 and 850 °C. Nevertheless, oxidation
studies have been conducted at higher temperature, up to 1000 °C [35]
and hence the Ellingham diagram has been computed for a wider tem-
perature range, as shown in Fig. 10.

According to the Ellingham diagram of the 304 alloy, from lower to
higher oxygen partial pressures, SiO,, Cr,0O3, MnO, iron oxides and NiO
can be expected. Some big shifts toward higher oxygen partial pressures
can be observed for SiO, and MnO, as expected considering the low
concentrations of these elements and hence their activities in the alloy.
For MnO, the shift brings to an inversion of stability with Cr,0O3, while
the computed values for SiO, are really close to CryOs.

The Ellingham diagram well agrees with the experimental evidences
[35,36]: SiO, is generally observed as an intergranular oxide or as a dis-
continuous, thin layer between the metal substrate and a Cr,05 scale. In
addition, some manganese-rich oxides are also observed within or on
top of the Cr,03 scale [35,36]. These features can be observed in the mi-
crograph from [37] reported in Fig. 11.

The non-formation of a continuous SiO, scale can be easily under-
stood by computing a second SiO, Ellingham curve for a 304 alloy with
a slightly lower concentration, as the one shown in Fig. 12. Here, the
values computed for a 0.2 wt% concentration of Si have been added
(SiO, LC) to the Ellingham diagram of the nominal 304 composition.
This new curve is above the chromia one for temperatures above
460 °C. Therefore, the concentration (or equivalently the activity) of sil-
icon plays an important role in the 304 alloy, since it determines the rel-
ative stability between SiO, and Cr,0;.

The inversions for SiO, and MnO may have important consequences
for the resistance to high temperature oxidation of steel 304 and of sim-
ilar chromia-forming alloys. Indeed, if SiO, is more stable than chro-
mia, it may form a continuous layer at the chromia/alloy interface
[38]-[42]. Such a scale can act as a diffusion barrier and improve the
high temperature oxidation resistance [43]. Nevertheless, it can also
decrease the oxide/scale adherence [44]. Moreover, if silica and MnO
are more stable than chromia, internal and intergranular oxidation of Si
and Mn can occur. If MnO is less stable than chromia, it can form an ex-
ternal scale on top of chromia, and react with chromia to form the
spinel MnCr,0, [38,45]-[48] which is known to protect chromia from
volatilization in H,O-rich atmospheres [46,47]. However, if the man-
ganese content is too high and MnO is more stable than Cr,03, the
spinel MnCr,0,4 can form at the oxide/metal interface. This can de-
crease the oxide/scale adherence and indeed spallation has been ob-
served in chromia-forming alloys containing more than 2% of Mn [49,
50].

The high sensibility of oxidation resistance to the impurity levels is
therefore highlighted by this study.

4. Discussion

Ellingham diagrams are useful tools to evaluate the relative thermo-
dynamic stability among oxides and to provide first indications on the
oxidation behavior of metals and alloys. This work shows that modern
thermodynamic computations can help improving the potentiality of
Ellingham diagrams and avoid some misuses or misinterpretations.
More specifically, it is possible to compute Ellingham diagrams for com-
plex multi-element and multi-phase metallic systems, considering the
activities of all the present elements. This has been done herein for four
different alloys, each of them representative of an important class of
materials (Ti-Al, Ti-based, Ni-based alloys and stainless steels). The re-
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Table 3
Composition of the 304-alloy used in this work for the calculations.
Fe Cr Ni Mn Si
Composition (wt%) Balance 18.0 8.0 2.0 0.75

sults showed that, in several cases, an inversion in the relative stability
of oxides can occur in alloys in comparison to the oxides in equilibrium
with the pure metals. For example, SiO, is generally considered an ox-
ide more stable than Cr,03, on the basis of the “classical” Ellingham di-
agram, but this is not true for the IN718 and the 304 alloys, which are
rich in chromium and poor in silicon. These more accurate Ellingham
diagrams can hence help understanding and predicting the oxidation
behavior of complex alloys and also the design of new ones.

Another interesting point emerged from these thermodynamic com-
putations is the possibility to have an inversion of the relative stabilities
among binary oxides belonging to the same Me-O system within an al-
loy. For example, the computations for IN718 shows that higher oxygen
partial pressures are necessary to form NbO rather than the NbO,, while
it is clearly the opposite for metallic niobium. To the best of our knowl-
edge, even if directly derivable from Eq. 5, this point has never been
highlighted before but it could be especially useful for interpretation of

-

o)

5

E

=

=

o

(=9

1=

E

o
-800 - i
-900

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100
Temperature (°C)

Fig. 10. Ellingham diagram for the 304 stainless steel (solid lines) compared to
the oxides formed on the pure metals (dashed lines).
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Fig. 11. 304 steel oxidized for 110 h at 850 °C under O2. Extracted from [37].
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Fig. 12. Relative stability of Cr203 and SiO2 oxides for 304 alloy. LC = low
concentration of Si, equal to 0.2 wt% instead of 0.75 wt%.

intergranular oxidation phenomena, where low oxygen partial pres-
sures could induce these inversions.

Despite the usefulness of Ellingham diagrams for alloys, some im-
portant limitations still exist and need to be considered if one wants to
use these diagrams to predict the composition of the oxide scale. First of
all, from the thermodynamic point of view, there are still approxima-
tions and limitations: the solubility of the elements in all the oxides
phases is not taken into account and an a priori knowledge is necessary
if one wants to include ternary oxides in the calculations. Some alterna-
tive thermodynamic calculations can be performed in order to over-
come these limitations, as previously shown in the literature [33]. For
example, Fig. 13 reports the result of a thermodynamic computation for
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c
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Fig. 13. Variation of the phase fraction for the 304 stainless steel composition,
with increasing pO,, at 850 °C.

a 304 steel, at 850 °C, showing the oxides forming at increasing pO, val-
ues. By comparing it with the Ellingham diagram of Fig. 10, one can no-
tice that the same order of appearance is predicted for the binary oxides
(SiO,, Cry,03, Mn and Fe oxides). However, Fig. 13 describes a more
complex behavior, with the appearance of several ternary or multi-
element oxides: a spinel phase containing Fe, Ni, Mn and Cr, a Fe-Mn
silicate and a corundum phase dissolving both Cr and Fe. It is clear that
these calculations give more information in comparison to an Elling-
ham diagram. However, these case-by-case computations require more
time, knowledge and continuous access to thermodynamic databases,
while Ellingham diagrams provide more immediate information.

The second fundamental limit of Ellingham diagrams (or any other
thermodynamic calculations) is the lack of any kinetic knowledge
which also plays a key role in oxidation and hence needs to be consid-
ered for a thorough analysis. It is well known that the thermodynamic
condition, i.e. the protective oxide has to be the most stable one, is nec-
essary but not sufficient to form the protective oxide scale [1] The ki-
netics aspects of the transition between internal and external oxidation
have to be considered. This implies the calculation of the outward flux
of the protective alloying element and of the inward flux of oxygen in
the alloy [51]. Another related aspect needs to be considered. When an
external chromia or alumina scale is formed, this leads often to a deple-
tion of the alloying element below the oxide scale. Therefore, the com-
position of the alloy in contact with the oxide is different from the bulk
composition. If the composition below the oxide scale is known, it is
possible to perform a new thermodynamic calculation with this sub-
scale alloy composition, as done in [33]. For a specific alloy, an Elling-
ham diagram could also be computed including impurities (O, C) that
can slightly change the phase equilibria or for a range of composition,
instead of simply the nominal one, in order to have some insight on the
evolution of the oxidation behavior. This could be done varying the
protective element content (i.e. decreasing Cr and Al content in resp.
chromia- and alumina- forming alloys). It could be done also with mi-
nor elements, whose contents may vary a lot (Si, Mn, Ti, Al in chromia-
forming FeNiCr alloys for example) leading to large variations of their
equilibrium oxygen partial pressures.

5. Conclusions

Ellingham diagrams are useful thermodynamic tools that have been
used for the decades to evaluate the relative stability among oxides.
This work aims to show how nowadays advanced thermodynamic data-
bases can be used in order to compute Ellingham diagrams for multi-
element alloys. As herein shown, these often exhibit remarkable differ-
ences in comparison to the Ellingham diagram for pure metals, since
the activities of the various elements in a complex alloy can be very far
from unity. Chemical activities are very difficult to obtain experimen-
tally and the lack of these data explains why Ellingham diagrams were
not previously computed for individual alloys. Nowadays, the develop-
ment of thermodynamic databases allows calculating the chemical ac-
tivities and hence Ellingham diagrams for specific alloys in a much eas-
ier way. This has been shown in this work for four common alloys: TiAl
48-2-2, TA6V, 304 and IN718. Several inversions in the relative stabil-
ity among oxides in comparison to the “classical” Ellingham diagrams
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have been highlighted, some of which can shade lights on the oxidation
behavior of these alloys.
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