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Abstract

The oxidation of Ni-30Cr alloy has been studied at 1150 °C up to 289 h at oxygen pressures
comprised between 1012 and 10 atm in Rhines pack. This method allows the determination
of the sole Cr.Oz growth kinetics at reduced oxygen pressure without the use of reactive gas
mixture. Oxide morphology, growth mechanisms and Kinetics are discussed in terms of
nature, concentration and diffusion of point defects. Diffusion coefficients are calculated from
the oxidation kinetics data. Moreover, the transition from interstitials to vacancies diffusion

mechanism for the oxide growth is discussed.

Keywords: A. alloy; B. SEM; C. high temperature corrosion; C. oxidation; C. Kinetic

parameters.

Introduction

In many high temperature applications, e.g. nuclear wastes vitrification [1], heat exchangers
or gas burners [2], metallic components are submitted to high thermal and mechanical loads.
Ni-based superalloys with high Cr content, generally comprised between 15 and 30 wt.%, are
candidate materials for such applications. When oxidised, these kinds of alloys are able to
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develop a protective, slow-growing chromium oxide (Cr.0Oz3) scale that can withstand different
types of corrosion, e.g. by hot gases, molten glass or salts. Moreover, mechanical
strengthening can be obtained by the addition of carbides in the alloy matrix [3].

Oxidation of binary Ni-Cr alloys with more than 25 wt.% Cr usually leads to the formation of
exclusive Cr20z with small amount of NiO generated during transient oxidation [4-6]. The
growth Kinetics of this oxide, at steady-state conditions, generally obeys a parabolic law in
agreement with Wagner’s theory of oxidation [7] or paralinear law if oxidation of Cr203 into
volatile CrOgz() occurs [8]. Indeed, oxidation of Cr.0s into CrOsg can be encountered at
temperatures above 1000 °C and is enhanced in high-P(O2) environment and by high gas
velocity [9,10]. The growth of Cr.Oz in O> atmospheres generally occurs at the scale/gas
interface by outward diffusion of cations [11-15], along short-circuit paths like grain
boundaries [4,16]. However a change in the nature of the environment [15,17] (e.g. addition
of water vapor) or the addition of reactive elements [13] (e.g. rare earth elements) can induce
a change in growth mechanism and lead to consequent or even main inward diffusion. Many
authors have investigated the diffusion of chromium and oxygen in CrO3 and most of them
have found that chromium diffusion was faster than oxygen diffusion [11,12,18,19], even
though Sabioni et al. have found a greater diffusion coefficient for oxygen in Cr20z [20].
Thus, outward growth of the scale can be attributed to faster diffusion of chromium in the
oxide. The presence of water can affect the defects structure of the oxide by injection of
protons [21]. Henry et al. have attributed the increase of scale growth rates to the smaller
ionic radius of OH" species (95 pm) compared to O% ions (140 pm) [17]. The effect of
reactive element like yttrium or cerium is often seen as segregation at grain boundaries, thus
blocking fast diffusion and reducing the scale growth rate [22]. Another consequence of the
doping by reactive elements is a donor effect which leads to an increase of oxygen defects
concentration or to a decrease in chromium defects concentration [22] leading to faster
diffusion of oxygen [16]. Since the oxygen activity has a great impact on the defects structure
of chromium oxide and their diffusivities [11] and that various oxygen pressures can be
encountered in the different corrosive environments, it is of interest to focus on the effect of
the oxygen pressure on the high temperature oxidation of chromia-forming alloys. As a
consequence of the wide oxygen activity difference throughout Cr,O3 scales, both chromium
vacancies and interstitials can exist. Hindam and Whittle [23], in atmospheres between 10714
and 10 atm Oz imposed by CO,/CO mixtures at 1000 °C, as well as Kofstad and Lillerud
[18], in different P(O2) from 7 x 107 up to 1 atm at 1000-1100 °C, have shown that chromium



interstitials were responsible for the transport of matter in the oxide, controlling the oxidation
kinetics of pure chromium. Ramanarayanan et al. [24] have also considered chromium
interstitials defects in oxide grown on Ni-30Cr alloy at 900-1125 °C in CO2/CO mixtures. On
the contrary, some authors have also considered vacancies as the main or possible defects in
Cr203 in very different atmospheres like oxygen (> 0.1 atm) [16] or low-P(O), H.-H20O
mixture at 800-900 °C [25].

In this paper, the oxidation kinetics and mechanism of a model Ni-30Cr alloy at 1150 °C in
several intermediate oxygen partial pressures P(O.), from 102 atm up to 102 atm, are
described. A specific feature of this work is to achieve a method for the determination of the
sole growth Kinetics of an oxide layer. Indeed such information can be useful for the study of
corrosion kinetics of alloys by molten phases (e.g. molten glass or molten salts), in order to
decorrelate the oxide growth from its destruction by corrosive media [26]. Therefore,
oxidation tests have been carried out with the Rhines pack method. This method was
introduced by Rhines in 1940 [27]. It allows the control of the oxygen pressure in a sealed
reactor at elevated temperature, thanks to the equilibrium established between powders of a
metal/oxide redox couple. It has been generally used for the study of internal oxidation and
oxygen transport in alloys [28-30]. Surprisingly, it has not been used for the study of external
oxidation Kkinetics up to now. Yet, the advantages of this method are crucial: (i) to get rid of
the effect of hydrogen or carbon doping when using H20O/H2 or CO2/CO mixtures to impose
low oxygen partial pressures; (ii) to avoid the oxidation of Cr.Oz into volatile CrOz (see
details in the next section). Thus, oxidation kinetics obtained in this work are the sole growth
kinetics in Oz atmospheres. Furthermore, an original method for the determination of the
diffusion coefficients of chromium and chromium permeability in Cr.O3 layer is detailed.
This method is based on the exploitation of the oxidation kinetics data. Reviews of the
available data in the literature concerning parabolic rate constants for the oxidation of Ni-
based chromia-formers and diffusion coefficients in Cr.Oz are made. The attention is
primarily focused on the effect of the oxygen pressure. A diffusion mechanism, based on
experimental results and literature, is established and may account for the oxidation of model

chromia-forming alloys in reduced oxygen pressure.

Materials and methods




The Ni-30Cr (wt.%) alloy was synthesised by high frequency induction under argon
atmosphere (< 2 ppm Oz). Pure chromium (99.99% purity) and nickel (99.95% purity) from
Alfa Aesar were used as base components. The composition of the alloy was verified by EDX
analyses and the chromium content was found to be equal to 30.5 £ 1.2 wt.%. For this
composition and at temperatures higher than 800 K, this alloy is a single phased, austenitic
(f.c.c.), solid solution of chromium in nickel [31]. The microstructure of the alloy is coarse
with a grain size of several hundreds of micrometres (as shown in part Il of this work [32]).

For the oxidation tests, samples were cut from the ingot with dimensions around 8 x 8 x 1.5
mm and ground with P1200 SiC paper. Oxidation experiments have been performed with
controlled oxygen partial pressures in Rhines packs (Fig. 1). Ni-30Cr samples and
metal/oxide powders mixtures were placed in separated alumina crucibles and then
encapsulated in a ~10 cm? silica tube sealed in secondary vacuum. Metal/oxide and
oxide/oxide buffers impose a specific oxygen partial pressure at a given temperature thanks to

the thermodynamic equilibrium between two MO, species with v> 0 (Eq. 1).

Mo, + % 0, = MO, Equation 1
Metal/oxide and oxide/oxide buffers used for the oxidation tests are listed in Table 1 with the
corresponding imposed equilibrium pressure of oxygen at the test temperature of 1150 °C.
After oxidation experiments, the presence of both phases in the buffers was checked by XRD
measurements in order to confirm that the desired P(O2) have been thermodynamically
imposed all along the experiment. The oxygen consumption rate to form the oxide layer on
Ni-30Cr sample is very low (because it is limited by solid state diffusion in the oxide)
compared to the reaction rate between MO, species or compared to the diffusion rate through
the gas phase. Therefore the presence of both phases in the buffers after experiment is a
reliable indicator that the oxygen pressure did not change in the reactor during the experiment.
Moreover, an estimation of the quantity of Cr.Os oxidised into CrO3() according to Eq. 2 is
made for the different oxygen partial pressures.

3 _ Equation 2
CT‘:Ugm + 3 Dzw}— ECTﬂgw} q
The saturation pressures of CrOz have been calculated from the Gibbs energy of Eq. 2 and are
listed in Table 1. With the application of the ideal gas law, by considering a reactor volume of
about 10 cm®, the amount of chromium that transformed from Cr.Os into CrOsg) can be



estimated and is found to be negligible compared to the mass gain after oxidation (less than
10 mg for the highest P(O2) compared to a few milligrams uptake). Thermodynamic
calculations have been made with HSC software [33] using databases from [34-38]. Thus, the
use of such a device drastically decreases the importance of Cr.O3 oxidation due to the limited

volume of the reactor, low oxygen pressure and static gas conditions.

Several oxidation tests have been performed in a muffle furnace from 1 h to 289 h at 1150 °C.
Samples were placed in the furnace directly at test temperature and directly quenched in air
after oxidation. Surface characterisations (Scanning Electron Microscopy (SEM) and X-Ray
Diffraction (XRD)) have been performed before embedding in epoxy resin and grinding up to
mirror polishing for cross-section observations. Some samples were polished with an ionic
polisher (JEOL IB-09010CP) rather than mechanically in order to obtain a neater surface
preparation for observation. For inert markers experiments, a 15 nm thin gold layer was
deposited at the surface of the samples by pulverization. In order to avoid the gold diffusion in
the alloy during the high temperature oxidation, a short oxidation of the Ni-30Cr samples at
700 °C during 3 h was performed prior to the gold deposition. This oxidation led to the
formation of a very thin (~100 nm) oxide layer.

XRD characterisations of buffers and oxidised samples have been performed with an X’pert
Pro MRD diffractometer with a copper anticathode (A CuKoi = 1.5406 A). In-situ high
temperature XRD measurements have been performed at 1100 °C in air with a D8 Discover
diffractometer with a cobalt anticathode (A CoKo1 = 1.7900 A). SEM observations have been
performed with a tungsten filament JEOL 6010LA and a field-effect, Schottky emission JEOL
J7600F microscopes. Oxidation Kinetics were assessed in terms of oxide thickness variation

and values were obtained from an average of 15 measurements on each face of a sample.

Results

1. Morphology of oxide scale

The morphology of the oxide formed on Ni-30Cr alloy after oxidation at 1150 °C is shown in
Fig. 2a to d and Fig. 3 for different oxygen partial pressures and times. EDX analyses indicate
that the scale is constituted of chromium oxide Cr.Os with small amount of doping nickel,
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especially for short oxidation duration. The presence of nickel in the scale, while only
chromium oxide should be formed for such Cr content in the alloy [4,6,39], comes from the
transient oxidation step. The concentration of nickel in Cr.Os was always found to be less
than 1 wt.%, an extent of solubility previously reported by Davies and Smeltzer in Ni-
NiCr204-Cr203 phases equilibrium at 1000-1100 °C [5]. In Fig. 2b and d, swelling lines are
visible and are coherent with the shape and size of the alloy grain boundaries underneath.
Except for the presence of few pores within the oxide, the scale is dense, compact and
adherent to the metal (Fig. 3). In addition, the oxide microstructure can also be distinguished
and consists of small micrometric grains. The clear spots in the oxide near the alloy/oxide
interface are enriched in nickel and are therefore most probably vestiges of a former location
of the alloy (Fig 3). Alloy recession can be explained either by an inward growth contribution
or by vacancies annihilation at the alloy/oxide interface [32]. Important desquamation of the
oxide occurred only on samples oxidised in the highest P(O2) (Fig. 2a and b) and the number
of spalling sites increased with increasing oxidation duration. Spallation occurred during the
quenching of the samples and was always located along the alloy grain boundaries (Fig. 2b)

leaving bare alloy at the surface (Fig. 2a).

XRD measurements have been performed on the surface of the oxidised samples and have
confirmed that the oxide is made of a single hexagonal phase of Cr.Os (Fig. 4). The oxide
spallation for the highest P(O.) is also evidenced here with the apparition of diffraction peaks
of the alloy. Peaks indexation has indicated that the chromium oxide lattice is distorted with
an increase of 0.8% of the a and b parameters, and an increase of 0.3% of the ¢ parameter
compared to data of reference [40]. This distortion can be consequence of thermal expansion
and growth strains created during high temperature oxidation that are kept at room
temperature due to the quenching of the samples. Cr.O3 (hk0) textured growth is observed
(Fig. 4) and Fig. 5 evidences the decrease of the (104) peak and the increase of the (110) peak
after a few hours of oxidation in air at 1100 °C. This result is in contrast with those of Henry

et al. who have stated a (001) orientation on pure chromium oxidised in Oz at 900 °C [17].

2. Inert markers experiments

Results from inert markers experiments are shown in Fig. 6a and b for the two extreme

oxygen partial pressures respectively equal to 5.9 x 10° and 2.8 x 103 atm. Markers



experiments have also been performed for the other P(O2) and whatever the oxygen partial
pressure was, gold markers have always been found close to the alloy/oxide interface after 9 h
of oxidation. This location indicates that the oxide scale grew mainly by outward diffusion of
chromium species. External growth of chromium oxide has already been reported by several
authors on high-chromium alloys by platinum markers [14] or on binary alloy like Ni-25Cr by
0!8 isotopic tracers [13,15]. Nonetheless, Zurek et al. [15] have found exclusive outward
growth on Ni-25Cr in air at 1050 °C while Beske et al. [13] have also found additional inward
growth contribution for the same alloy composition in air at 1000 °C. Yet, at 1000 °C, the

formation of nickel chromium spinel has been observed at the oxide/atmosphere interface.

3. Oxidation kinetics

The oxide thickness variations vs time on Ni-30Cr alloys oxidised at 1150°C for all tested
oxygen partial pressures are shown in Fig. 7. The evolution of the oxide thickness is very
similar whatever the oxygen partial pressure is, ranging from ~5 um after 1 h of oxidation up
to 35-40 um after 289 h of oxidation. The oxide thickness variation curves can be fitted with

the complete law for parabolic oxidation [41]:

Equation 3

where t is the oxidation duration in s, tj and x; are respectively the time in s and the oxide
thickness in cm from which the parabolic oxidation starts. x is the oxide thickness in cm at
time t and kpe represents the parabolic rate constant for the oxidation in cm? s™%. Parabolic rate
constants kpe were obtained with the help of Eq. 3 by plotting the time t versus the oxide
thickness x and are listed in Table 2. Fig. 7a shows good agreement between the experimental
results and the parabolic curve fitted with an average kpe value equal to 5.0 x 1012 cm? s, The
parabolic behaviour is confirmed by the linear plot of x versus the square root of time on Fig.
7b. Parabolic behaviour is consistent with a diffusion controlled process in near-
stoichiometric Cr203 according to Wagner’s theory. The average kpe value is listed in Table 3
with other key parameters for the oxidation kinetics determined afterwards.

Discussion



1. Oxide scale characteristics

The knowledge of chromium oxide point defects structure is convenient for the
comprehension of the morphological and kinetic phenomena occurring during the oxidation of
Ni-Cr alloys. At temperatures above 1000-1200 °C, Cr20s is known to be an intrinsic
electronic semi-conductor [42] but ionic defects responsible for oxide growth
(chromium/oxygen vacancies/interstitials) can coexist and their concentrations are dependent
of the oxygen pressure through the oxide scale [11]. Fig. 8 represents the Brouwer diagram of
Cr203 at 1100 °C according to Su and Simkovich [43]. It can be seen that when the external
oxygen pressure is inferior to about 101° atm, the main cationic defects throughout the whole
scale thickness are chromium interstitials. This situation corresponds to the oxidation tests
with the three lowest P(O2) in this work. Oxygen pressure imposed by Fe.O3z/Fe3O4 buffer
induces a much wider oxygen pressure difference throughout the scale. Therefore, for tests in
high P(Oz), both cationic defects i.e. vacancies and interstitials, can exist throughout the scale,
with vacancies preponderance near the oxide/atmosphere interface and interstitials dominating

near the alloy/oxide interface.

An obvious difference in the scale morphology when the alloy is oxidised either in low or in
high oxygen partial pressure is the strong extent of spallation occurrence during cooling on
samples oxidised in high P(O2), while in the low P(O) scales remained almost intact (Fig. 2a
to d). Moreover spallation sites are located above grain boundaries of the alloy. First of all, it
is well known that oxide scales are submitted to compressive growth stresses during oxidation
and thermal stresses upon cooling [44,45]. In this way, compressive stresses are increasing
with higher oxide thickness. Thermal stresses are due to the mismatch between the
coefficients of thermal expansion of the oxide and the alloy. Thus, thermal stresses increase
with higher temperature difference during cooling [44]. Indeed, Berthod et al. have observed
extended oxide spallation during oxidation of Ni-25Cr alloy when increasing test temperature
or oxide thickness [46]. Since the test temperature is unique in the present study, thermal
stresses should be the same in all tested atmospheres and cannot account for the difference in
spallation occurrence depending on the oxygen pressure. Therefore a change in growth
mechanism of the oxide should explain this difference. As seen in Fig. 8, the defect structure
of Cr20s is very similar for the three low P(O2) while it differs for the high P(O2) used in this



study. At high oxygen activities, diffusion of oxygen interstitials species (in addition to
chromium vacancies) can become significant in the outer part of the oxide layer, thus leading
to a counter-current mechanism for the oxide growth. In that case, the formation of the oxide
would take place within the scale, thus generating more stresses [11]. Failure of the scale can
happen on interfacial flaws when the oxide is under compression [44,47]. This explains why
spallation occurs above the alloy grain boundaries where chromium is more rapidly brought
from the alloy and injected in the oxide scale. Indeed, this can induce slightly higher growth

rate and stresses on these specific sites.

Another morphological difference is the presence of more porosities in the oxide scale after
oxidation in the high P(O2) (Fig. 6a and b). Pores are generally supposed to arise from the
accumulation of vacancies [48,49]. Therefore it is not surprising to obtain more porosities in
the high P(O2) atmosphere since the presence of chromium vacancies is more significant in
this case. At low P(0O.), chromium vacancies can still exist, even if it has very low
concentration, therefore the formation of few porosities is still possible, but with a limited
extent (Fig. 8).

In conclusion, it appears that the mechanical characteristics of the oxide layer are dependent
on the oxygen pressure. At high P(Oz), important desquamation of the oxide scale can occur
during cooling due to higher growth stresses. These stresses may be induced by the increased

contribution of inward oxygen diffusion.

2. Oxidation kinetics

As seen in Table 2, values of kpe are all very close in the same order of magnitude and
consistent with those of chromia-forming materials. A data review in Fig. 9 compares the
values obtained in this work with parabolic rate constants of chromia-forming Ni-based alloys
from other authors. Data are gathered from works on oxidation of commercial alloys [50-52]
and binary Ni-Cr alloys (> 20 wt.%Cr) in different atmospheres: oxygen [16,53], air
[8,39,45,46,50,54], argon-oxygen mixture [6] or CO2/CO mixture [24]. Results from Calvarin
et al. have been obtained with 100 or 200 um thin Ni-20Cr foils [54]. Li et al. have studied
the oxidation kinetics in air of Ni-27.8Cr alloyed or not with additional elements [50]. Ecer et
al. [14], Moulin et al. [53] and Hodgkiess et al. [55] have studied the oxidation kinetics of



high-chromium alloys, and pure chromium for Wood et al. [56]. They have found higher
oxidation rates than those for “optimal” compositions of about 25-30%. Essuman et al. [6],
Berthod et al. [46] and Hansel et al. [57] have compared the oxidation Kkinetics of binary Ni-
25Cr alloy in dry and wet atmospheres. Finally, the addition of rare-earth reactive elements
like yttrium or cerium has proved to induce a decrease of the oxidation rate of alloys
[16,24,58].

Conclusions about the effect of the chromium content in the alloy on the oxidation rate can be
quite easily drawn from Fig. 9 (oxidation rate of alloy, from lowest to highest: Ni-25Cr < Ni-
30Cr < Ni-20Cr < high-chromium alloys). Unfortunately, the effect of oxygen pressure is
more sensitive given that parameters and experimental methods are few comparable between
different studies. Nevertheless, for alloy composition Ni-30Cr, it seems that oxidation rates in
high P(O2) (> 0.1 atm) [8,16] and especially [53] are greater than those found in the present
work with intermediate oxygen partial pressures. In low P(O2) CO2/CO mixture (1018-101°
atm O2 at 900-1050°C), Ramanarayanan et al. [24] have also obtained higher growth rates but
the nature of the atmosphere is different. Finally, our results are consistent with the data of the
literature, as kp values are similar to those of Ni-25Cr or Ni-30Cr alloys. Yet, lower oxidation

rates might be reached in intermediate oxygen pressures.

Fig. 10a and b show the evolution of the parabolic rate constant kpe versus time during the
oxidation. In this case, the kpe values (calculated from the slope between a time t, and tn+1)

have been obtained by using the classic linear equation for parabolic oxidation:

1/ x - X : .
Kpe == M) Equation 4
pe 2(«Jtﬂ+1_ m

The oxidation rate quickly decreased during the first hours of oxidation and it appears that a
steady-state regime is achieved after more than 25-49 hours of oxidation. Moreover, whatever
the oxygen partial pressure is, the parabolic rate constants at steady-state are similar to those

determined with Eq. 3, i.e. 5.0 x 102 cm? s,

3. Diffusion through the oxide layer

3.1. Oxidation mechanism
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The kpe values obtained from Eq. 3 are plotted versus the logarithm of oxygen pressure in Fig.
11. According to Wagner’s theory of oxidation, the parabolic rate constant can vary with the
oxygen pressure depending on the nature of the diffusing defect. From inert markers
experiments, cationic growth is evidenced (Fig. 6a and b). Therefore, by considering triply
charged chromium cations, kpe constants can be expressed by Eq. 5 and 6 depending on the

defect nature (in the case of an intrinsic electronic semi-conductor) [11].

Chromium vacancies Ver kpe = const. {pgjf)?' _ (pé”;f)Il Equation 5
Chromium interstitials 1\ 1 v )

kpe = const. [ —) — ( Mt) Equation 6
cr'** Fo, Fo,

At 1150 °C, the oxygen pressure, calculated with HSC software [29,31,33], for Cr203/Ni-Cr
equilibrium at the alloy/oxide interface is about 9.6 x 10° atm (the interfacial chromium
content at steady state being equal to 23 wt.% [32], the corresponding chromium activity,
computed with Thermo-Calc/SSOL4 database [59], is equal to 0.29). This is several orders of
magnitude below external oxygen pressures used for oxidation experiments. Thus, Eqg. 6
indicates that kpe is independent of the external oxygen pressure if chromium interstitials are
responsible for scaling kinetics. However, an increase of kpe with the oxygen pressure is
expected if chromium vacancies are diffusing (Eq. 5). The dashed lines in Fig. 11 represent
theoretical evolutions for each type of defect. It clearly appears that the parabolic rate constant
for oxidation of Ni-30Cr alloy at 1150 °C is independent of the P(O>) in the range of oxygen

partial pressure from 1023 up to 10 atm Ox.

As a consequence, it is concluded that diffusion of chromium interstitials species is
controlling the oxidation kinetics of Ni-30Cr alloy in oxygen atmospheres comprised between
10 and 10 atm O, at 1150 °C.

This conclusion is in accordance with other authors who have suggested chromium
interstitials diffusion as the rate-controlling process in oxidation of chromia-formers in
intermediate or low oxygen pressures [18,23,24]. However, from oxidation tests in high P(O2)
pure oxygen (> 0.1 atm), Tsai et al. have deduced that diffusion of chromium vacancies is the
rate-controlling process [16]. Moreover, a study on the oxidation mechanism of alloy Inco
690 in 10 and 0.2 atm O at 700 °C has revealed that the oxide growth was controlled by
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chromium vacancies diffusion in the high P(O2) atmosphere and by chromium interstitials in
the lower P(O2) atmosphere [60]. Some authors have found anionic diffusion in Cr,O3 formed
on chromia-forming alloys [13,51], but they observed the presence of a MnCr2O4 or NiCr204
spinel in the outer part of the oxide scale. On the contrary, Zurek et al. [15] have not observed
any change in the cationic growth mechanism between Ni-25Cr and Ni-25Cr-Mn alloys
oxidised in Ar-20%0. atmosphere, although the spinel phase was present after oxidation of
the Mn-containing alloy. The equilibrium between the spinel phase and Cr20s3 is likely to
impose an intermediate oxygen partial pressure at their junction [61], but the reason for a

change from cationic to anionic mechanism remains unclear.

The establishment of a criterion for the transition from chromium interstitial to chromium
vacancy diffusional mechanism is now discussed. The criterion for this transition can be seen
as a competition between the relative extent of chromium interstitials and vacancies
concentration gradients through the oxide layer. These gradients are mainly impacted by the
defect concentration at the alloy/oxide interface and at the oxide/atmosphere interface
respectively. According to the Cr.Os Brouwer diagrams [43], the following features can be
expected: (i) for a fixed external oxygen pressure, the vacancies concentration at the
oxide/atmosphere interface gradually exceeds the interstitials concentration at the alloy/oxide
interface with increasing temperature; (ii) an increase of the external oxygen pressure results
in an increase of the vacancies concentration; (iii) a decrease of the chromium activity results
in a higher oxygen pressure at the alloy/oxide interface (Eq. 1) and therefore results in a lower
interstitials concentration. Fig. 12 shows the different cationic mechanisms determined in this
work and given by other authors [16,18,23,24,60] in a temperature vs. external oxygen
pressure graph. A boundary (grey dashed line) between the interstitial type and the vacancy
type domains can be drawn. This boundary is consistent with the above consideration on the

chromium vacancies/interstitials predominance.

In conclusion, it appears that the transition between the chromium interstitial mechanism and
the chromium vacancy mechanism for oxidation can be drawn depending on temperature and
external oxygen pressure (Fig. 12). A vacancy type mechanism is favoured, (i) at higher

oxygen pressure, (ii) at lower temperature and (iii) for lower chromium activity in the alloy.
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3.2. Determination of diffusion coefficients

The growth of an oxide layer generally involves many parameters like the nature of the
defects, their concentrations and the oxide microstructure. In order to interpret the oxide
growth Kinetics in terms of diffusion, it is convenient to get an insight on the concentration
and the diffusion coefficient of the main defect. In the present case, it is shown that the oxide
grew by diffusion of chromium interstitials species. Moreover, the oxide has a fine
microstructure with a micrometric grain size (Fig. 3), making predominant rapid diffusion

along grain boundaries possible.

Fig. 13 summarizes data from literature of chromium diffusion coefficient Dcr in Cr20s3
[16,19,62-69] and a great disparity of values is clearly visible. Nevertheless, two domains can
be distinguished: a first one, with the lowest values, corresponds to diffusion coefficients in
bulk oxide (square symbols). The second one corresponds to short-circuit or mixed diffusion

coefficients (triangles or diamond-shaped symbols respectively).

Most of the diffusion coefficients in literature have been obtained by isotopic tracer
experiments in Cr2Os single crystals or polycrystals [19,58-60,63,65]. Therefore these
coefficients represent tracer diffusion coefficients D¢, [70]. Measurements from Atkinson
and Taylor [63] at 1100 °C in a wide range of oxygen activities (5 x 102° up to 0.2) have
revealed that diffusion of chromium in Cr.Oz single crystal is made by interstitials diffusion
in low oxygen activities and by vacancies diffusion in high oxygen activities. At higher
temperature (1570 °C), Hoshino and Peterson [64] have found a vacancy mechanism for
chromium diffusion in oxygen activities between 8 x 107° and 1 x 105, Tsai et al. [16,19]
have determined diffusion coefficients in a Cr2Os polycrystal and in a Cr20O3 scale grown on
Ni-30Cr in 0.1 atm O by isotopic tracer experiments. At 900 °C, the value obtained for
diffusion in grain boundaries is higher in scale than those in polycrystal. This difference may
be explained by the fact that in the oxide scale, besides the stochastic diffusion of the tracer,
there is an additional driving force for the diffusion which is the chemical potential gradient
of chromium. For that reason, their diffusion coefficients in Cr,O3 scales might not be tracer
diffusion coefficient but intrinsic diffusion coefficient D¢, [70]. Moreover, based on the

evolution of the parabolic rate constant with the oxygen pressure, the authors have concluded
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that the diffusion of chromium occurs by a vacancy mechanism. In addition, they have also
estimated apparent diffusion coefficients Dapp, taking into account the microstructure of the
oxide, by mixing grain boundaries diffusion coefficient Dg, and bulk diffusion coefficient Ds
with Eqg. 7, where f is the fraction of surface sites associated with grain boundaries and
depends on the grain size and grain boundary width (the grain boundary width is generally
assumed to be about 1 nm) [16,19].

Dapp = — f)Dg + fDgp Equation 7

Hagel and Seybolt [69] have determined the diffusion coefficient of chromium in hot-pressed
and sintered Cr2Os polycrystals from 1045 up to 1550 °C. Their tracer diffusion experiments
were carried out in nitrogen (about 10 atm O). Owing to the strongly reducing conditions
used during the hot-pressing elaboration of Cr.Os3 in graphite dies, their hot-pressed samples
contained small amount of metallic chromium. Thus, for hot-pressed Cr2Os, their results
reflect diffusion near Cr-Cr.O3 phase boundary i.e. by an interstitial mechanism at low
oxygen activity [11]. However, since the synthesis of hot-pressed samples and the diffusion
annealing have been carried out in different oxygen activities, a chemical potential gradient of
oxygen could have been created between the core and the surface of the sample and therefore,
due to this additional driving force, their diffusion coefficient in hot-pressed Cr,Oz might be
intrinsic diffusion coefficients. Lebreau et al. have performed DFT calculations in order to
evaluate self-diffusion coefficients Dcr of chromium vacancies or interstitials in different
directions in Cr.O3 lattice [65]. Kofstad and Lillerud [68] have annealed preoxidised Cr
specimen in high vacuum, in a temperature range from 1100 up to 1300 °C, in order to follow
the weight loss due to chromium transport through the scale. Assuming electronic or ionic
defects predominance, they have obtained chromium self-diffusion coefficients Dcr which are
representative of diffusion by an interstitial type mechanism. It should be noted that self-
diffusion coefficient and tracer diffusion coefficient are related by a correlation factor which
is dependent on the presence of available neighbouring sites around the diffusing species. In
the case of interstitial mechanism this correlation factor is close to unity and thus tracer

diffusion coefficient D"crand self-diffusion coefficient Dcr values are similar [70].

In order to discriminate which diffusion coefficient value amongst those in Fig. 13, is best
corresponding with the oxidation kinetics obtained in this work, it is possible to calculate the

permeability of chromium Ncr..Dcr through the scale, assuming that diffusion is carried out

only by chromium interstitials. Nc, is the concentration of chromium interstitials in Cr20s3 at
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the alloy/oxide interface and Dc; is the intrinsic diffusion coefficient of chromium in the oxide

layer. This permeability can be calculated by two different ways:

(i) The first one is related to the parabolic rate constant for oxidation, according to Eq. 8
[61].

kpe = QDcrANcy, Equation 8

where Q, the oxide volume created by one Cr atom is equal to 2.4 x 1022 cm?® at™.

ANcy, is the chromium interstitials concentration difference between internal and

external interface in at cm™.

Since chromium interstitials are considered as the diffusing species and their concentration at

the external interface is very small, the term ANcy, in oxide can be simplified to Ncr,.
Calculation with Eq. 8 made with kpe = 5.0 x 10 cm? s, results in a permeability Ncr..Dcr

equal to 2.1 x 10t at cm™ s?,

(if) The second one is obtained by assuming that in steady-state conditions, the chromium
flux arriving from the alloy to the oxide layer is in first approximation equal to the
chromium flux through the oxide layer. This is expressed by Fick’s first law (the
concentration gradient of total chromium in the oxide being equivalent to
concentration gradient of chromium interstitials):

o Elioy _ N,

allay _ = oxide
Ter - L = —Dyi_zacr = Jer T = —Der
" =o xguoy x=0 X gxide

Equation 9

where chromium fluxes Jcr are expressed in at cm™ st and chromium concentration
Ncr in at cm3. Dnisocr is the interdiffusion coefficient of chromium in the alloy, taken

from [32], and is equal to 1.2 X 10" cm? s, Xoxice is the oxide thickness in cm.

For calculation with Eq. 9, the oxide thickness, and the chromium concentration gradient in
the alloy are required. These data are taken from part 11 of this work [32]: for instance, for a
sample oxidised in 5.9 x 10 atm O, during 49 h, i.e. long enough to reach steady-state
regime, the oxide thickness is equal to 18 x 10 cm. The chromium gradient obtained from
the depletion profile is taken equal to -7.9 x 10% at cm™ (calculated from a difference of 2

wt.% of chromium over 20 pum next to the alloy/scale interface).
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In this case, with the use of Eq. 9, the permeability Ncr..Dcr in Cr203 is equal to 1.7 X 10 at

cm™? s, Thus both methods are consistent and give comparable results roughly equal to 2 x

10" at cm? st

Now, for the sake of comparison with data in Fig. 13, the intrinsic diffusion coefficient of
chromium Dcr must be expressed in function of tracer diffusion coefficient D*c. The flux of
chromium in the oxide layer is expressed by the Fick’s first law in Eq. 9. However, in the
oxide layer, the chemical potential of chromium gradient is the real driving force for diffusion

of chromium. The flux of chromium in the oxide (in at cm s) can then be expressed as [71]:

&te = —BeNer ag;"" Equation 10

where Nc is the concentration of total chromium species in the oxide, equal to 4 x 10?2 at cm
3. Ber denotes the mobility of chromium which is connected to the tracer diffusion coefficient

of chromium via the Nernst-Einstein relation:
D;,. = B¢rRT Equation 11
where R is the ideal gas constant (in J mol™ K1) and T the temperature in K.

By identification in Eq. 9, 10 and 11, the relation between the intrinsic and the tracer diffusion

coefficient is:

= . Ncrdper .
Der = Dr:rﬁm Equation 12

The chemical potential of chromium ucr in Cr203 is related to the oxygen chemical potential

uo by the Gibbs-Duhem relation (at constant temperature and pressure):
2ducy + 3dpp =0 Equation 13

And the chemical potential of oxygen is linked to the oxygen pressure by:
Uo = HUg +%RT InPg, Equation 14

Therefore, by combining with Eq. 13 and 14, Eqg. 12 becomes on rearrangement:
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= - [ 3N dP,:I-I i
Now if we consider the formation of chromium interstitials, their concentration can be
expressed as a function of the oxygen pressure. Assuming triply charged defects and

electronic defects predominance, this concentration is expressed by Eq. 16 [11].

Ker\ -3
Ner, = ( zfi)FD, ¢ Equation 16
K™

where Kcy, is the equilibrium constant for the formation reaction of chromium interstitials and

Ki is the equilibrium constant for intrinsic ionization. By inserting Eq. 16 and its derivate form

in Eg. 15 in order to replace the terms Po, and dPo,, the relation between the intrinsic

diffusion coefficient and the tracer diffusion coefficient becomes on rearrangement:
NerDer = NerDéy Equation 17

By inserting Eqg. 17 in Eq. 8, and since Q is the inverse of Ncr, it appears that the parabolic
rate constant kpe is equal to the tracer diffusion coefficient of chromium in the oxide layer
D’cr. This is a specific case where the oxide is an electronic semi-conductor. For the case of
ionic semi-condition, a similar development as above would result in a modification of Eq. 17

to the following form:
NerDer = (1 + 2)NerDgy Equation 18
where z is the effective charge of the diffusing chromium interstitial species.

Therefore from Eq. 17 and Eq. 8, the tracer diffusion coefficient of chromium D¢ is
calculated and found equal to 5.0 x 10*? cm? s™%. This value is close to the one obtained by
Hagel and Seybolt’s work on sintered Cr,O3 polycrystals [69] (2.4 x 1072 cm? st) and is in
perfect agreement with the one from Kofstad and Lillerud [68]. Indeed, they calculated the
variation with temperature of the self-diffusion coefficient of chromium, with the same model
applied as in the present study (diffusion by interstitials in electronic defect predominance)

[68]. Their calculations led to:

Equation 19

245,000
De =50 %1078 ex;}(— —)

RT
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At 1150 °C, Eq. 19 gives a self-diffusion coefficient equal to 5.1 x 102 cm? s, close to the

value determined in this work.

In conclusion, based on the data on the oxidation kinetics, the tracer diffusion coefficient of
chromium in Cr.O3 oxide layer has been determined at 1150 °C and is equal to 5.0 x 10712 ¢cm?
s, Such high value is representative of diffusion along short-path circuits (Fig. 13), which is

consistent with the fine microstructure of the oxide (Fig. 3).

3.3.  Defects concentration

Finally, the objective of this last section is to determine the defects concentration at the

alloy/oxide interface, Ncr, from data in literature and from the calculated chromium

permeability in Cr.O3 (Table 3).

A few data are available in literature on the defects concentration in Cr.O3: Su and Simkovich
have determined via conductivity measurement a defects concentration around 108 at cm™ at
1100 °C [43]. Vaari has estimated, from molecular dynamics simulations, defects
concentrations varying from 102 up to 10% at cm™ depending on the formation energy that
had been used for computing [72]. However, if their values are used with the previously

determined permeability (Ncr,.Dcr = 2 x 10™ at cm™) to calculate Dy, results would be several

orders of magnitude higher than any reported diffusion coefficient (Fig. 13).

Liu et al. have measured the concentration of chromium interstitials in a Cr.O3 scale grown
on Ni-20Cr substrate by asymmetry polarization technique [73]. The extrapolation at 1150 °C
of their results gives a chromium interstitials concentration of about 102 at cm, which
represents 2.5% of the total amount of chromium in Cr20Os. Calculation made with this value
and the chromium permeability in Cr.O3z (Table 3) gives an intrinsic chromium diffusion
coefficient Dcr of about 2 x 10°2° cm? s, This value is comprised between (i) the extrapolated
intrinsic diffusion coefficient along grain boundaries from Tsai et al. [16] (5.2 x 101° cm? s),
which reflects a vacancy mechanism, and (ii) the one obtained by Hagel and Seybolt on hot-
pressed Cr.0s samples [68] (5.55 x 101t cm? s1), which reflects an interstitial mechanism.
Therefore, the extrapolation of the results of Liu et al. [73] makes a reasonable approximation

of the chromium interstitials concentration in the oxide near the alloy/oxide phase boundary.
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Conclusions

A specific technique previously unseen for the study of external oxidation of alloys has been
implemented. Oxidation tests of binary Ni-30Cr alloy have been carried out in several
intermediate oxygen partial pressures in Rhines packs at 1150 °C. Thanks to this method the
sole oxide growth kinetics of Cr.O3 is achieved, without volatilisation phenomenon and
without disruption by hydrogen or carbon presence in the oxidising atmosphere. Oxide
morphology, growth kinetics and mechanisms have been assessed in terms of nature,
concentration and diffusion of point defects. The effect of the oxygen pressure on the
oxidation kinetics and mechanism has been discussed based on this work and on reviews of
the literature for parabolic rate constant of oxidation of Ni-Cr alloys and for the concentration
and diffusion coefficient of point defects in Cr20a.

The presented results have shown that:

1. The mechanical properties of the oxide layer are dependent on the oxygen pressure. Higher
oxygen pressures induce increased growth stresses in the oxide due to enhanced diffusion
of oxygen.

2. The oxidation kinetics of Ni-30Cr alloy at 1150 °C is independent on the oxygen pressure
in a P(O2) range from 10 up to 10 atm. The mean value of the parabolic rate constant
kpe has been found to be equal to 5.0 x 102 cm? ™,

3. Based on inert markers experiments, it has been shown that the Cr.O3 oxide grows mainly
by outward diffusion of chromium at 1150 °C in a P(O2) range from 102 up to 10~ atm.

4. From these results, it has been deduced that the oxide growth Kinetics is controlled by
diffusion of chromium interstitials at 1150 °C in a P(O) range from 1023 up to 10 atm.

5. The transition between chromium interstitial and chromium vacancy type mechanism for
oxidation is drawn depending on temperature and external oxygen pressure.

6. The chromium permeability in Cr,Os scale at 1150 °C is equal to about 2 x 10! at cm™? s,

7. The chromium tracer diffusion coefficient in Cr.O3 layer at 1150 °C is calculated from
oxidation kinetics data and is equal to 5 x 102 cm? s

8. The chromium interstitials concentration in Cr2O3 layer grown on Ni-Cr alloy at 1150 °C,

Ncr,, is approximated to 10% at cm™ [73].
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Table 1: Metal/oxide and oxide/oxide buffers used in the Rhines pack and their corresponding
equilibrium pressure of oxygen and chromium oxide at 1150 °C

Buffer P(O2) (atm) P(CrOs) (atm) Database
Fe203 / Fe304 5.9x 103 5.0x 108 [34,35]
Fes04 + SiO2 / FexSiO4 4.2 x 1010 2.2x 1013 [34-36]
FesO4 / FeO 5.8 x 102 8.8 x 101 [34,35,37]
FeO/Fe 2.8x101% 9.1x 1016 [34,37]
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Table 2: Parabolic rate constants for the oxidation of Ni-30Cr alloy at 1150 °C in different
oxygen partial pressures

P(O2) (atm) 2.8x 1013 5.8 x 10712 4.2 x 10710 5.9 x 103

Kpe (cm? s1) 43 x 1012 6.9 x 1012 5.1 x 1012 3.8 x 1012
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Table 3: Key parameters summarising the oxide growth kinetics on Ni-30Cr at 1150 °C in 10

13 up to 102 atm O

Parameters Symbols Values Units References

Parabolic rate constant Kpe 5x10%? cm?st This work

Cr permeability in Cr203 Ner,.Der 2x 10"  atcm’t This work

Cr tracer diffusion coefficient or * 12 9 4 .
self-diffusion coefficient in Cr.0; ~ © o Der - 510 cmes™ This work, [68]
Cr mterstltlal_s in Cr03 at the Ner, 1x10%  atem? [73]
alloy/oxide interface
Cr intrinsic diffusion coefficient in Ber 2% 100 cm2 st This work

Cr203
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Figure 1: Rhines pack device for oxidation tests
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Figure 2: (a) Optical image of a Ni-30Cr samples oxidised in 5.9 x 10 atm O; (b) SE image
of the surface of Ni-30Cr oxidised for 9 h in 5.9 x 10~ atm O; (c) Optical image of Ni-30Cr
samples oxidised in 4.2 x 10"1% atm Og; (d) SE image of the surface of Ni-30Cr oxidised for 4

hin5.8 x 102 atm O,
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Ni-30Cr S pm

Figure 3: Cross-section BSE image of the oxide scale formed on Ni-30Cr oxidised for 49 h in
5.9 x 102 atm O;
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Figure 4: Diffractogram (Acuka1 = 1.5406 A) of i) as-prepared Ni-30Cr alloy, ii) oxidised for
16 h in 2.8 x 10 atm Oy, iii) oxidised for 4 h in 5.8 x 1072 atm O, iv) oxidised for 25 h in
4.2 x 109 atm O, v) oxidised for 49 h in 5.9 x 10 atm O
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Figure 5: Diffractogram (Acoka = 1.7900 A) showing the evolution of (104) peak (left) and
(110) peak (right) of Cr.03 on Ni-30Cr with increasing time at 1100 °C in air
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Ni-30Cr __Spm__ Ni-30Cr 5 um

Figure 6: BSE image of the oxide scale formed with inert markers on Ni-30Cr oxidised for 9 h
in (a) 5.9 x 103 atm Oy; (b) 2.8 x 10°** atm O
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Figure 7: Evolution of the Cr203 thickness on Ni-30Cr oxidised at 1150 °C in the different

tested partial pressures of oxygen: (a) thickness vs. time (dashed lines represents parabolic

curve with kpe = 5.0 x 1012 cm? s) and (b) thickness vs. square root of time showing the

parabolic behaviour (dashed line is traced with a slope equal to V(2*kpe))
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Figure 8: Brouwer diagram of Cr203 according to [43]. Dotted lines indicates the partial

pressures of oxygen that would be imposed at 1100 °C by P(O.) buffers used in this work
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Figure 9: (colours online) Arrhenius representation of kp values for the oxidation of Ni-based
chromia-forming alloys from literature and this work. (Red symbols are for Ni-30Cr; dark
blue for Ni-25Cr; for Ni-20Cr; purple for high chromium alloys; light blue for
Ni-Cr with reactive elements addition and for commercial alloys)
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Figure 10: Evolution of the parabolic rate constants for the oxidation of Ni-30Cr at 1150 °C in
different oxygen partial pressures: (a) kpe Vvs. time and (b) logarithmic representation of ke Vs.

time
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Figure 11: Plot of experimentally determined parabolic rate constants versus oxygen partial
pressure for the oxidation of Ni-30Cr alloy at 1150 °C (dashed line represents the evolution

tendencies of kpe values depending on which type of defect is considered)
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Figure 12: Diffusion mechanisms (interstitial or vacancy type) determined in this work and by
others authors for the oxidation of chromia-formers as a function of temperature and external
OXygen pressure.
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Figure 13: (colours online) Arrhenius representation of the diffusion coefficients of chromium
in Cr203 from literature. (Square symbols represent bulk diffusion coefficients, diamond
shaped symbols represent short-circuits diffusion coefficients and triangles represent mixed
diffusion coefficients. Empty symbols are values at 1150 °C calculated from activation

energies and pre-exponential factors)
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