N

N

The transition from internal to external oxidation of Ni
- X wt.% Cr at 950 degrees C
André Nicolas, Edwige Aublant, Eric Feulvarch, Krzysztof Wolski

» To cite this version:

André Nicolas, Edwige Aublant, Eric Feulvarch, Krzysztof Wolski. The transition from internal to
external oxidation of Ni - X wt.% Cr at 950 degrees C. International Conference on Diffusion in
Materials (DIMAT 2011), Jul 2011, Dijon, France. pp.295-300, 10.4028 /www.scientific.net/DDF.323-
325.295 . hal-00853696

HAL Id: hal-00853696
https://hal.science/hal-00853696
Submitted on 23 Aug 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-00853696
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

The transition from internal to external oxidation of Ni - X wt.% Cr at
950°C

A. Nicolas" %2 E. Aublant"®, E. Feulvarch? ¢and K. Wolski* °

'AREVA NP, Technical Center, Corrosion-Chemistry Department, 30 Bd de I'industrie, 71200 Le
Creusot, France

2Univ Lyon, ENISE, UMR 5513, LTDS, Université de Lyon, 58 Rue Jean Parot, 42023 Saint
Etienne, France

% Ecole des Mines de Saint-Etienne, Laboratoire Claude Goux UMR CNRS 5146, Centre SMS, 158
Cours Fauriel, 42023 Saint Etienne, France

2anicolas@emse.fr, "feulvarch@enise.fr, “edwige.aublant@areva.com, “wolski@emse.fr

Keywords: Internal Oxidation, Ni-Cr alloys, Wagner’s Analytical Solution, Oxygen Diffusion
Coefficient

Abstract. The paper’s focus is to establish the criterion for the transition from internal to external
oxidation. This criterion is a simple value of oxide volume fraction where the coalescence of the
nodular oxide in the continuous layer is considered as inevitable. It is obtained by the Wagner’s
analytical solution and by the data of Giggins et al. [1], which give the experimental transition from
internal to external oxidation between 10 and 11 weight percent of chromium in the initial alloy.
This paper also enables to obtain the oxygen diffusion coefficient in pure nickel thanks to the
experimental results of oxidation at 950 °C during 10 hours on Ni-0.2Cr, Ni-1Cr and Ni-5Cr model
alloys.

Introduction

The transition from the internal to the external oxidation in Ni-xCr alloys is known to occur as a
function of chromium content in the initial alloy. For alloys with low Cr content, oxidation results
in the formation of chromium-rich subsurface precipitates. With an increasing Cr content their
volume fraction is increased and eventually results in the formation of a chromium oxide
continuous layer by coalescence. Coalescence of chromium nodular oxides obeys to complex
mechanisms which are difficult to be quantified at this time.

Wagner’s analytical model of internal oxidation proposes a criterion, however this criterion is
based on an arbitrary value of the g parameter, and in practice is difficult to be implemented in
numerical simulations. Therefore, we suggest a criterion based on the critical volume fraction of
chromium oxide separating the formation of nodular oxides in the case of internal oxidation
mechanism from their coalescence into the continuous layer and subsequent formation of the
continuous oxide layer, which is the characteristic of the external oxidation mechanism. Such an
approach allows to separate numerical simulations into two areas based on inward oxygen diffusion
on the one hand and vacancies transport in the oxide scale and substrate on the other hand.

In our approach, Wagner’s analytical model has been extended to take into account the
dependency of the oxygen diffusion coefficient in Ni-Cr alloys on the volume fraction of oxide
precipitates. Additionally, the physical transition from internal to external oxidation provided by
Giggins and al. [1], between 10 and 11 weight percent (wt.%) of chromium at 950 °C, has been
used as input data. The criterion of the transition from internal to external oxidation has been
obtained by comparison between such an analytical solution and the experimental transition found
by Giggins.

The entire study has been conducted at 950 °C on three Ni-xCr model alloys.



Wagner’s analytical solution

Data and model equations

No® is the mole fraction of oxygen at the
surface: 371 ppm mol. [2].

v is equal to a/o for A,O,: 2/3.

NA(O) is the mole fraction of A in initial alloy.
® is the ratio of oxygen effective diffusion
coefficient to A diffusion coefficient.

v 1s an unknown coefficient, to be calculated.
¢ 1is the thickness of the nodular
oxidation layer.

Doy 1s the oxygen diffusion coefficient in the
alloy.

Doesr i1s the oxygen effective diffusion
coefficient.

coefficient in nickel: 5.107'% cm?.s™' [3].
Naox 18 the mole fraction of A element.

Fx is the weight fraction of X species.

Nx is the mole fraction of X species.

My is the atomic mass of X species.

p is the density.

Vi is the molar volume (mol.m™).

P is the oxide volume fraction.

Frox max 18 the weight fraction of chromium in
pure chromium oxide: 68.4 wt% of
chromium.

pni is the density of pure nickel: 8900 kg.m™.
pox 18 the density of chromium oxide: 5200

De: is the  chromium  diffusion kg.m’3.

Internal oxidation occurs when the difference between the flux of oxygen and the flux of the
highest oxidizable element in the alloy is high enough to prevent the coalescence of nodular oxides
into a continuous oxide layer. In accordance with the flux expression of the first Fick's law, several
conditions must be fulfilled to satisfy this configuration:

* High oxygen solubility in alloy,

* Low content of oxidizable elements,

* Ratios of oxygen effective diffusion coefficient to the diffusion coefficient of the oxidizable

element largely in favor of oxygen.

The maximum of oxygen solubility in pure nickel is relatively high [4]: 500 ppm. The oxygen
diffusion coefficient in nickel [4,5,6] is 100 to 1000 times higher than the diffusion coefficient of
chromium in nickel [3]. Thus, the conditions for internal oxidation are achieved for low content of
chromium.

The Wagner’s analytical model of internal oxidation assumes that the dissociation pressure of
chromium oxide is equal to zero, i.e., the coexistence between oxygen and the oxidizable element in
the same place is not possible. This assumption seems to be correct with regard to the value of the
dissociation pressure of chromium oxide [7].

The Wagner’s model is based on the competition between the oxygen flux through the nodular
oxidation layer and the flux of oxidizing elements through the chromium depleted layer. The
Wagner’s solution allows to obtain (i) the volume fraction of oxides formed within the alloy, which
is constant in the nodular oxidation layer, and (ii) the thickness affected by the nodular oxides.

The analytical model is described by the Eq. 1:
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No® is obtained from the dissociation pressure of nickel oxide [2]. y characterizes the
competition between oxygen diffusion and A element diffusion. The definition of Do is discussed
afterwards. Nox corresponds to the number of moles of A element passed through the interface
alloy / nodular oxidation zone during dt divided by the number of moles contained in the nodular
oxidation zone produced during dt. This fraction may have a limited physical sense due to the



difference of crystal lattice between chromium oxide and chromium within the lattice of the alloy. It
is suggested to use either the weight fraction or the volume fraction to describe the diffusion
mechanisms of external oxidation. The connection between mole fraction, weight fraction and
volume fraction can be made from the following expression:

_ 1 Fy Ny My
Fy = Ny X My X = — % = Mg Mx
p Fy Ny My

)

F PN
P= Cr ox 5 i

Ferinox Pox

Eq. 2.1 enables to easily convert the mole fraction ratio to the weight fraction ratio. Nevertheless,
in order to compare analytical and experimental results, it is easier to describe the nodular oxidation
content by the volume fraction of chromium oxide. Eq. 2.2 gives the conversion between weight
fraction and volume fraction of oxide.

Eq. 2.2 assumes that the oxide volume fraction is equal to the weight fraction of chromium in the
nodular oxidation zone produced during dt over the weight fraction of chromium in pure chromium
oxide if these weight fractions are considered in the same crystal lattice. The density ratio in Eq. 2.2
results from the crystal lattice differences between Fcyox (nickel- rich alloy) and Fey ox max (chromium
oxide). The assumption of Eq. 2.2 is verified because the weight fraction ratio multiplied by the
density ratio is equal to the mole fraction ratio of the same elements in the same crystal lattice.

Impossible solution
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Figure 1: Tridimensional representation of the oxide volume fraction as a function of the oxygen
effective diffusion coefficient and the chromium weight fraction in initial alloy. Several curves are
plotted on this tridimensional surface: the isovalue of the oxygen diffusion coefficient in pure nickel
DO/al=0.35 pm”.s™ (white and black curve), the experimental transition determined by Giggins et
al. (10 wt.% and 11 wt.%) and the minimum and maximum of the criterion for the transition
between internal to external oxidation.

Finally, the description of Wagner’s model by Eq. 1 and Eq. 2 allows to obtain Fig. 1. This
figure gives the volume fraction of chromium oxide as a function of the oxygen effective diffusion
coefficient and the weight fraction of chromium in the initial alloy. This figure allows to describe
all cases of internal oxidation as a function of the oxygen effective diffusion coefficient.



It 1s important to note that the solution proposed by Wagner’s model is valid only within the
framework of internal oxidation. Therefore, the results’ validity in Fig. 1 is assured only if the
volume fraction of chromium oxide does not allow the coalescence of nodular oxides into a
continuous layer. This requires that the oxide volume fraction is lower than the criterion for the
transition from internal to external oxidation. This criterion is of capital importance for both the
analytical model and numerical simulations, in particular for high chromium contents.

Oxygen diffusion coefficient

Volume fractions of oxide have been compared between the analytical model and the
experimental tests following the oxidation of Ni-0.2Cr, Ni-1Cr and Ni-5Cr model alloys. However,
the comparison cannot be directly done from the oxygen effective diffusion coefficient because this
value depends on the volume fraction of chromium oxide.

The oxygen effective diffusion coefficient can only be obtained from the oxygen diffusion
coefficient in nickel. In fact, two fluxes are considered: one through oxide particles and one through
the matrix which becomes pure nickel as internal oxidation proceeds. Making the assumption that
the oxygen diffusion coefficient in oxide particles is negligible compared to the oxygen diffusion
coefficient in a nickel matrix, the oxygen effective diffusion coefficient can be defined as follows:

Doetr = (1= P)Dgq 3)

Based on data from the literature, the diffusion coefficient of oxygen in nickel varies within a
range of an order of magnitude [4,5,6]. Yet, the accuracy of oxygen diffusion coefficient is essential
to obtain the criterion of transition from internal to external oxidation. Therefore, the diffusion
coefficient of oxygen in pure nickel has been determined from the Wagner’s analytical solution and
the oxidation of Ni-xCr model alloys.

Experimental work

Experimental procedure

Oxidations were carried out on cylindrical plates (@ = 18mm, h = 1 mm) for Ni-0.2Cr, Ni-1Cr
and Ni-5Cr alloys with impurity concentrations below 10 ppm (LECO analysis of C, S, O and N).
The sample surface was polished mechanically using SiC papers down to % of micrometers. No
chemical attack was performed.

Oxidations have been carried out in a furnace at 950 °C for 10 hours in reconstituted air. The
samples were then cooled by air quenching, cut with a crosscut saw and polished in order to analyze
the transverse cross-sections.

20 um 20 um

Fig. 2. Example of image treatment on Ni-1Cr. A same threshold was chosen for all
micrographs.

Observation of transverse sections was performed using an optical microscope equipped with a
digital camera. The image processing was performed by a simple threshold method on normalized
histograms. This technique requires images taken in the same conditions. Fig. 2 illustrates the
accuracy of the image processing.



Once this image processing done, the continuous layer of nickel oxide is numerically deleted and
the nickel oxide/ nodular oxide layer interface is positioned on the top of the image. Finally, the
black fraction corresponding to nodular oxides is calculated line by line to obtain a surface fraction
of precipitates as a function of the depth and consequently an average profile. The surface fraction
will be considered as volume fraction of chromium nodular oxide [5].

Experimental results

Fig. 3 shows the average profile and the Wagner’s solution with a given Do for Ni-0.2Cr, Ni-
1Cr and Ni-5Cr alloys. The oxygen effective diffusion coefficient can be obtained by comparison
with the oxide volume fraction of Wagner’s solution or with the depth of the nodular oxide layer of
Wagner’s solution. Nevertheless, the aim of these fits is to establish the oxygen diffusion coefficient
in pure nickel. According to Eq. 3 giving a relation between Doegr and Doy, the oxygen diffusion
coefficient in pure nickel is obtained by fitting all oxygen effective diffusion coefficients of Ni-xCr
model alloys. The oxide weight fraction has been chosen as the criterion of this fit to have the best
correlation with the criterion for the transition between internal and external oxidation.

The initial part, close to the NiO / internal oxidation zone interface, of the average experimental
profile on Fig. 3 corresponding to each Ni-xCr is distorted due to the method used to delete the
nickel oxide which deletes also the chromium nodular oxide close to the interface.

Fig. 3 shows how the Dot of each Ni-xCr has been obtained. These coefficients have been
adjusted to obtain the best correlation with the chromium oxide volume fraction. Note that the noise
in Fig.3a comes from a very low volume fraction of oxides in Ni-0.2Cr alloy. This noise reduces as
chromium content increases to 1wt.% (Fig. 3b) and to 5wt.% (Fig. 3c). The oxygen diffusion
coefficient in pure nickel, obtained by this method, is 0.35 pm®*.s™.
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Fig. 3. Surface and volume fractions of internal oxide as a function of depth on the Ni-0.2Cr (a), Ni-
1Cr (b) and Ni-5Cr alloys (c¢).

An example of numerical profile is proposed in Fig. 3.b. This profile is obtained by the
numerical model of Feulvarch et al. [8] with the oxygen diffusion coefficient in pure nickel and the
assumption of Eq. 3. The numerical profile reproduces the analytical solution on the Ni-1Cr alloy.



Discussion

Giggins et al. [1] described the oxidation of Ni-xCr, in particular the transition from internal to
external oxidation. They determined the transition between 10 and 11 wt.% of chromium. Thus, the
range of chromium oxide volume fraction where the oxidation goes from internal to external must
be determined by the expression of the oxygen diffusion coefficient in pure nickel in the
tridimensional curve of Fig. 1 and the boundary values introduced by Giggins et al. Fig.1 illustrates
this approach.

The isovalue of Dy is represented by two types of color. The white curve represents the
analytical solution which is physically acceptable and the black curve the one which goes beyond
the physical solution because in this part the highest chromium content in the initial alloy implies
the lowest volume fraction of chromium oxide.

Finally, the criterion for the transition between internal and external oxidation has been found to
be between 47.5 and 64vol.% of chromium oxide.

Conclusion

10-hour oxidations at 950 °C were performed on Ni-0.2Cr, Ni-1Cr and Ni-5Cr model alloys.
Experimental results were compared with Wagner’s analytical model of internal oxidation in order
to obtain the oxygen effective diffusion coefficient for each Ni-xCr model alloy. The oxygen
effective diffusion coefficients obtained from experimental measurements allow to calculate the
oxygen diffusion coefficient in pure nickel, the value of which is 0.35 pm”.s™.

A criterion for the transition between internal and external oxidation based on the volume
fraction of oxide precipitates was proposed. A tridimensional representation of Wagner’s solution
and the comparison with the experimentally determined transition between 10 and 11 wt.% of
chromium resulted in a criterion in the range of 47.5 to 64 vol.% of chromium oxide. Such a
criterion can be easily implemented in numerical codes for the simulation of oxidation and allows
separating internal oxidation below 47.5 vol.% and formation of a continuous oxide layer above 64
vol.%, with a mixed oxidation mode in the transition range.
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