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Abstract: Samples of Inconel 600 were isothermally oxidized in a
controlled atmosphere with a special mounting at high-temperature
oxidation. Along with this experimental study, a simulation of
thermodynamic behavior of the material in the same oxidation conditions
was carried out using the Thermo-Calc code. The thermodynamic modeling
is able to predict the phase nature and its distribution in the structure of the
surface layer resulting from the corrosion of the material in thermodynamic
equilibrium in the absence of mechanical stress. The results of this
simulation are supplemented to results obtained from the analysis by glow
discharge spectrometry (GDS) which is performed on the samples tested.
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INTRODUCTION

Inconel 600 (NC15Fe) is a nickel base alloy used in the chemical, food, oil and nuclear
industries; especially in the steam generator tubes of nuclear power plants. It is sensitive
to intergranular corrosion in primary and secondary cooling water under pressurized
water reactor (PWR) operating conditions [1]. The mechanisms of oxidation of this
alloy were investigated by several authors: Rousselet [2] studied the consequences of
the defects generated by preliminary deformations under various atmospheres, Abadie
[3] examined cracking by stress corrosion of the alloy 600, Gourgues [4] worked on the
mechanic-oxidation interactions, Caron [5] was interested by the influence of hydrogen
on the propagation of cracks under stress corrosion. Many published papers have
focused on the properties of oxide layers grown on nickel alloys in complex
atmospheres ay high temperature. They report, in most cases, the oxide films formed in
the primary circuit of nuclear reactors (PWR). This research aims at looking into the
role of these films against corrosion problems. Almost all these papers describe the
oxide layer as having a duplex structure formed by an inner Cr rich layer and an outer
Ni rich layer [6-9]. The objective of this work was devoted to study the oxidation
phenomena of Inconel 600 in the operating temperature interval of steam generators
(SG) (350-550°C) in a corrosive environment (presence of oxygen and water vapor). In
fact, the nature of the oxide layer and the modification of the underlying substrate are
likely to play a major role in the mechanisms of stress corrosion cracking initiation.
Their knowledge is essential for predicting the life and definition of safety margins of
SG tubes. This experimental study is supplemented by a thermodynamic modeling of
the generated oxidation layers using the Thermo-Calc code [10] that will enable us to
predict the phase composition of the oxidation layers at thermodynamic equilibrium.

MATERIAL AND EXPERIMENTAL PROCEDURES
Material

The chemical composition of the material used in this study is given in Table 1. Inconel
600 is provided in the form of rolled sheets, which are then cut out in sheets of 2 mm
thick. The samples obtained have a parallelepiped form of dimension: 18 x 12 x 2 mm.
These samples undergo a mechanical polishing on only one side, using silicon abrasive
carbide paper going up to 80-1200. This operation is followed by an annealing at 600°C
during 1 hour to relax the residual stresses due to working on rough sheets, then
polished to 4000 grade and finished with 3 pm alumina.

Table 1. Chemical composition of Inconel 600 (in weight percent) [11]
Ni Cr Fe C Si Mn S Cu

Base 15.5 8 0.10 0.50 1.00 | 0.015 0.5

92 St. Cerc. St. CICBIA 201213 (1)



THERMODYNAMIC MODELING OF THE SURFACE LAYER STRUCTURE ON INCONEL 600 OXIDIZED IN A
CONTROLLED ATMOSPHERE

Oxidation procedure

The samples were oxidized in the temperature range 350-550°C according to the
procedure shown in the Figure 1, using the oxidation installation used for the treatment
as shown on Figure 2 and vapor generator shown on Figure 3.
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Figure 1. Experimental procedure of oxidation tests

The experimental procedure follows four steps:

OA: Sample heating phase under secondary vacuum until the desired temperature.

AB: Hold time under secondary vacuum at isothermal temperature (stabilization 20
min).

BC: Insulation of the vacuum pump and opening of the valve allowing the oxygen
passage (or wet nitrogen) for 120 hours in laboratory conditions.

CD: Relaxation phase followed by cooling of the sample in air (approximately 6 hours).
“Tox” is the oxidation temperature (350, 450 and 550°C).
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Figure 2. Oxidation installation
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Figure 3. Vapor generator

This installation [12] makes it possible to follow simultaneously the oxidation of a
sample and the evolution of the principal mechanical parameters (load and
displacement) via two coupled sensors at the mobile jaw and are connected to a
computer (control and acquisition) and to an acoustic emission chain allowing the
follow-up of the damage of the samples at the time of the various thermo mechanical
solicitation (creep, traction, bending). A sliding furnace allows the heating of the sample
along the quartz tube to the desired temperatures. It should be noted that the samples
presented in this article were not loaded mechanically during the oxidation and the
"technique" of follow-up with the acoustic emission was also not used in our case.

The possible oxidation atmospheres are: oxidation under secondary vacuum, oxidation
under oxygen and/or water vapor. The vacuum evolution of the quality of the oxidized
surface is used as a test of reference. The difference between the tests carried out in
vacuum and those carried out under other atmospheres (oxygen or water vapor) makes it
possible to analyze the influence of an oxidized surface layer on the behavior of the
system and to go up with the intrinsic physicochemical properties of the oxidized layers.
The vacuum is obtained by two pumps, one primary and the other secondary allowing a
reduction of the pressure down to approximately 2.10° mbar. Oxygen is introduced into
the enclosure by a micrometric valve from an oxygen bottle connected to the assembly.
Whereas the water vapor is generated by the passage of nitrogen from a balloon with
three collars connected to the assembly (Figure 3), and is also introduced to the
assembly by a micrometric valve; the nitrogen comes from an external bottle. Two
environments were studied: a dry atmosphere with ~100% oxygen and a humid
atmosphere with ~20% by volume of water vapor balanced with nitrogen.

Thereafter, the oxidized samples are analyzed by glow discharge spectrometry (GDS)
[13].
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Technique of analysis GDS

This technique was used to measure the corrosion layer thickness. The rugosimeter used
is of type Surtronic 3+ (Taylor Hobson) with contact. The acquisition software is
Talyprofile. The principle of measurement is simple, it consists in making two analyses
GDS, thus to make two holes on the sample surface. The first analysis relates to the
totality of the corrosion layer as well as the base metal. It makes it possible to specify
the erosion time necessary to erode the corrosion layer alone. By applying this time
during the second analysis, one can make a hole of depth equal to the thickness of the
corrosion layer.

THERMODYNAMIC MODELING

This experimental work is followed by a thermodynamic simulation using Thermo-Calc
code, allowing a thorough knowledge of the oxidation layers susceptible to be formed
during the oxidation tests.

Thermo-Calc developed in 1981 is a flexible code for all kinds of thermodynamic
computation and establishment of phase diagrams. It allows, using adapted thermo
chemical data bases, to determine the state of balance of a system using a minimization
algorithm of the total Gibbs energy G (free enthalpy). It is accompanied by several data
bases generated by Scientific Group Thermo data Europe (SGTE), an international
organization of collaboration for the thermodynamic data bases. The base used in this
study is the SSUB3 containing 4000 stoichiometric condensed compounds and gaseous
species [14].

Simulation procedure

This numerical simulation is able to predict the nature and the composition of the phases
resulting from the oxidation of the material tested in the absence of mechanical
solicitation. To deepen this thermodynamic analysis, we sought to describe the different
layers of oxidation formed using Thermo-Calc code. For this, we vary the atmosphere
composition in contact with the alloy from 0% (% of the oxidizing atmosphere
supposed at the scale/substrate interface) to 100% (% of the oxidizing atmosphere at the
scale/gas interface); thus, the code calculates the equilibrium state of the system for
various proportions of the atmosphere in contact with the alloy and gives us the
successive phases which could be formed at thermodynamic equilibrium from the
scale/substrate interface (small fraction of the atmosphere), upper part of the layer
which is in direct contact with the atmosphere (high fraction of the atmosphere). To
facilitate and simplify calculations, only the composition of the three principal elements
Ni, Cr and Fe were taken into account in the calculations.

St. Cerc. St. CICBIA 2012 13 (1) 95



HAOUAM, DAWI and MERZOUG

RESULTS AND DISCUSSION

The technique of analysis by spectrometry with glow discharge allowed the layout of
the profiles of concentrations of oxides in the temperature interval considered for all the
tests carried out. GDS technique is not quantitative, the profiles of concentrations are
obtained in depth and the axis of the concentrations is graduated in arbitrary units (au).
One distinguishes on each graph (Figures 4, 5, 6, 9 and 10) corresponding to a given
temperature two well defined zones: a curved zone corresponding to the oxide layers
formed and a linear zone corresponding to the matrix of the material on which the
principal components appear: Ni, Cr and Fe.

The presentation of the results is divided into two parts: a first part relates to the tests
carried out under oxygen and a second part concerning the results obtained in the
presence of water vapor.

Oxidation under oxygen

Concentration profiles of the chemical elements depending on the oxide thickness are
shown in Figures 4, 5 and 6.
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Figure 4. Concentration profiles of the elements versus oxide thickness following
oxidation by O; at 350°C (120 h)

The recorded oxide film thickness (Cr,O3) obtained is approximately 0.3 pm; it shows
the very low Inconel 600 reactivity at 350°C (Figure 4).
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GDS analysis shows the presence of an oxide coating rich in Cr, Fe at 450°C (Figure 5).
The resolution of this analysis does not enable us to distinguish the various layers of
oxide likely to be present. The same was noticed at 550°C (Figure 6).
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Figure 5. Concentration profiles of the elements versus oxide thickness following
oxidation by O at 450°C (120 h)
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Figure 6. Concentration profiles of the elements versus oxide thickness following
oxidation by O; at 550°C (120 h)
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Figure 7. Results of the numerical simulation of the phase composition under
synthetic air at : a) 350°C, b) 450°C and c) 550°C
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The thickness of the oxide film is approximately 0.8 um at 450°C and is approximately
1.2 um at 550°C, it is relatively more significant at 550°C than at 450°C because of the
oxygen activity more spread out in time and in temperature.

The diagrams of the phase composition obtained by simulation using the Thermo-calc
code are shown in Figure 7.

Figure 8 is a schematic representation of the results obtained after the thermodynamic
simulations were carried out using the Thermo-Calc code for different temperatures:
350, 450 and 550°C in an atmosphere enriched in oxygen.

alloy
substrate

alloy
substrate

Figure 8. Model of the layers structure obtained under synthetic air at P =10’ Pa at:
a) 350°C, b) 450°C or 550°C

Let us take the case of 350°C, thermodynamic modeling shows that Cr can oxidize to
give the formation of chromine Cr,O; at the interface metal-layer, Cr,FeO, in the
intermediate zone and finally again Cr,O; on the surface. Ni also oxidizes to give the
formation of NiO in the intermediate and external zone and Fe,NiO4 in the external
zone. By increasing the temperature to 450 or 550°C, we notice, compared to the case
350°C, the disappearance of the Cr,Os phase from the surface and its replacement by the
Cr;NiO4. This modeling shows well the transverse distribution of the various phases
which are formed at thermodynamic equilibrium. Thus, we notice that the passage from
350 to 450°C or 550°C does not considerably change the nature of the formed products;
this allows us to note a weak influence of the temperature under these experimental
conditions. The strong chance to find a protective Cr,O3 coating at the interface metal-
layer could explain the very low thickness of the oxidation layer formed.

Oxidation in the presence of water vapor

The test with 350°C was not carried out because of the low reactivity of the alloy at this
temperature. Figures 9 and 10 present two GDS analyses carried out on two corroded
samples of Inconel 600, in an atmosphere enriched in water vapor, respectively, at
450°C and 550°C during 120 hours. These analyses show the formation in both cases of
a layer of corrosion made up of, at least, two oxide layers: a layer on the surface rich in
Cr and Fe: (CrpFeO4) and a deeper layer rich in Cr: (Cr,Os3). The only principal
difference between the two temperatures appears in the thickness of the corrosion layer
formed. Indeed, this layer increases appreciably with the temperature; it goes from 1 um
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at 450°C to 1.4 um at 550°C. The thickness of the oxide layers formed in water vapor is
greater than those formed under oxygen. This reveals the most harmful effect of the
water vapor on the material as a consequence of the additional effect of hydrogen
embrittlement. Water vapor facilitates oxidation by internal growth (anionic
mechanism) insofar as the oxidizing element associated with water vapor, OH" ion,
diffuses more readily than the O* ion responsible of the internal growth under oxygen,
because it is smaller and less charged [15].
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Figure 9. Concentration profiles of the elements versus oxide thickness following
oxidation by water vapor at 450°C (120 h)

This experimental study was followed by a thermodynamic modeling. The phase
composition diagrams are represented in Figure 11.

Figure 12 is a schematic representation of the results obtained after the thermodynamic
simulations carried out using the Thermo-Calc code for different temperatures: 350, 450
and 550°C in an atmosphere enriched in water vapor.

These results show in all the cases, for the temperatures 350, 450 and 550°C, the
formation of two oxide layers: Cr,O3 in the immediate vicinity of the substrate and
Cr,FeO4 on the surface. This comes from the decomposition of carbides (CFe);Ce
present in alloy leading to the oxide formation rich in Cr and Fe [2].

These thermodynamic simulations corroborate the results obtained with GDS analysis
from the enrichment point of view in Fe and Cr on the surface and in Cr at a deeper
zone.
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Figure 10. Concentration profiles of the elements versus oxide thickness following
oxidation by water vapor at 550°C (120 h)

CONCLUSION

Having a good grasp of the oxidation mechanisms of nickel base alloys under a
controlled atmosphere in temperature is important for their use in high stress
applications in the nuclear industry. It is essential for the prediction of the lifespan and
the definition of the safety margins of steam generator tubes in Pressurized Water
Reactor power plants.

Thus, for the tests of isothermal oxidation carried out under oxygen and those under
water vapor, a very thin corrosion layer is formed. Under these two atmospheres and in
the considered interval of temperature (350-550°C), the protective Cr,O3 layer at the
interface metal-layer is formed.

GDS analysis shows that the oxide layers formed under water vapor are thicker than
those formed under oxygen as expected because of the previously mentioned arguments.
Thermodynamic modeling was applied to determine the surface layer structure on
Inconel 600 oxidized under various atmospheres. According to the simulation, it
appears indeed a stratification of different oxide layers. The oxide layers formed are
identified. An inner Cr rich layer (Cr,Os) is obtained for the two atmospheres. The
external layers are different: under oxygen, an external Ni rich layer (NiO, Fe;NiOs,
Cr;NiQy) is obtained whereas under water vapor, this one is mainly made of CryFeO,,
independently of the temperature.
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Figure 11. Results of the numerical simulation of the phase composition under water
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alloy
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Figure 12. Model of layers structure obtained under water vapor at P = 10° Pa at
350, 450 or 550°C

The model is consistent with literature. The phases’ nature and their distribution in the
structure of the oxidized surface layer determined by Thermo-Calc code constitute an
essential complement to the glow discharge spectrometry analysis.

This study must be supplemented again by various analyses of characterization using
Scanning Electron Microscopy (SEM), Energy Dispersive X-rays spectroscopy (EDX)
and surface techniques analysis such as X-rays Photoelectron Spectroscopy (XPS) to
confirm the results obtained by GDS and thermodynamic simulation.
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