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Abstract: The oxidation behaviours of polycrystalline and monocrystalline Ni-base alloys
(Ni-16Cr-8Fe (wt%)) were investigated in situ by Time-of-Flight Secondary lon Mass
Spectrometry (ToF-SIMS). The oxide layer formed is duplex: an inner chromium-rich layer and an
outer layer which is rich in nickel and iron. Time evolution of the composition of inner layer from
pure Cr;03; towards spinel (NiCr,O4) was observed. The oxidation kinetics was accelerated by
alloy grain boundaries, which can favour the diffusion of chromium. Both the parabolic and
volatilization constants increased with increasing temperature, with k, varying from 1.9x1073 to
1.6x102 nm?.s™!, and ky from 1.0x1073 to 2.9x10 nm.s™..
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Introduction

Lifetime prediction of the PWR components, especially the steam generator (SG), is crucial
for the development of nuclear industry. The SG is often made of nickel-based alloys (more
specifically Alloy 600 or 690) which can be susceptible to stress corrosion cracking [1-11]. The
release of corrosion products (such as Ni) in the solution will also lead to a significant increase in
the radioactive contamination of the primary circuit via neutron activation of >’Ni. The oxide film
formed on the SG tube surfaces plays an important role in the limitation of SCC and slow-down of
Ni release phenomena, since 1) it is identified as a diffusion barrier and limits the release of Ni
[12], and ii) the oxide film stability is a key parameter in SCC initiation. Thus the study of the
oxidation of nickel-based alloy in primary coolant is of great importance for the safety of the PWR
power plants.

Numerous studies have been carried out to investigate the oxidation of nickel-base alloys,
and the results reveal that whatever oxidizing medium is employed, in particular in an aqueous
medium at high temperature, the oxide layer formed is duplex. The inner layer is rich in chromium,
adherent and compact, and the outer layer is rich in iron and nickel [13-29]. The latter may be
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porous, and is composed of inhomogeneous crystals randomly distributed, or is simply composed
of a layer of hydroxide. The composition of each layer varies according to the nature of the alloy
under consideration as well as the temperature, pressure, and chemistry of the medium [4, 25,
30-34]. The inner layer is mainly composed of chromium oxide with more or less nickel and iron
oxide to form a spinel (Ni, Fe)(Fe, Cr)204, or of simple Cr,0Os3 oxides with possible Ni-rich and/or
Fe-rich islands. The outer layer consists of crystals which are rich in iron and nickel and is often
characterized by a mixture of hydroxide, oxyhydroxide and nickel ferrite (NixFe3xO4).

In this study, oxide layers formed on Alloy 600 during early stages of oxidation were
characterized in situ in the gaseous medium under low oxygen pressure, using advanced surface
characterization technique, ToF-SIMS, and the oxidation kinetics at different temperatures was
also monitored. The study of the first oxidation step is very important because the early oxidation
stage governs to a large extent the subsequent evolution of the behaviour of materials when
interacting with their environment. In addition, the thermally formed oxide is a good model for
oxides formed in high temperature water.

Material and methods

In this study, two types of NiCrFe alloys were used. One is a polycrystalline cast Alloy 600
(Ni-16Cr-9Fe (wt%), referenced WF675), provided by the company Imphy. This is the material
used for the fabrication of steam generators of PWR power plants. Another is monocrystalline
(111) Alloy 600 (Ni-16Cr-8Fe (wt%)), grown by the Bridgman method. The samples are plates
with a surface area of 1.1x1.1 cm? and thickness of 1 mm.

The oxidation kinetics of polycrystalline and monocrystalline Ni alloys was investigated in situ
in the main chamber of a ToF-SIMS V spectrometer (ION-TOF GmbH, Muenster, Germany). This
chamber is pumped continuously to keep an ultra-high vacuum (UHV), in which the normal
pressure is inferior to 510 mbar. The samples were mechanically polished to a ¥4 pm diamond
finish and then transferred to the main chamber. An Ar* sputtering was performed over a 1 mm?
area at 2 keV in order to remove the native oxide initially formed on the sample surface. Then an
annealing at 400°C was elaborated during 1 h, followed by a new Ar" sputtering. Finally, another
1h was required for vacuum pumping until a residual pressure below 10 mbar is reached in the
main chamber.

O, was then introduced in the main chamber through a leak valve, and the oxygen partial
pressure was maintained at 1.2x10° mbar. A 1.6 pA Bi" analysis beam was used to scan an area of
30 x 30 um?. For ToF-SIMS depth profiling, a dual-beam mode was used by alternating the
analysis process with a sputtering step. The etching sequence was carried out using a 10 nA (500
eV) Cs' ion beam for oxidation at 250°C and a 20 nA (500 eV) Cs* ion beam for that at 350°C,
rastered over an area of 150x150 um?. Because of sample surface destruction, every measurement
was performed at a different and new point on the 1 mm? area that has been cleaned at the
beginning of the experiment [35].

ToF-SIMS depth profiles were carried out regularly at oxidation time of 0 min, 1 min, 5 min,
15 min, 30 min, 1 h, 1 h 30 min,... until a stationary regime was reached (with a stable oxide film
thickness). The intensity in the profiles is usually plotted as a function of sputtering time. The
transformation to oxide layer thickness was performed by a mechanical profilometer (Dektak 150,
Veeco, Veeco-Instrument Europe, Dourdan, France), which gives sputtering rates of 0.055 nm.s™!



and 0.11 nm.s! for oxidation at 250°C and 350°C, respectively. We assume that the sputtering
rates are constant, and do not change with oxidation time.

Results and discussion

According to the ToF-SIMS study performed on a thermally oxidized model sample Ni-30Cr
(Wt%), Mazenc et al. [36] showed that the CrO™ ion is mainly a marker for the presence of
chromium oxide (Cr,O3). However, the CrO, ion may correspond to several compounds. This
signal is more intense in nickel chromite (NiCr,Os4) than in chromium oxide. It is therefore not
specific to a single compound but is representative of the two species. Thus, NiCr,O4 is associated
with the presence of a maximum on the NiCrO-signal and a maximum, or a shoulder on the CrOy
signal. The FeO™ and FeO-" ions are associated with iron oxide, and NiO;" is associated with nickel
oxide. The Niy™ ion is used to locate the position of the metal/oxide (M/O) interface. Indeed, this
signal, characteristic of metallic nickel, will be extremely weak in the oxide and will reach a
maximum intensity when the metallic substrate is reached.

Fig. 1 shows the ToF-SIMS profiles obtained on the polycrystalline Ni alloy at 250°C for
different oxidation times.

For the ToF-SIMS in situ oxidation experiment, the sample was prepared under UHV in order
to remove the native oxide and thus to obtain a metallic surface (there is less than a monolayer of
oxide after in situ surface preparation). After 1 min of oxidation, we start to see the stratification
of the oxide layer, as shown in Fig. 1(a). The obtained ToF-SIMS profiles can be separated into
three regions: the first one between 0 and 2 s, although difficult to precisely interpret because of
the establishment of the stationary regime, is characterized by intense ion signals of FeO>  and
NiO;". Then, a second region is characterized by a marked decrease of the intensity of FeO, signal
and intense CrO, and CrO"signals, the latter reaches its maximum intensity after approximately 4
s. Finally, as one probes deeper in the material, a slow decrease in the intensity of characteristic
signals of the oxides (MO2", MO, O") associated with the progressive enhancement of the Niy
signal which reaches its maximum intensity after 15 s of sputtering, i.e. ~ 0.8 nm, indicate here the
position of the M/O interface. Moreover, the NiCrO™ signal increases within the second region,
and reaches a maximum intensity after approximately 9 s of etching, i.e. before the M/O interface,
indicating the formation of NiCr2Oy4 in the inner oxide layer near the M/O interface. The formation
of spinel beneath the chromium oxide requires a prior Ni enrichment (hence Cr depletion) in the
alloy near the M/O interface. This is indeed observed in the Ni> depth profiles on the
polycrystalline alloy.

By applying the same analysis approach, we can conclude that after 15 min of oxidation, as
shown in Fig. 1(b), the oxide layer formed is still duplex: an inner layer of Cr,O; with the
presence of NiCr,04, and a mixed outer layer consisting of iron oxide and nickel oxide. However,
from this time a shoulder begins to appear on the FeO; signal at about 7 s, which means that in
the inner oxide layer there is NiCr,O4 containing iron. The M/O interface is reached after 25 s of
etching, i.e. 1.4 nm.

Oxygen continues to be introduced into the main chamber. After 2 h 30 min of oxidation, the
outer layer, extending from 0 to 4 s, remains thin and is rich in iron and nickel. While the inner
layer continues to grow over time until a stationary regime was reached, and is rich in chromium.

The Niz signal reaches its maximum intensity after 34 s of etching, i.e. 1.9 nm, indicating here the



position of the M/O interface.

From the above analysis, we can see that the growth of the oxide layer is mainly associated to
the growth of the inner oxide layer, while the outer layer remains very thin, and its thickness is
almost unchanged. Normally, given a chromium-rich inner layer, it is supposed to be corrosion
resistant.

After reaching the metallic substrate a quasi-plateau can be observed on the characteristic
oxide signals, which may be assigned to the reoxidation of the alloy when the metal surface is
reached. The depth profiles are obtained in situ during the oxidation experiment, with an oxidation
rate equal to the sputtering rate of the ToF-SIMS Cs* gun.

The oxidation kinetics was also performed on polycrystalline Alloy 600 at 350°C, and the
results are shown in Fig. 2.

According to the same analysis, we can conclude that the oxide layer formed on the
polycrystalline Ni alloy during oxidation in the gaseous medium under low oxygen pressure at 350°C
is duplex. The nature of the oxides composing the outer layer remains unchanged whatever the
oxidation time, and its thickness remains also almost constant (~ 0.3 nm, of the order of a
monolayer). The outer layer is composed of a mixture of iron oxide and nickel oxide. The inner
layer contributes mainly to the growth of the oxide layer, of which the composition changes with
oxidation time. It is mainly composed of chromium oxide for short oxidation time (up to about 15
min), then, NiCr,O4 containing some iron oxides (NijxFexCr,0O4) begins to appear in the inner
layer near the M/O interface. As indicated above in Fig. 1, beyond the M/O interface, the nearly
constant signals of the characteristic oxides are assigned to reoxidation of the reactive metal
surface that is still exposed to oxygen in the in situ oxidation procedure. As the ToF-SIMS profiles
demonstrated the initial formation of Cr,O; and the later formation of NiCr,Oa, there is
necessarily an intermediate stage of nucleation and growth of NiCr,O4. So we can conclude that
NiCr,04 appears in the inner layer in the form of islands.

In order to avoid the possible influence of grain boundaries on the oxidation of the Ni alloy,
and possibly to observe the effect of grain boundaries on the oxidation behaviours, in situ
oxidation was performed on a monocrystalline (111) oriented Ni alloy (Ni-16Cr-8Fe, wt%). The
experimental conditions are exactly the same as that used for the polycrystalline alloy oxidized at
350°C previously, and the results are given in Fig. 3.

The same analysis of the ToF-SIMS profiles reveals that the oxide layer formed on the
monocrystalline (111) Ni alloy is duplex, and its nature and composition remain unchanged with
oxidation time. The inner layer is mainly composed of CrO3, and the outer layer is a mixture of
iron and nickel oxide. In addition, the thickness of the outer layer is almost constant, and the inner
layer contributes mainly to the growth of the oxide film.

However, we can notice that after 30 min of oxidation, shoulders can be observed on the
CrO, and CrO" signals near, but after the M/O interface, while there is no maximum associated on
the NiCrO" signal, so there is no spinel in the inner oxide. These shoulders may then be assigned
to a rapid reoxidation of the M/O interface, which is faster than the sputtering rate of the
ToF-SIMS Cs* gun. As indicated above, since the oxygen pressure was maintained at a constant
level for oxidation in situ, during the process of ion sputtering, the alloy surface can be reoxidized.
The oxidation kinetics of monocrystalline Ni alloy is slower than that for the polycrystalline
sample (see Fig. 5), so more chromium will accumulate in the metallic substrate near the M/O
interface (in Alloy 600, the oxidation of chromium is faster than that of nickel and iron), and thus



resulting in a reoxidation process faster than the etching process, which explains the presence of
shoulders on the CrO;" and CrO" signals in the ToF-SIMS profiles.

For the polycrystalline alloy, this phenomenon was not observed, and this is attributed to the
presence of grain boundaries which act as fast diffusion paths. The rapid oxidation of the sample
surface results in a depletion of chromium under the oxide layer. So the sputtering rate becomes
faster than the reoxidation process and thus no shoulders are observed on the CrO; and CrO-
signals when the M/O interface is overpassed. In addition, the accumulation of Ni in the metallic
substrate near the M/O interface facilitates the formation of spinel in the inner oxide layer.
However, for the monocrystalline alloy, there is no strong chromium depletion, and the inner layer
remains mainly composed of chromium oxide. The evolution of the composition of the oxide layer
formed on polycrystalline and monocrystalline alloy 600 is shown more explicitly in Fig. 4.

The thickness of the oxide layer can be measured based on the ToF-SIMS profiles obtained at
different oxidation times, thus we can determine the growth of the oxide layer formed on
polycrystalline and monocrystalline Alloy 600 at different oxidation temperatures, and the results
are compared with that obtained at 300°C by Voyshnis, as shown in Fig. 5.

The kinetics of oxidation seems to follow a logarithmic-type law, which, according to
previous work [35], can be explained by the competition between parabolic growth and oxide
layer volatilization. From Fig. 5, two regions can be observed on each curve: a first region where
the oxide layer grows rapidly, essentially because of the growth of the chromium-rich inner layer.
Then the growth of the oxide layer seems to have reached a stationary regime (growth rate =
volatilization rate), with an almost stable film thickness.

Moreover, we observe that the oxidation kinetics of the monocrystalline alloy sample is much
slower than that of the polycrystalline alloy at the same temperature, while the stationary oxide
layer thickness remains almost the same. The slower oxidation kinetics may be explained by the
absence of grain boundaries for the single crystal, which act as fast diffusion paths and are
favoured locations for oxidation to occur for polycrystals. In contrast, the stationary thickness may
be governed by the diffusion in the oxide and the volatilization of chromium oxide. To clarify the
effects of grain boundaries on the oxidation kinetics, it would be necessary to obtain depth profiles
on grains and at grain boundaries, which was not done here.

Comparing the growth of oxide layer on the polycrystalline Ni alloy at different temperatures,
we observe that the oxidation kinetics is faster with increasing temperature. This is the expected
result since the diffusion process accelerates with increasing temperature, and the diffusion of the
species in the oxide layer is the limiting step for the growth of oxide layers formed on this alloy.
However, the oxide layer thickening is also limited by the evaporation of chromium oxide on this
alloy, as shown in a previously published paper on the oxidation of chromium at 300°C [35].

The oxidation kinetics can then be fitted by Eq. (1), as shown in the previous paper [35]:

t=’;—g—:—:x—ln(1—:—:x) (1)

where k;, is the parabolic constant, and k is the constant of volatilization.

The fittings of the curves are shown in Fig. 6, and the results calculated for the parabolic and
volatilization constants are given in Table 1.

From Table 1 we can see that k, (as expected) and k, increase with increasing temperature.
Standard errors of k, and k, are 10* nm’s! and 10* nm.s'. Compared to the value of k,

1

calculated in [35] for the oxidation of chromium at 300°C, i.e. 1.9 x 102 nm?s! at oxygen



pressure of 2.0 x 10 mbar, the oxidation kinetics of polycrystalline Ni alloy (solid line) is about
three times slower, and this is due to the nature of the material and the differences in the
composition of the oxide layer. The formation of spinel in the inner oxide layer (instead of pure
chromium oxide [35]) may retard the oxidation of the alloy.

If we do the fitting only for the first few experimental points where the composition of the
oxide is closer to pure chromium oxide (dashed line in Fig. 6), we find closer values of k, and ky
compared to that calculated in [35], with a faster growth kinetics compared to the solid line. This
difference is assigned to a lower diffusion coefficient of O in the spinel than in pure Cr,O3. The
diffusion coefficient of oxygen in chromium oxide can then be deduced by using the simplified
Fick’s law and Tedmon’s equation, and the results are shown in Table 1. The diffusion coefficient
is of the order of 107 cm?.s’! at oxidation temperatures of 250°C and 300°C, and of the order of
1071 cm?.s! at an oxidation temperature of 350°C.

From the measurements of k, at three different temperatures, one can calculate, assuming that
. . E o .
kp follows an Arrhenius behaviour (k, = kpoexp (- ﬁ)), the activation energy of the parabolic

constant. We found an activation energy of 58 + 1 kJ/mol (0.60 + 0.01 eV) for the oxidation of Ni
alloy, and 72 + 3 kJ/mol (0.74 + 0.03 eV) for the oxidation of chromium (in the early oxidation
stage). The values calculated appear to be smaller than that found in the literature, which are
generally superior to100 kJ/mol [37-39].

Finally, we can compare the attenuation of the characteristic oxide signals, for example, the
CrO" signal, after the M/O interface on the ToF-SIMS profiles obtained for poly and
monocrystalline alloy samples at different oxidation times (Fig. 7).

In this figure, the abscissa 0 indicates the position of the M/O interface. The intensity of the
profiles was normalized compared to that at the M/O interface. From this figure, it appears that the
characteristic CrO™ oxide signal in the ToF-SIMS profiles obtained for the monocrystalline alloy
decreases slightly faster than that obtained for the polycrystalline alloy as we enter the metallic
substrate. Although the effect of interface roughness cannot be excluded in this measurement,
these different behaviours between polycrystalline and monocrystalline samples suggest the
penetration of oxides into the metallic substrate through grain boundaries for oxidation of the

polycrystalline alloy sample.
Conclusions

Oxide layers formed on polycrystalline and monocrystalline Ni-base alloys (Ni-16Cr-8Fe
(Wt%, Alloy 600) during early stages of oxidation were characterized in situ by ToF-SIMS, and the
oxidation kinetics at different temperatures was measured.

The results show that the oxide layers formed on both polycrystalline and monocrystalline
alloys are duplex, with a chromium-rich inner layer and an outer layer which is rich in nickel and
iron. As regards the inner layer, at 350°C, it is mainly composed of chromium oxide at short
oxidation time. At longer oxidation time, the inner layer contains more Ni and evolves from pure
Cr20; towards a Cr20; layer containing islands of spinel for the polycrystalline alloy. This
evolution is not observed for the oxidation of the monocrystalline alloy at similar temperature and
for the same oxidation time where the composition of the inner layer remains close to Cr,O3. The
temperature has also an influence on the composition of the oxide layer. For the polycrystalline



alloy oxidized at 250°C, the inner layer is composed of chromium oxide with the presence of
islands of spinel from the first oxidation time. As regards the outer layer, it consists of NiO and
Fe,Os whatever the sample is.

In terms of the oxidation kinetics, the inner layer contributes mainly to the growth of the
oxide layer, whereas the outer layer remains very thin, and its thickness is almost unchanged with
oxidation time. However, the oxidation kinetics for the polycrystalline alloy is faster than that for
the single crystal before the establishment of a stationary regime. This can be explained by the
presence of grain boundaries in the polycrystal which act as fast diffusion paths and are favoured
positions for oxidation to occur. A model was used to describe the kinetics taking into account the
diffusion limited oxidation and volatilization of chromium oxide. The variation of the parabolic
and volatilization constants, k, and k,, with the oxidation temperature was calculated, and they
were found to increase with increasing temperature, with k, varying from 1.9x107 to 1.6x1072
nm?.s”!, and ky varying from 1.0x1073 to 2.9x103 nm.s™.

The comparison between polycrystalline and monocrystalline alloys shows the significant
influence of grain boundaries on the oxidation of nickel-base alloys. The enrichment of nickel in
the inner layer with the oxidation time is the result of the depletion of chromium in the metallic
substrate due to its preferential oxidation at short exposure time. Thus, chromium oxide is
preferentially formed on the alloy surface and in the grain boundaries of the substrate, which is
then enriched in nickel. The nickel enrichment in the M/O interface is thought to be at the origin
of the modification of the thermodynamic conditions at this interface, leading to the
transformation of phases, after enough long oxidation time, from Cr;O3 to NiCr,O4. At lower
temperature, i.e. 250°C, the diffusion of chromium from the metallic substrate to the M/O
interface was slowed down, thus resulting in a more rapid depletion of chromium and the
formation of chromium oxide with the presence of islands of spinel since the first oxidation time.
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Fig. 1. ToF-SIMS profiles [Bi* 1.6 pA, 30x30 um?, Cs* 10 nA, 500 eV, 150x150 um?] obtained on the
polycrystalline Ni alloy after oxidation at 250°C for 1 min (a), 15 min (b) and 2 h 30 min (c).
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Fig. 2. ToF-SIMS profiles [Bi* 1.2 pA, 30x30 um?, Cs* 20 nA, 500 eV, 150x150 pm?] obtained on the
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polycrystalline Ni alloy after oxidation at 350°C for 1 min (a), 15 min (b) and 3 h (c).
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Fig. 3. ToF-SIMS profiles [Bi" 1.2 pA, 30x30 pm?, Cs* 20 nA, 500 eV, 150x150 pm?] obtained on the
monocrystalline Ni alloy oriented (111) after oxidation at 350°C for 5 min (a), 30 min (b) and 4 h 30

min (c).
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Fig. 4. Scheme of the evolution of the oxide composition of polycrystalline (first row) and

monocrystalline (second row) Ni alloys.
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Fig. 5. Oxidation kinetics for poly and monocrystalline Ni alloys at different temperatures (Oxygen

pressure = 1.2x10 mbar).
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Fig. 6. Fit of the oxidation kinetics for three oxidation temperatures (solid lines, oxygen pressure =
1.2x10° mbar).
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Fig. 7. Normalized profiles of the CrO" signal after the M/O interface for the polycrystalline and
monocrystalline alloys oxidized at 350°C (Oxygen pressure = 1.2x10 mbar).
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Table 1
Oxidation kinetics of the polycrystalline Ni alloy for three oxidation temperatures.

T(C) fit kp (nm?.s) ky (nm.s") D (cm?.s™)
Solid line 1.9x 103 1.0x 103 /
250 .
Dashed line 2.0x 1073 9x10* 1.0 x 1077
Solid line 5.9x 103 2.2x 103 /
300 .
Dashed line 7.8x 107 2.1x1073 3.9x 1077
Solid line 1.6 x 102 29x 103 /
350 .
Dashed line 2.9x 102 44x103 1.5x 101¢
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