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Abstract

We have verified through an electrochemical technique (capacity, impedance and photo-electro-
chemical measurement) and also through an analytic technique of auger spectrometry that pas-
sive films formed on inconels 600 and 690 are comprised of two layers. This has led us to establish
precise links between the chemical composition of passive films formed on inconels and their
electrochemical properties. The results obtained at different frequencies show the existence of
two areas. The passive oxide formed on alloy 600 is richer in iron oxide than the one formed on
alloy 690.
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1. Introduction

In conel 600 is used in the nuclear for its resistance to hot oxidation but it tends to be replaced by inconel 690
for sensitivity reasons in high temperature water.

The economic and technical importance of passivation is the cause of a considerable number of researches on
passive films. These researches have been for many years of potential-static or potential-dynamic type or im-
pedance measurement, and then come the analytic studies supported by the development of surfacetechnique.

The specific or joint action of chromium, iron and nickel oxides as far as electronic structure is concerned, is
far from being perfectly known. The published works reveal more the properties of iron oxide layers keeping the
interface with the electrolyte. In fact, these ironoxides are the external part of passive films formed on stainless
steels [1]-[5].

This work concerns the electronic structure of passive films formed on two families of nickel-based alloy of
inconel type: 600 (Ni-17%Cr-8%Fe) and 690 (Ni-29%Cr-8%Fe).
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The study is conducted using impedance measurements, capacity and photo electrochemistry. It aims at de-
termining the semiconducting nature of the passive films on these two inconels.

2. Experimental Conditions

The formation of passive films formed on the inconels was carried out in an autoclave, in the middle of the pri-
mary type of pressurized water reactors (1000 ppm of Bore, 2 ppm de Lithium, under 3 bars of dihydrogen and
at 350°C) test tubes of 2 x 3 cm that have been mechanically polished up to the diamond. The treatment of the
oxidation in autoclave lasted 2000 hours. The electrochemical study is made using plaques of about 1 cm? of
surface area wrapped up in epoxy and/or acrylic type resin.

The electrochemical study is performed using platelets from about 1 cm? to cut out from steel plates supplied
by CNRS France, coated in epoxy resins and/or acrylic acid, thereby forming a working electrode. The surface
of this electrode was mechanically polished with abrasive paper of decreasing size (400-600-1200) with a finish
to alumina 2 u. The electrode is then rinsed with distilled water, cleaned ultrasonically and dried in air. Once in
the cell, the sample (working electrode) is cathodically polarized for 5 minutes under the action of a current of
approximately 5 mA-cm? to reduce oxides formed in air. This cathode reduction is followed as soon as possible
with a polarization film forming potential. The nature of the resulting film is intimately linked with the training
requirements (potential, time and pH).

All the experiences took place in the ambient temperature under non-stop paddling of nitrogen to deaerate the
solution. The used electrolyte is the solution tetra borate-acid boric of chemical composition: H;BO3 (0.05 M) +
Na,B40-. 10 H,O (0.075 M) (solution tampon de pH =9.2).

The measurements are performed from the potential of formation. The impedance measurements made on
electrochemical systems required the application of a low frequency excitement signal. These measurements are
made with a potentiostat (273EGG/PAR) which permits the polarization of the electrode of work and the detec-
tion synchronous double phase lock-in (Brook deal 5208 EGG/PAR). The principle consists in modulating the
potential of the electrode (potential of formation of the films) by an alternative signal of amplitude 10 mV. Ca-
pacity measurements are conducted with the same experimental principle as impedance measurements with a
difference that lies in the need of making fixed frequency measurements by varying the potential. A 378 AC
impedance software turning on PC XT controls the system. An Epson 80 printer permits to display and to
represent the results either on digital form or on graphic form.

To obtain the profile of the thin films around 30 A thick, we used the auger spectrometry. We used a photo-
electrochemical cell for the electro-chemical measurements. The sample constitutes the electrode of work, the
counter electrode is a platinum thread with a geometrical surface of 1 cm? and the electrode of reference is the
saturated calomel electrode (sce). The solutions are prepared from PROLABO quality RP Norma-pure dissolved
inbi-permutated water.

The three-electrode photo electrochemical cell with a quartz window insuring the passage of the luminous
flux is set to a positioning support. This support has micrometrical screws allowing its vertical moving (YZ)
perpendicular to the optic bench. The translation in an X axis is assured by the support of the fixation of the op-
tic bench. Only the photo detector is set to the second optic bench perpendicular to the first because of the divi-
sion at 90° of the luminous beam previously described.

For the determination of the photocurrent in relation to the wavelength, it is an engine controlled step by step
by a piloting module (spectra link) which allows the variation of the wavelength and a potential-stat (273 EGG/
PAR) that maintains the polarization of the sample. At fixed wavelength, the scanning in potential is made by
means of potential-stat. We have worked at low frequency of modulation (19 Hz). The incidence of the lumin-
ous flux at the level of the sample is normal. The piloting of equipment as well as the analysis and the acquisi-
tion of data is done with a microcomputer PC 386.

The photo electrochemical apparatus that we have used is composed of:

* Light source: It is supplied by a Xenon Arc lamp (150 W) of a spectral distribution varying with the wave-
length.

* Focusing Lens: It focuses the light beam on the entrance slit of the monochromator.

* Monochromator: Jobin-Yvon kind Czerny-Turner of a focal length of 250 mm input and output slots are set
to 2 mm, which gives a bandwidth of 13 mm. The explored spectral range is from 300 mm to 750 mm.
Above 450 mm, the use of a “long pass” filter eliminates the second harmonic UV. Its optimization inorder
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to achieve good resolution and high brightness should be done by:

* Choosing the best compromise between the width of the input and output slots.

* The choice of networks according to the desired spectral range. The network (a) blazed to 500 mm can be
used in the visible range (400 - 700 mm), whereas the network (b) blazed to 250 mm is more suitable for ul-
traviolet studies.

* Light modulator (Chopper): (10 to 220 Hz) driven by the internal oscillator of the synchronous detection
(lock-in Brookdeal 5208).

» Beam splitter: Is a device provided with a quartz plate, allowing the deflection of a portion (10%) of 90° to
the light beam, and two focusing lenses beams obtained (after division) on the sample and a silicon photo
detector. This method allows to know in real time and for each wavelength flux incident on the sample. The
determination of the photon flux incident on the photo detector is made using a current-converter/voltage
amplifier and a synchronous detection (lock-in Brookdeal 9503). It can be traced back, after a double mark-
ing, the photon flux incident on the sample. Indeed, the blade of the transmission coefficient of the beam
splitter and the output of the photodetector will vary depending on the wavelength.

Table 1 shows the chemical composition of two nickel-basedalloys 600 and 690.

3. Results
3.1. Auger Spectrometry

The profiles of in-depth composition of passive films at 2.0 V on the two nuances of inconels 600 and 690 are
represented in Figure 1. The atomic density of internal region in contact with the alloy is constituted essentially
with oxide of chrome, while the external region of the film is mainly composed with oxide of nickel. The oxide
of iron in low quantity is either in the internal region in the case of the passive films formed in the inconel 600
or in the external region if it is the film formed in the inconel 690. We remark that the interface between the two
regions (external and internal) is not abrupt. The comparison of the films formed on the two inconels shows a
quantitative difference concerning the thickness and the atomic density of the oxides. This indicates that the na-
tures of the films are intimately linked to the chemical composition of the alloy. On the inconel 690 richer in
chrome, there is a film mostly composed of oxide of chrome. Even though nickel is a basic element of this alloy,
its oxide present inside the external region of the film is represented by a very thin thickness (2 to 3 mono-stra-
tum).

On the other hand, concerning the inconel 600 (15%Cr) both regions have practically the same thickness.
Concerning the atomic density, the difference registered between the nickel and the chrome oxides is practically
the same for both alloys. Figure 1 shows that inside the internal part of the film the number of chrome atoms in
the oxide is practically equal to 8.7 at-nm 2. This value corresponds to that of type Cr,Os. The number of nickel
atoms in the oxide external position is about 6 at-nm ™2

3.2. Potential Dynamic Measurement

In our study, the line of the current/potential curves is made at the speed of 1 mV/s from the cathode potentials
to the anode potentials. In order to lessen the oxides gathered in the air, a pre-polarization cathode (5 mA-cm?)
preceded the potential dynamic study for about 5 minutes (values are given in relation to the calomel).

To determinate the role of the iron in the nickel-based materials; we proceeded to the preparation by fusion to
plasma of a series of pure alloys. The potential-dynamic study led on the binaries Ni-15%Cr, Ni-30%Cr on one
hand and the binaries Ni-15%Cr-8%Fe, Ni-30%Cr-8%Fe on the other hand allowed us to put in evidence the in-
fluence of the addition of the iron. It is suitable to make the remark that the last two alloys represent the versions
of high purity of alloy 600 and 690. In the analysis Figure 2 where we represent the curves of polarization ob-
tained in the same experimental conditions on the four alloys, many points are to be underlined.

Table 1. Chemical composition of the inconels 600 and 690 (wt%).

Element Ni Cr Fe Mn Cu Si C S
Inconel 600 Majority 17.0 8.0 1.0 0.50 0.50 0.15
Inconel 690 Majority 29.0 7.8 0.5 0.5 0.5 0.05 0.015
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Figure 1. Profiles of chemical composition of inconels 600 and 690.
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Figure 2. Potential dynamic curves of the alloys Ni-15%Cr, Ni-15%Cr-8%Fe, Ni-30%Cr, Ni-30%Cr-8%Fe.

The addition of chromenickel provokes an increase of the current of passivation in the high potentials area;
that is to say in the region of the trans-passivation. This phenomenon linked to the dissolution of the chrome, at
around 0.6 V, is more remarkable in the case of the binary alloy Ni-30%Cr where an increase of the current of
passivation is very important, 10 times higher than that of the Ni-15%Cr.

The addition of iron (8%) in the binary alloys Ni-15%Cr and Ni-30%Cr provokes an important diminution of
the current of passivation in the high potentials area. This is due to the passivating character of the iron in this
potential area. This result shows clearly that iron exerts a great role on the passivity of alloy 600 and 690.

On one side, Figure 2 indicatesthat the presence of iron provokes a slight increase of the current of passiva-
tion in the negative potential area (around —0.7V). This reflects the active behaviour of the iron in this potential
area.

Finally, it appears that the increase of the current of passivation in the negative potential area due to the acti-
vation of the iron is weaker in the case of the alloys from an industry. This can be attributed to the actions of the
impurities present in the industrial inconels (Si, P, B, Mn, S, ...). Nevertheless, the joint or specific action of this
impurity remains hard to establish.

The films firstly formed in autoclave are studied in balance potential reach after 2 hours in a pH 9.2 boric tetra
borate-acid buffer solution. Values corresponding to the different oxides show that the balance potentials of the
oxides formed on the inconels 600 (—268 mV) and 690 (—269 mV) are on the one hand identical and on the oth-
er hand electronegative.
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3.3. Impedance Measurement

In order to obtain the appropriate information on the effect of the frequency and the capacity in a big domain of
frequency, an investigation by impedance measurement has been led on the passive films formed at different
potentials. The domain of study in frequency should be largeenough (from 10° Hz to 10~ Hz) in order to get to
the resistances of the solution and the polarization respectively at high and low frequency. Let us note that in
this case, the measurements are made at fixed potential; potential of the formation of the film.

The Bode representation presents a linear variation in a large domain of frequency (10° Hz; 10~* Hz). At high
frequencies (10° Hz; 10° Hz), the impedance remains constant and equal to the resistance of the solution Rs
which is about 40 Q-cm2 as shown in Figure 3. In the case of alloy 690, richer in chrome, the phenomenon hap-
pens from 0.7 V. This shows that the linear behaviour is also controlled by the chemical composition. In fact the
increase of the current at high potential due to the dissolution of the chrome around 0.6 V; contributes enorm-
ously to the value of the impedance. In the case of the films formed to the potentials where the linearity in Bode
representation is verified in a big domain of frequency, the resistance, the real part of the impedance and the ca-
pacity are linked to the frequency by expressions (1) and (2).

a b
R=R,+—+— 1
sol E Fz ( )
The order of size of these parameters a (10°) and b (10) shows that the third term of the expression (1) only

becomes important at very low frequencies.

1 1

c e, +PlogF 2
where C, is the capacity to F = 1 Hz and P (slope) a parameter characterizing more or less the big dispersion in
frequency.

Dependence in frequency of capacity and resistance has been observed in different works [6]-[15] and many
causes have been proposed such as the non-uniform distribution of the current, the state and rigidity of the sur-
face, the residual faradic processes, and so on and so forth... The linear variation between the resistance and the
reverse of the frequency; R = f(1/F) and the reverse capacity and log F; C = f(1/logF) have been observed in the
different works concerning the dispersion in frequency of the passive films and oxides [6]-[15]. In order to pro-
vide chemical and physical explanation to these mathematical variations, many interpretations have been put
forward. Van Geel [14] suggested that this is due to the film variable conductivity because of its non
stoechiometry. In harmony with this hypothesis Young [11] proposed a model where the film can be represented
by an electrical circuit composed of infinite RC elementary circuits parallel in series with an exponential variation
of the resistivity in relation to the distance through the film. This hypothesis has also been proposed by Wood and
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Figure 3. Bode representation of passive films formed on the inconels 600 and 690 at dif-
ferent potentials.
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Pearson [8] for the interpretation of the dependence infrequency of the conductivity of the anodic oxides films.
From another point of view, Gomes and all [16]-[25] interpreted the linear variations on the basis of the dielec-
tric relaxation phenomena in the film due to the contribution of the dipoles in the double stratum. The relations
R(1/F) and 1/C(Log F) have been obtained by an extension of the Gevers model [26] [27] where the dielectric
constant is not real but rather complex (g =g'- jg”). They have shown that the linear variation of the resis-
tance as related to the reverse of the function R = f(1/F) can be deduced from the one that links 1/C and Log F
from Kramers-Kronig relations [17] [18]. The dispersion in frequency observed in this study can be interpreted
on the basis of the Young model considering a variation of the resistivity of the film in relation to its thickness.
This interpretation is easily justified by the fact that the films formed on inconels are composed of different
oxides that have different resistances. In this model, Young considers a circuit composed of infinite RC elemen-
tary circuits parallel in series and neglects the variation of the dielectric constant according to the frequency. The
exponential variation of the resistivity in relation to the thickness of the film is expressed as follows:

k 1
- = ®)
4eg,S F
The total C capacity is given by the relation;
1 k k
—= log| 2n2 d)|+——IlogF 4
C ¢gS g[ § nggop( )J £8,S J )

The comparison of Equations (3) and (4) with those already established (1) and (2) allow an identification of
the parameters (a), (P) and 1/C, .

k k 1 k
= P= —= log| 2n2nes, po(d 5
4sgyS g6,S Cy  &6,S g[ 0P )] ©

We remark that the ratio of slopes (a) and (P) is constant and equals 4 and 9.2 in decimal logarithm represen-
tation.

Thus, linear changes in the resistance obtained in the high frequency domain in the case of formed passive
films are in conformity with the relationships established by Young. However curvilinear variations obtained in
the field of very low frequencies have never been observed before. Because most of the work on the frequency
dispersion has been limited to the field of high and medium frequencies where the variation of the resistance as a
function of the reverse of the frequency is checked, curvilinear variations at very low frequencies may be due
either to a change in dielectric constant as a function of the assumed zero frequency at high frequencies: Model
Young, or to the slow response of deep loads under a very low frequency alternating excitation potential.

3.4. Measurement of Capacity and Resistance

Capacity measurements carried out at 1580 Hz frequency on the films formed on the alloys 600 and 690 at 0.3 V,
are represented in Figure 4.

This capacities are representative either of an electronically semi-conductor behaviour relating to a type P
conductor (negative slopes) [28]. Figure 4, where we represented C 2 in relation to U potential, shows that the
action of chromium is revealed by the appearance of a capacitive peak located in the area of the more negative
potentials and characteristic of a semi-conductivity of P type.

The action of iron on the capacitive behaviour of nickel is exerted, contrary to that of chromium, in the more
positive potential area (Figure 5) where iron manifests a semi-conductivity of n type. We observe that alloy
Ni-8%Fe enables the transition between the capacitive behaviour of nickel and that of iron. However the simul-
taneous addition of iron and chromium seems to be indispensable to the development of a passivation film capa-
ble of manifesting both types of semi-conductivity (n and p). So the results obtained by the study carried out on
the ternary alloys Ni-15%Cr-8%Fe and Ni-30%Cr-8%Fe, represent respectively the high purity versions of 600
and 690 alloys and reveal a behavior similar to that of the films formed from those of industrial origin (Figure
4). The purity factor that differentiates the two materials appeared to have little effect on the behaviour of the
films.

Knowledge of the resistance values and the reverse of the fixed frequency capacity can establish a compara-
tive investigation of the resistive and capacitive properties of passive films in relation to their potential for the
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Figure 4. C2 as related to U potential in the case of passive films on alloys
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Figure 5. C2in relation to U potential in the case of passive films on alloys
Ni-8%Fe, Ni-15%Cr and Ni-15Cr-8%/Fe.

formation and chemical composition. The choice of frequency is important for this investigation because it is
necessary to pick out the values of resistance of very low frequency. This provides access to a more representa-
tive resistance of the film; it is sometimes called polarization resistance when related to corrosion. As regard
capacity, the comparative study can be made on the basis of 1/C, values.

The representation R to 102 Hz and 1/C, as related to the potential of formation in the case of the films
formed on the 600 and 690 alloys and the pure nickel (Figure 6) shows that the variations R and C are very sim-
ilar to those of nickel indicating that the external stratum formed on the three materials are very close.

The decreasing of R and C as related to the increasing of the potential of formation becomes much accen-
tuated from 0, 6 V whatever the material is. The resistance as well as the reverse of the registered capacity in the
case of the alloy 690 is more important than those of alloy 600 and nickel.

The photo electrochemical behavior of passive films is largely influenced by their semiconducting properties,
therefore, studying photocurrent helps to better understand their electronic structure.
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Figure 6. Variation of C capacity to 1580 Hz and R resistance in function of
the potential of formation of the passive films formed on the inconels 600, 690
and the nickel.

3.5. Photocurrent Measurement

Photocurrent measurement in relation to the length of the wave determines the nature of fundamental transitions,
the energy of “gap” E4 and to study the optical behaviour of the passive film close to the edge of the absorption.

The photo-electrochemical responses obtained from the potential of balance on the thick oxides films formed
in autoclave are represented in Figure 7.

We remark that the photo response of alloy 600 is relatively higher than that of alloy 690. These results are of
course in perfect accordance with the fact that the chemical composition of the films that develop on alloys 600
and 690 differs deeply. The films formed on alloy 690 contain more chromium oxide. For the nickel-based al-
loys, the gap values of the different oxides obtained by applying Equation (6) are clearly different. The determi-
nation of the energy of the gap E, (forbidden band) supposes the knowledge of the relation interpreting the vari-
ation of the photocurrent in relation to incidental energy hv . The quasi-linear variations obtained on the differ-
ent passive films (Figure 7) show that the photo-electrochemical behaviour of the latter can be described by the
model of Gartner [29]. In this photocurrent conditions, Iy, is linked to the incidental energy hv by the relation (6):

(hv— E, )n

hy

I, =eD, AW (6)
where e represents the elementary charge, @, the flux of photons incidents and W the thickness of the zone of
space charge. The Gartner model admits that the photocurrent is generated only in the zone of space charges,
beyond this region the pairs of electron-pit formed recombine. Consequently only a very thick region is neces-
sary for the photo-electrochemical effect to be possible. The analysis of the experimental results through Equa-
tion (6) allows us to reach the value of the energy of gap E4 and the nature of (n) transitions .The most precise
method is the one that introduces the notion of quantic output # defined as the ratio between the numbers of
photo charges created and the number of received photons. In this condition Equation (6) becomes:

(hv -E, )n
hv

|ph
”:EZeAW (7

0

The obtained results show that the value of n verified experimentally (n = 2) is representative of indirect tran-
sitions. This is in harmony with the different works made on the stainless steel [30]-[35] and iron [6].

The values of the energy gap determined for the two alloys are substantially identical 600 (2.19 V) and 690

(2.25 V).

OALibJ | DOI:10.4236/0alib.1102064 8 December 2015 | Volume 2 | e2064


http://dx.doi.org/10.4236/oalib.1102064

D. Gassama, S. Faty

The analysis of the region at the edge of the gap shows the presence of an Urbach [35] queue. It is an expo-
nential variation (Figure 7).

The photocurrents measured on alloys 600 and 690 represented in Figure 8 show also two distinct regions
with a quantitative difference on the global photocurrent. The existence of these two regions shows up the pho-
to-electrochemical properties of the oxides of iron and chrome.

The capacitive study developed on the pure alloys either binary or ternary permitted to point out the role of
iron and chromium on the semiconducting properties of passive films on these materials.

It appears in Figure 8 that in the case of alloy 690, the weak potential photo-electrochemical response is
much more important than the one obtained at high potential whereas it is the reverse situation that appears
concerning alloy 600.

These results show in fact that the photo-electrochemical responses are well controlled by the biggest or
weakest quantity of oxides of iron and chrome which constitute passive films. Moreover, the moving of the
minimum toward the more negative potentials, where the potential of flat band of iron oxide is located, in the
case of the alloy 600 can be attributed to the fact that the oxide formed on the latter is richer in iron oxide than
the one formed on alloy 690.

100

80

60

40

Photocurrent (nA-cm)

A 600
30

a 690

3.5 4
hv (eV)

Figure 7. Photocurrent related to incidental energy in the case of the films
formed on the inconels 600 and 690.
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Figure 9. Photocurrent in relation to the applied in the case of films formed
on the inconels potential U in the case of the films 600 and 690 at 0.6 V.
formed on the inconels 600 and 690 exposed 2000 H in primary area.

The results obtained on the oxide films formed on both types of alloy are represented in Figure 9 where we
remark that in relation to the applied potential, the photo current representation in the case of inconel 690 reveals
also the existence of two regions separated by a potential of about 0 V and characterized by the peak of ampli-
tude of about 0.4 V. These variations are similar to those obtained by measurement of capacity. The absence of
the second region at low potential in the case of the oxide formed on inconel 600 already obtained by measure-
ment of capacity confirms the fact that this oxide is on a chemical point of view very rich in oxide of iron.

4. Conclusions

The use of a great number of techniques has made possible the characterization of passive films formed on in-
conels. This has permitted to establish precise relations between the chemical compositions of the passive films
formed on the inconels.

As far as chemical composition is concerned, the passive films formed on the inconels consist of two regions.
The passive oxide formed on alloy 600 is richer in oxide of iron than that one formed on alloy 690. The response
of the photocurrent in the case of Inconel 690 also reveals the existence of two regions separated by a potential
of about 0 V and characterized by the peak of amplitude of about 0.4 V.

The absence of the second region at low potential in the case of the oxide formed on the inconel 600 already
obtained by measurement of capacity confirms the fact that this oxide is very rich in oxide of iron on the chemi-
cal area.

The nature of the films is deeply linked to the chemical composition of the alloy. For the case of the Inconel
600 (15%Cr), both regions of the duplex have practically the same thickness.

Iron oxide is the principal component in surface. The capacitive results obtained at different frequencies re-
veal equally the existence of two regions. The photocurrents measured on alloy 600 also show two distinct re-
gions with a quantitative difference on the global photocurrent. The existence of these two regions proves the
photo-electrochemical properties of iron and chromium oxides.
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